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Abstract
Being a Mott/Peierls type oxide, at a temperature of about 68°C and ambient pressure, stoichiometric 
VO2 undergoes a first order metal-insulator transition, which is accompanied by a femtosecond 
structural transition from a high-temperature rutile to a low-temperature monoclinic phase. This 
reversible phenomenon causes an abrupt and significant change in the resistivity over several orders 
of magnitude induced by the band gap opening/closure. From optical point of view, this metal-
semiconductor transition is accompanied by a significant and reversible variation of the refractive 
index under thermal stimuli in the infrared spectral range. Hence, VO2 based coatings have been 
attracting considerable interest for fundamental reasons, and certainly for technological applications 
in the solar energy sector and ultrafast linear and nonlinear photonics as well as opto-electronics. In 
this contribution, specific opto-electronic multi-functionality of nanostructured VO2 based coatings 
is presented. This includes applications such as (i) Active coating for solar heat management in 
buildings and automotives as a smart window, (ii) Tunable emissivity based coatings for satellites 
applications, (iii) Ultrafast opto-electronic gating, (iv) Optical limiting, (v) Femtosecond tunable 
nano-plasmonics in addition to room temperature H2 gas sensing.

Keywords: Vanadium dioxide; Phase transition, Refractive index modulation; NIR; Plasmon 
tenability; Smart Windows; Nano-plasmonics; Ultrafast transition

Introduction
Within the smart materials family, there is a significant population of oxides at the nanoscale 

which are extensively investigated for their promising technological as well as from fundamental 
viewpoint. Figure 1 report some of the most studied ones in relation to their tunable physical 
properties. Among such oxides, one can single out metal-insulator (MIT) or metal-semiconductor 
(MIS) phase transition oxides family. More accurately and in such a category, Vanadium dioxide 
VO2 is of a special interest both fundamentally and technologically as its transition Tc is close to 
room temperature (~68°C) and hence its potential multifunctional application in optoelectronics.

From crystallographic view point, in the late 50s up to the 70s [1-11], it was established that the 
V-O system crystallizes in a variety of stable oxides in accordance to its rich electronic valence (from 
0 to +5) including Magnussen (VnO2n-1) as well as Wadsley (V2nO5n-2) type structures as summarized 
in Figure 2. As highlighted above, the specific +4 valence of vanadium oxide i.e. VO2 which is stable 
in a limited region of the V-O phase diagram is of a special interest. While it took nearly a half-
century since the pioneering works of Morin and Sir Neville Mott to measure the duration of the 
singular 1st order metal-insulator transition (MIT) of VO2 which was found to be in the femtosecond 
regime by Cavalleri et al [7], VO2 is gaining an exponential interest within the R&D community 
[12-24]. Being a smart oxide, transiting reversibly at Tc~ 341K, stoichiometric VO2 undergoes a 
unique 1st order metal-semiconductor electronic transition with a reversible opening-closing of its 
band gap from 0.72 to 0 eV (Figure 3). Such a reversible semiconductor-metallic phase transition is 
also accompanied by a large variation of the electrical resistance/conductivity by several orders of 
magnitude being in the bulk or in its thin film configuration (Figure 4 and Table 1). This tunability 
of the electronic band gap and hence the electrical resistance/conductivity are correlated to a 
reversible crystallographic 1st order transition [25-27]; from low temperature monoclinic to high 
temperature tetragonal and vice-versa. More accurately, above Tc, VO2 crystallizes in a tetragonal 
rutile-type with lattice constants of a~ 0.455 nm and c~ 0.285 nm. The second is the monoclinic 
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VO2 with a~ 0.5753 nm, b~ 0.4526 nm and c~ 0.5383 nm. A third 
monoclinic VO2 structure does exist too, but with a~ 1.209 nm, b~ 
0.3702 nm and c~ 0.6433 nm. However, this later VO2 phase does 
not exhibit the so attractive Mott reversible transition characteristics 
at Tc. The 3 phases mentioned above are known as VO2 (T) for the 
tetragonal type, VO2 (M1) for the monoclinic type with the Mott 
phase transition, and VO2 (M2) for the non-transiting monoclinic 
type. Above the transition temperature Tc, VO2 (T) adopts the 
tetragonal rutile (P42 /mnm) structure with chains of edge-shared 
VO6 octahedral along the c-axis; the V–V distances along the chain 
are 0.2851 nm (Figure 5). Below TC, i.e. in the monoclinic (P21/c) 

