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d Department of Physics and Chemistry “E. Segré”, University of Palermo, Palermo, 90128, Italy 
e Department of Electrical and Computer Engineering, Northwestern University, Evanston IL 60208, United States   

A R T I C L E  I N F O   

Keywords: 
Phonon resonance tuning 
Mid-IR photonics 
Vanadium dioxide 
Pulsed laser deposition 
Phase-change materials 
Thermochromics 

A B S T R A C T   

The development of mid-infrared nanophotonics relies on the availability of new materials combining metal- and 
insulator-like optical features. We systematically studied the phase transition of thermochromic vanadium di
oxide (VO2) using substitutional tungsten doping at room temperature. Our results reveal that vanadium dioxide 
thin films, doped with tungsten and grown via pulsed laser deposition techniques on sapphire substrates, can be 
precisely engineered to exhibit tailored infrared phonon and plasmon polaritonic responses. By controlling the 
extent of tungsten concentration, starting from VO2-WO3 cold-pressed powder targets, we demonstrate the 
ability to continuously adjust both the amplitude and frequency of optical phonon resonances. Furthermore, we 
observe tunable free-electron response due to varying tungsten concentrations. The adopted fabrication tech
nique makes it possible to create multilayer structures by alternating layers with different concentrations of 
tungsten. Our results pave the way for the development of tunable mid-infrared metamaterial devices operating 
at room-temperature.   

1. Introduction 

The interaction between electromagnetic radiation and materials in 
the mid-infrared(IR) can be influenced by either the response of free 
electrons or lattice ions, or a combination of both. In mid-IR wave
lengths, low plasma frequency materials such as graphene [1], ITO [2], 
and 2D systems are specifically designed to tune the free-electron 
response [3] to excite and control surface plasmon polaritons (SPPs). 
Conversely, strong coupling of electromagnetic fields with lattice vi
brations in polar materials enable the excitation of phonon polaritons 
and surface waves (SW) named surface phonon polaritons (SPhPs) [4]. 

The hybridization of transverse phonon polaritons with longitudinal 
optical phonons has the potential to develop efficient phonon polariton- 
based mid-infrared emitters [5–7]. Another form of SW hybridization 
can be achieved through plasmon-phonon coupling. Previous works 

have described graphene-based systems, where the excitation of hybrid 
plasmonic/phononic states is achieved through simultaneous excitation 
of plasmon modes in graphene and phonons in polar substrates such as 
SiC or HfO [8]. Similarly, graphene/h-BN heterostructures where sur
face plasmons of graphene couple with phonon polaritons of h-BN were 
investigated [9]. Moreover, doping-induced topological transitions by 
plasmon-phonon hybridization have been reported in graphene/α-MoO3 
heterostructures [10]. 

In the quest to realize tunable plasmonic and phononic responses, the 
optoelectronic properties of various materials are modulated by elec
tron–phonon interactions. GaAs has been widely investigated since the 
seventies [11] to date [12]. Plasmon–phonon coupling in β-Ga2O3 has 
been shown to enhance the electron mobility by harnessing the dynamic 
screening of the electron–phonon interactions [13]. More recently, it 
was predicted that hybridized surface plasmon–phonon modes can be 
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observed in MoS2 monolayer or even at the interface between MoS2 and 
SiO2 substrate [14]. 

This study focuses on vanadium dioxide (VO2), a phase-transition 
material that undergoes metal-insulator transition (MIT) at a relatively 
low temperature [15]. Specifically, for temperatures below ~68 ◦C, VO2 
lattice displays a monoclinic phase characterized by an insulating state. 
Above the critical temperature, the crystal undergoes a structural phase 
transition to a tetragonal, (rutile) phase with metallic behavior. This 
phase transition results in drastic changes in electrical, optical, and 
thermal properties, making VO2 attractive for applications such as smart 
infrared-emitters [16], optical modulators and filters [17,18]. More 
recently, photonics has opened to investigation and realization of neu
romorphic circuits, exploiting materials able to modify themselves to 
emulate brain memory [19,20]. Within this context, VO2 offers the 
possibility of saving different states as a function of temperature [21]. 
More importantly, the two different lattices, i.e. the extreme states of the 
phase-transition, support phononic and plasmonic response, respec
tively, in the same material although under different temperature 
conditions. 