crystal structure of VO2 (M1), the dimerized vanadium atoms have 
alternate V–V distances of 0.2619 nm and 0.312 nm. It is widely 
accepted that the formation of an electron pair in the monoclinic 
crystalline structure results in the insulator phase while the tetragonal 
is metallic. The possible mechanism in relation to the phase transition 
may be due to changes in the 3d band structure associated with the 
crystal structure changes. As summarized in Figure 3, the upper d||—
an unoccupied in conduction band of semiconductor phase is within 
the broad π*-band which is empty, but more strongly hybridized 
with oxygen 2p-orbitals and lies above the Fermi level EF. In the 
metallic phase, however, all 3 d-bands are close to the Fermi-level. 
Above Tc, the main transitions are from occupied d||-valence band 
to unoccupied d||–π* mixed conduction band followed by resonant 
transitions to unoccupied excited states of the metallic phase. As a 
result the screening of the charge transfer by conduction electrons in 
metallic phase can take place by ultrafast laser excitation in addition 
to standard heating. The observed phase transition has been then 
associated with the optical interband transition in VO2.

In view of the re-birth of the R&D global interest in the 
femtosecond governed optical and electronical singular properties 
of VO2 coupled to the remarkable advances in ultrafast optical 
spectroscopy, this mini-review reports on the multifunctionality 
of smart nano-scaled VO2 in optoelectronics & photonics; namely, 

Figure 1: Major oxides exhibiting semiconductor-metal or/and insulator-
metal phase transitions.

Figure 2: Basic phase diagram of V-O system rich in Magnussen (VnO2n-1) 
and Wadsley (V2NO5n-2) type structures.

Figure 3: Tunable & reversible opening/closing of VO2 bangap Eg (T) via the 
splitting of the d band.

Figure 4: Tunable & reversible variation of the electric resistance of VO2 in its 
form as (a) PLD crystalline thin film, (b) sol gel made thin film, and (d) bulk.

VO2 Insulating state (293.5K) VO2 Metallic state (> 342K)

Carrier mobility 0.1-1 cm2/V∙sec 1-10 cm2/V∙sec

Effective mass 1.6-7 1-3

Electron density 1019-1020 cm-3 1-3x1021 cm-3

Energy gap 0.6-0.7 eV 0

Table 1: Major characteristics of active phase of VO2.

Figure 5: Tunable & reversible monoclinic (Low temperature)-rutile (High 
temperature) crystallographic phase transition of VO2.
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smart IR active coatings for solar energy heat management, ultrafast 
optoelectronics, tunable emissivity nanocoatings, tunable optical 
limiting, tunable nanoplasmonics, tunable femtosecond single 
optoelectronic nano-gating, and room temperature ultrasensitive gas 
sensing among others [12,14,15,18,24].

Experimental Results and Discussion
Pulsed laser deposition & synthesis of nano-scaled VO2 

As it is well established, high quality VO2 nanostructures with 
physical/chemical characteristics close to bulk should exhibit a VO2 
(T) single phase component, a high degree of crystallinity in addition 
to the stringent stoichiometry O/V ratio of 2. In this regard, due to the 
ultimate non-thermodynamic equilibrium conditions, and yet with 
its handicap in terms of large homogeneous coatings, Pulsed Laser 
Deposition (PLD) was found as a sound solution to overcome these 
growth & stoichiometry problems relatively to the standard processes 
such as e-beam, evaporation, sol-gel, sputtering, chemical vapor 
deposition processes [28-30]. Indeed, in the case of the laser ablation, 
the target temperature at laser pulse peak can be as higher as 105 K 
i.e. 40eV with a local electric field Efield as intense as or even higher > 
105 V/cm inducing a plasma which temperature is within the range 
of 3000 K-5000 K and ablated species with energy ranging from 1eV 
to 100 eV. As reported in the literature, specifically within the area 
of nanostructured binary, ternary or multi-oxides, PLD is by far a 
competitive synthesis methodology [31-33]. Furthermore, the PLD 
is conceptually and experimentally simple, yet highly versatile for 
nanostructured and multilayered systems. Its advantages for oxides 
and other chemically complex materials include stoichiometric 
transfer of the ablated material, growth from an energetic beam, high 
deposition rate, reactive deposition, and inherent simplicity for the 