By doping VO2 films with tungsten, it is possible to decrease the 
phase transition temperature, allowing the metallic phase to emerge at 
room temperature [22]. This feature has been intensively studied and 
employed for smart windows applications [23]. While doping is typi
cally employed to modify electronic conduction properties in semi
conductors, it also significantly alters the static and dynamic properties 
of the host material at the microscopic level [24]. Previous studies 
demonstrated how substitutional doping with tungsten modifies the 
electronic properties and the lattice dynamics of vanadium dioxide [25]. 
Specifically, the distortion introduced by W doping within the lattice 
structure supports the stabilization of the metallic phase with respect to 
the semiconducting phase [26,27], as sketched in Fig. 1. Therefore, it is 
possible to observe the metallic phase at room temperature [28,29]. 

In this work, we investigate a series of vanadium dioxide films with 
varying amounts of tungsten concentration, deposited on sapphire 
substrates using the pulsed laser deposition (PLD) technique. W-doped 
VO2 films have been obtained from targets made of VO2-WO3 cold- 
pressed powders with different amounts of WO3. Optical characteriza
tion has been performed at room temperature in the Mid-infrared range. 
Reflectance spectra, measured via FTIR highlight the effect of tungsten 
content on the infrared response of W-doped-VO2 thin films evidencing 
an increasing plasmonic response due to free electrons for increasing W 
concentrations. Raman measurements confirm that the optical phonon 
response, intrinsic of the semiconducting VO2 monoclinic phase 

weakens with increasing W-doping content favoring a more symmetric 
(with no Raman active phonons) rutile structure. We observe a complete 
transition from insulator to metal at room temperature in a VO2 film 
with 5 % W concentration. Experimental results demonstrate the unique 
ability to tune and balance both phononic and plasmonic contributions 
within the same material by selecting the appropriate W concentration. 
Additionally, this technique allows the use of multiple targets with 
different W concentrations in the deposition chamber to fabricate 
thermochromic metallo/dielectric multilayer structures. Our results 
position W-doped VO2 as a compelling material platform for tunable and 
dynamic mid-infrared applications such as thermal emitters, detectors, 
sensors among many others. 

2. Results and discussion 

VO2 films with different amount of tungsten were deposited onto 
sapphire substrates by pulsed laser deposition technique (PLD) [30,31] 
using cold-pressed VO2 powders with different amount of W concen
tration (namely, from 0 to 10 %). PLD deposition conditions (described 
in the fabrication methods) were the same for all samples. 

Raman spectra of each investigated sample were performed to 
highlight the optical phonon response of VO2 as function of W doping. 
The results are collected at room temperature using a Renishaw InVia 
microraman system with 514 nm excitation. Measured spectra are 
shown in Fig. 2. The Raman spectra are compared to the Sapphire 
substrate in Fig. S1 of the supporting information. For low W concen
trations, the main Raman active phonon resonances of the monoclinic 
phase of VO2 [29,32] are clearly visible. In particular, the strongest 
phonon mode at 615 cm− 1 corresponds to a V–O mode which mainly 
involves the oxygen ions connecting the different V chains along the 
c-axis [32,33]. Its resonance frequency is slightly affected by doping, 
shifting from 615 to 620 cm− 1, however, its intensity is strongly 
dependent on the doping content. The emerging broadband signal with 
increasing W concentrations, is a signature of the electronic continuum 
background, superimposed to the phonon-modes. We also note that the 
Raman peak vanishes for a W concentration of 5 %. The observed 
decrease in the intensities of the Raman active modes and broadening of 
the peaks with an increase in the percentage of W doping can be 
explained by the fact that W doping starts to favor a more symmetric 
rutile structure. By group theory analysis, the monoclinic (insulator) 
phase is characterized by 18 Raman-allowed modes, 9 with Ag symmetry 
and 9 with Bg symmetry while the rutile (metallic) phase is characterized 
by a broad featureless luminescence [29]. 