growth of multilayered nano-structures [33]. Figure 6 shows the basic 
setup of a PLD whereby one can notice that the source of the plasma 
i.e. the laser source is decoupled from the vacuum chamber where 
the pressure can be varied from atmospheric to UHV. Likewise, a 
further major potential in the growth of nanostructures offered by the 
PLD is the possibility of achieving epitaxial growth at lower substrate 
temperatures due to the ultra-short time of laser-target interaction 
“≤ nanosec”. In addition to minimizing undesirable interactions at 
the substrate-film interface, the PLD also enhances the possibility 
of producing compositionally homogeneous multi-component 
nanostructures under conditions that hinder decomposition into 
thermodynamically favored phases [31]. In the case of VO2, the 
standard deposition conditions are generally as follows: a pressed 
powder pellet 1.5 cm in diameter and 2 mm thick with nominal 
composition VO2 is used as a target. The target is mounted in a small 
vacuum system with a base pressure of 2.0 × 10-6 mbar, and irradiated 
through an excimer (generally KrF) laser source. A quartz lens is used 
to vary the energy density in the range of 0.5 J/cm2-2.7 J/cm2 on the 
target. The substrates are mounted at a distance of typically 25 mm 
from the pellet surface, close to the centre of the laser spot. The laser 
is fired at a repetition rate of 10 Hz with a number of shots depending 
on the film thickness. During deposition, the pressure in the vacuum 
chamber rises to about 1-2.5 × 10-6 mbar [14,24].

Refractive index temperature modulation of nano-scaled 
VO2 

As it was mentioned previously, the MST phase transition in VO2 
causing a sharp change in the electronic resistivity over several orders 
of magnitude is directly related to the reversible closing/opening of 
the electrical/optical band gap. Hence, this transition is accompanied 
by a consequential and reversible variation of the dielectric constant 
and hence the refractive index, specifically in the infrared (IR) 
spectral range. This translates itself in VO2 being optically IR 
mainly transparent and opaque in the semiconductor and metallic 
states respectively. Figure 7 depicts the thermal modulation of the 
real part of the refractive index n(λ,T) of a pulsed laser deposited 
~ 400 nm coating of VO2 onto quartz glass substrate derived from 
ellipsometry investigations [34]. As one can notice, these ellipsometry 
deduced results demonstrate plainly the significant modulation 
of the refractive index with temperature and its reversibility. More 
precisely, the depicted dispersion of n(λ,T) is reported at 6 different 
temperatures “T = 30°C, 60°C, 65°C, 70°C, 73°C, 75°C and 85°C”over 
a spectral range covering the UV-VIS and NIR, over 300 nm-1600 
nm region. While the thermal dispersion of n(λ,T) is slightly sizeable 
in the UV-VIS range, it is substantially large in the NIR spectral part. 
At λ ~ 473nm for example, the refractive index changes from 3.52 to 
2.91 while at about λ ~1000 nm, it diminishes significantly by nearly 
50%. More precisely, it decreases from about 3.2 to 1.6 when the 
VO2 coating is heated from 30°C to 85°C. Consequentially, such a 
significant and reversible thermal variation of the dispersion relation 
is of a special interest in the optical IR & Terahertz switching based 
devices in general and infrared modulation specifically. The following 
cases are among the likely potential optoelectronic technological 
applications of nanostructured VO2.

Optical modulation in VO2 nanostructures & solar heat 
regulation

The dispersion relation of Figure 7 and its tunability/reversibility 
are of a special importance for applications of nanostructured VO2 in 
smart windows for solar heat regulation. Indeed, as reported in Figure 
8, the IR radiation from the sun counts for about 52% of the solar 

Figure 6: Typical standard Pulsed Laser Deposition (PLD) configuration 
ideal for the synthesis of highly crystalline VO2 thin films.  