Fig. 1. Sketch of the VO2 lattice structure in the (a) undoped, monoclinic insulating phase (below phase transition temperature), (b) tungsten-doped lattice, moving 
forward the tetragonal metallic phase (above phase transition temperature). Different atoms are represented by colored circles: large and orange for vanadium, small 
and purple for oxygen and, finally, large and grey represents tungsten in substitutional position. 

A. Bile et al.                                                                                                                                                                                                                                      



Optical Materials 154 (2024) 115732

3

The surface morphology of undoped and W-doped VO2 thin films was 
assessed by atomic force microscopy (AFM). AFM images reported in 
Fig. 3 show that all films are compact and uniform, and exhibit a very 
fine granularity. According to image software analysis, samples having a 
W-content up to 2 % exhibits a larger regularity with an average 
roughness of about 1.1 nm. On the other hand, increasing W-content up 
to 5 % and 10 % results in a gradual morphology change along with a 
significant increase in roughness (2.5–2.7 nm). 

Furthermore, FT-IR spectra were measured in reflection mode, to 
highlight how doping level affects the infrared spectral features. We 
used a Bruker Invenio-R FT-IR spectrometer operating in 64-scan mode 
per measurement in the spectral range 1.5–25 μm and equipped with a 
glow-bar as radiation source. Reflectance was measured at 15◦ incidence 
angle, using a linear wide range infrared polarizer and setting two 
different polarizations for the incoming light, corresponding to in-plane 
(p-) and normal polarization (s-). However, the experimental findings 
displayed similar signals for measurements taken with s-polarization 
and p-polarization at nearly normal incidence (15◦), thus indicating that 
the investigated films do not possess any optical anisotropy within the 
surface plane. Fig. S2 of the supporting information shows that, besides 
the small geometrical anisotropy introduced by the non-normal inci
dence angle (15◦) s- and p-polarized spectra are very similar with the 
exception of the out of plane anisotropy of the Al2O3 substrate, clearly 
visible at 900 cm− 1. In order to simplify data analysis and fit of exper
imental spectra we focused our attention on s-polarized reflectance. 
Fig. 4 a-c reports s-polarized reflectance spectra recorded at room 
temperature for three samples corresponding to pure, 1 % W- and 5 % 
W- concentrations (blue curves). 

We notice that the film response becomes metallic for 5 % W con
centration while differences between pure and 1 % doped samples reveal 
an interplay between phononic and free electrons response. For 
completeness, we report the reflectance spectra for 0.1 %, 0.5 % 0.7 %, 
and 2 % W concentration layers in Fig. S3 of the supporting information. 
Each reflectance spectrum has been fitted by using a 4 × 4 transfer 
matrix method detailed in Ref. [34]. The adopted numerical method is 
widely used for anisotropic materials in ellipsometry setups. Indeed, it 
allows the calculation of the four complex reflection coefficients for 
layered structures, namely rss, rpp, rsp and rps, where ss (pp) stand for 
s-(p-) polarization of detected field and s-(p-) polarization for incident 
field respectively. The reflected field is written as a decomposition of s- 

Fig. 2. Raman spectra of VO2 films with varying W incorporation from 0.0 at% 
to 5.0 at%. 