Figure 7: Room temperature variation of the conductometric sensing signal 
for the considered H2 relative concentrations i.e. 140 ppm, 90 ppm, 50 ppm, 
and 14 ppm.
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intensity at the earth level. Hence, the heat management induced by 
the IR radiations from the sun using VO2 coated windows would be 
ideal in minimizing the usage of standard air conditioning in building 
and automotives if the Tc can be as low as room temperature. As well 
established, such a Tc reduction can be induced by W or Mo doping. 
Figure 9 reports the optical transmittance of a pulsed laser deposited 
VO2 coating onto glass substrate for six different temperatures; 
40°C, 60°C, 65°C, 70°C, 80°C and 100°C'' chosen so that they cover 
the optical response from IR transmittive state to IR opaque state 
to sun heat. As expected, the optical transmission exhibits a strong 
dependence with temperature in the infrared spectral region without 
a significant change in the visible region. At λ~3000 nm, the optical 
transmission is about 65% and 22% below and above the transition 
temperature of TC~68°C. As it can be monitored, the average optical 
switching is smaller than 5% in the visible while in the NIR, it is 
larger than 35%. At 3000 nm, especially, the optical modulation is 
about ~55%. Consequentially, VO2 could be used as a smart coating 
on glass windows to manage solar heat within the IR spectral range 
especially once doped with W which allows reducing Tc from ~68°C 
to closer to ~25°C. In addition to smart windows applications in the 
automotive and architectural-building industry, this sharpness of 
modulation from optically IR-transmitive to optically IR-reflective 
can be exploited for internal shutter devices applications in IR laser 
cavities or in fiber optics based devices. Certainly, as it was highlighted 
[34], these VO2 based nano-photonics are adequate for close room-

temperature operation compatibility with fiber-optic environment, 
and high efficiency at telecommunication wavelengths “1.3 µm -1.5 
µm”. Moreover, it was demonstrated that the 300 mJ/cm2 threshold 
for the photo-induced phase transition “which would be discussed in 
the following case study” is equivalent to a 150 pJ pulse for a typical 50 
µm2 mode size in a single-mode fiber, making such schemes attractive 
for real-world applications including the Terahertz regime.

Tunability of VO2 nanostructures’ emissivity & space 
applications

The thermal tunability of the spectral dispersion of the refractive 
index n(λ,T) of nanostructured VO2 coatings as reported in Figure 
6 is of a special interest in space applications. Indeed, in space 
environment and in particular for small satellites such as micro or/
and nano-satellites, VO2 caotings can not only play a role of heat 
management related to the IR radiations from the sun but also a 
tunable emitter ensuring an optimal heat radiator behavior with a 
unique tunable emissivity configuration. This later characteristic 
is singular relatively to classical radiators governed by the standard 
Stefan’s law. Figure 10 shows the solar absorptance (α)/emissivity (ε) 
diagram of major materials: (i) Solar blacks i.e. solar absorbers, (ii) 
sand lasted metals & conversion coatings, (iii) white paints & second-
surface mirrors, (iv) unpolished bulk metals, and (v) dielectric films 
on polished metallic surfaces. As one can notice, excluding the last 
class of materials i.e. dielectric coatings, the emissivity cannot be 
varied over a large emissivity range. Likewise, even for the dielectrics, 
the highlighted zone in the (α)/(ε) diagram is related to a class of 
various coatings. In this section, it is intended to highlight that VO2 
onto special type of metallic films could exhibit a tunable thermal 
emissivity over a large range. This is of an exclusive importance in 
spacecraft technology in view of its Smart Radiation Device (SRD) 
potential [35]. As correctly stated by Hendaoui et al., this is by far an 
attractive approach in regard of achieving the thermal management 
of the internal temperature of the spacecraft as its emissivity is 
actively adapted to the external temperature. On and above the 
active heat load management, the VO2 films are by their nature thin 
films and hence are nearly massless including the fact that they are 
easily integrated as a coating on the satellite directly. In view of VO2 
as a SRD integrated component, an ideal behavior of an SRD would 
correspond to a low (εL) and high (εH) emissivities at low and high 
temperatures respectively so to dissipate any additional not required 
heat. Hence, the performance of an ideal SRD are characterized 

Figure 8: Spectral solar distribution at the earth level: ~5% UV (300 nm -400 
nm), 43% VIS (400 nm-700 nm), and ~52% NIR (700 nm-2500 nm).