Fig. 3. AFM images of undoped (a), and W-doped (b–f) VO2 thin films.  
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and p-polarized field: 

Es = rss cos(ϕin) + rsp sin(ϕin) (1a)  

Ep = rpp sin(ϕin) + rps cos(ϕin) (1b)  

where ϕin is the polarization angle of the incident field being: ϕin =

0 (90) s-pol (p-pol). 
Due to the polycrystalline nature of the investigated films we used 

isotropic models for W-doped VO2 films while the Al2O3 substrates 
display out of plane anisotropy. We note that all the cross-polarized 
reflection coefficients are zero in our case because there is no in-plane 
anisotropy. Thus, for our purposes we focused on the calculated s- 
polarized (ϕin = 0) reflectance R = |rss|2. Theoretical reflectance has 
been evaluated as a function of the thickness of the W-doped VO2 films 
on top al Al2O3 semi-infinite substrates by proper modelling the electric 
permittivity of W-doped VO2 films in the frequency range from 400 to 
1500 cm− 1. More specifically the electric permittivity was modelled 
starting from a single Lorentz oscillator model corresponding to the 
main optical phonon mode around 620 cm− 1 (extracted from the Raman 
spectra) and a Drude-like model to take account for the free electrons’ 
contribution. All the other effects out of the 400-1500 cm− 1 frequency 
range are included in the ε∞ value. Thus, the adopted formula to model 
the electric permittivity is: 

ε(ω)= ε∞ +
Sω2

TO
ω2

TO − ω2 − iγphω −
ω2

p

ω2 + iγ0ω (2)  

Where S is the phonon oscillator strength, ωTO is the optical phonon 
resonance frequency extracted from Raman spectra, γph is the damping 
of the phonon oscillator, ωp is the plasma frequency corresponding to 
the free electron response and γ0 is the damping factor related to ohmic 
losses. Experimental reflectance spectra have been fitted by considering 
all the six parameters of Eq [2]. The thickness of the VO2 film is also 
assumed as a fit parameter. A least square method has been imple
mented to find the best-fit parameters comparing the experimental 

reflectance to the theoretically modelled one. Fitting curves for each 
sample are reported in Fig. 3 a-c (red line) and in Fig. S3. Retrieved 
fitting parameters for different films with different W- concentrations 
are reported in Table 1. 

We note that the strength of the phonon oscillator becomes lower as 
the W concentration increases. This is confirmed by analysing the 
dielectric function retrieved from the fit parameters using Eq [1]. 
Fig. 4d–f depict the real and imaginary part of the dielectric function for 
(4d) pure VO2 sample; (4e) 1 % W-doped VO2 sample; (4f) 5 % W-doped 
VO2 sample. The transition from dielectric to metal behaviour is clearly 
visible from the sign of the real part of the dielectric function going from 
positive to negative. The 1 % doped sample exhibits an intermediate 
condition, a weakened phonon response and an arising metal behaviour. 
At the same time the plasma frequency for the free electrons in the Drude 
model response grows from 300 cm− 1 (insulator state of pure VO2) to 
12597 cm− 1 (corresponding to a wavelength λ = 794 nm) according to 
the typical metallic behaviour observed. Finally, we compare the 
reflectance spectra for 2 % and 5 % W-doping samples: we note that the 
reflectance for the 2 % doped sample exhibits a decreasing slope vs 
frequency with respect to the 5 % sample reflectance. This effect is 
consistent with the smaller plasma frequency related to the free elec
trons response of 2 % doped sample making the electron screening effect 
less efficient at higher frequencies. 

3. Conclusions 

In conclusion, we have shown that tungsten-doped vanadium diox
ide thin films can be fabricated with tailored optical infrared phononic 
and plasmonic response at room temperature by controlling the amount 
of tungsten doping. More in detail, our results show that it is possible to 
control the plasma frequency of the metallic response and the strength of 
the phonon resonance ranging from a pure insulator behaviour to a 
typical metallic response. The possibility to tame and tune both pho
nonic and plasmonic frequencies makes doped VO2 a unique appealing 
material for mid infrared applications. These findings have the potential 

Fig. 4. Experimental (blue) and calculated (red) reflectance spectra of W-doped VO2 films with different W concentrations: a) 0 %; b) 1 %; c) 5 %. Retrieved values of 
real (blue) and imaginary part of the dielectric function for d) 0 %, e) 1 %, f) 5 % W concentrations. 
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to surpass the limitations of plasmonics in terms of wavelength, leading 
to the development of tunable and integrated infrared (IR) devices. This 
advancement opens possibilities for several applications, including 
modulators, advanced sensors, thermal radiation control, tunable radi
ative cooling and all-optical neuromorphic applications. 

4. Methods 

4.1. Fabrication 

All W-doped VO2 films were deposited by PLD on sapphire substrate 
at 550 ◦C and 10− 2 mbar oxygen pressure. Specific targets with different 
W atomic concentrations, namely 0 % (i.e., pure VO2), 0.1 %, 0.5 %, 
0.75 %, 1 %, 2 %, 5 %, and 10 % were prepared by cold pressing VO2 and 
WO3 powders together. The PLD process was carried out by employing a 
Q-switched Nd:YAG laser with a pulse width of 6 ns and a repetition rate 
of 4 Hz [24,26]. 

4.2. Raman measurements 

To study vibrational modes of W-doped VO2 films, Raman spectra are 
obtained at the room temperature in the air environment. The mea
surement is conducted using a Renishaw inVia Raman Microscope sys
tem in a backscattering configuration, with an incident wavelength of 
514 nm of Argon laser focused through an 20× objective with NA of 0.4, 
a 1200I/mm grating and the laser spot size of approximately 2 μm. Each 
point is exposed for the duration of 10s to ensure accurate data accu
sation. A total of 10 sample scans are collected with an accumulation 
time of 10s for cosmic ray removal. 

4.3. Atomic force microscopy (AFM) 

Films’ morphology was assessed by using a Bruker FAST-SCAN 
atomic force microscope. Measurements were performed in air with 
the microscope working in soft tapping mode using a FAST SCAN A 
probe having triangular shape, nominal tip radius of 5 nm and nominal 
spring constant of 17 N/m. The tip velocity on the surface and the PID 
gains were optimized to give the higher scan rate compatibly with a 
reliable scan of the surface. The optimal tip velocity was found to be 20 
μm/s. The scan size was fixed at a value of 5 μm × 5 μm. Each AFM 
image has a pixel resolution (lateral resolution) comparable to the tip 
size. 

4.4. FTIR spectroscopy 

IR reflectance measurements were performed using an FT-IR inter
ferometer (Invenio-R, Bruker) in the spectral range of 7–25 μm. We use a 
glow-bar as the IR source and deuterated triglycine sulfate (DTGS) py
roelectric element as the IR detector. A total number of 64 interfero
grams were acquired for each measurement, with a spectral resolution of 
2 cm− 1. Knife edge apertures were set to 3 × 3 mm2 to select a defined 
sample area during IR data acquisition. The FT-IR platform is equipped 
with a reflectance unit allowing to select the angles of incidence and 
reflectance, which was set to 15

◦

. The polarization state of incident light 

can be selected using a wide-range holographic polarizing filter with a 
motorized mounter. Before each measurement run, the reflectance 
spectra were recorded at both room temperature and at about 100 ◦C so 
that the phase transition of VO2 is completed using two different, 
crossed, linear polarization states of the incoming light. 
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Table 1 
Values of the fitting parameters retrieved from the reflectance spectra of different W-VO2 films on sapphire substrate with varying W- incorporation. Modelled 
reflection spectra obtained with these parameters are plotted in Fig. 3 and Fig. S3. The last column reports the coefficient of determination for each modelled curve.  

W-doping [%] ε∞ ωp [cm− 1] γ0 [cm− 1] ωTO [cm− 1] S γph [cm− 1] Thickness [nm] R2 

0 10.5 278 252 621 4.87 169 174 0.97 
0.1 9.69 508 190 621 3.72 172 192 0.96 
0.5 9.40 2015 397 615 1.65 174 391 0.98 
0.7 8.95 1817 339 618 2.07 182 618 0.95 
1 8.61 2010 363 618 1.05 165 641 0.97 
2 5.88 6272 721 620 0.48 99 384 0.96 
5 5.22 12597 2900 – 0 – 278 0.98  
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.optmat.2024.115732. 
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