Figure 9: Normal incidence optical transmittance profiles of a pulsed laser 
deposited ~400 nm coating of VO2 onto quartz glass substrate for six different 
temperatures; 40°C, 60°C, 65°C, 70°C, 80°C and 100°C.

Figure 10: Solar absorptance (a)-Emissivity (e) diagram of standard 
materials and coatings.
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by the dynamic range of the emissivity ∆ε=(εH- εL); Higher is εH 
effective is the SRD. In other terms, and considering the Stefan 
equation of the thermal power emitted by a radiator of surface (S) 
at temperature (T) in half space Ω = σ ε S T4, higher εH values are 
suitable to achieve higher radiative exchange for smaller surfaces and 
weight (smaller satellites). In the case of VO2, one can distinguish 2 
cases. The first case for which the VO2 is deposited on standard glass 
substrates whereby ∆ε=(εH- εL) is negative i.e. the so called negative 
emissivity-switching mode. The second case where VO2 is deposited 
onto reflecting metallic substrates such as aluminium (Al) and 
hence allowing positive emissivity-stwitching ∆ε=(εH- εL) > 0. It is 
this latter scenario which is of an interest in the heat management 
in nano-satellites in particular as demonstrated by Benkahoul et al. 
on optically polished Aluminium [36]. Because in this latter case, 
∆ε=(εH- εL) was not large, Hendaoui et al. have succeeded to increase 
such a difference by boosting εH to higher values by adding a top layer 
of amorphous hydrogenated silicon a-Si:H onto oxidized silicon SiO2 
layer forming a λ/4 stack layer deposited on VO2 layer itself coating 

an optically polished Aluminium substrate [37]. Within the current 
section, it is shown that this scheme can be extended to standard 
Aluminium sheets of 15.8 × 103 nm in thickness. Accordingly, a 263 ± 
1nm of PLD deposited VO2 onto clean standard Al sheet (15.8 103 nm 
in thickness) coated with an SiO2 layer of 101 ± 1nm which in its turn 
coated with a hydrogenated amorphous silicon layer of 448 ± 1nm. 
This set of parameters have been inspired by the above mentioned 
Hendaoui et al’s experiments. Figure 11 reports the normal incidence 
reflectivity of the a-Si:H/SiO2/VO2/Al sheet layered stack. As one can 
see the reflectivity, within the spectral 5 µm -25 µm range, at 25°C is 
higher than that at 97C which implies the targeted positive emissivity-
stwitching ∆ε=(εH- εL)>0. Indeed as derived from the reflectivity 
profiles and the dispersion relations n(λ,T) within the 5 µm -25 
µm spectral range, the emissivity profile is temperature dependent 
and exhibits somehow the hysteresis behaviour during heating/
cooling (Figure 11). This later thermal evolution mirrors the 1st order 
semiconductor-metallic phase transition of VO2. The most important 
is that the minimum and maximum values of the emissivity are 0.18 
(40°C) and 0.57 (83°C) respectively and hence allowing an emissivity-
stwitching ∆ε of + 0.39. This relative variation ∆ε/εΛ which is about 
~21.7% is adequate for developing VO2 based SRD for active thermal 
control in small satellites and spacecrafts [34-36].

Optical limiting in VO2 nanostructures & ultrafast laser 
protection

As it was mentioned in the introductory section, above 
the transition temperature Tc, VO2 adopts the tetragonal rutile 
configuration with chains of edge-shared VO6 octahedral along the 
c-axis where the V–V distances along the chain are 0.2851 nm. In the 
lower temperature monoclinic phase (< TC), the dimerized vanadium 
atoms have alternate V–V distances of 0.2619 nm and 0.312 nm. 
As investigated by Semenov [37], this configuration is equivalent 
of those systems exhibiting 1 chain-like governed by Peierls model 
such as Platinum mixed valence complexes, K0.3Mo3 and Rb0.3MoO3 
blue bronzes, TCNQ salts, TaS3, TaSe3, and NbS3 [38]. Indeed, 
considering Semenov’s investigations, the electronic spectrum of 
these compounds at the Fermi level has a quasi 1-D band formed 
when the wave functions of the d and f electrons of the neighbouring 
atoms arranged in the form of parallel chains overlap [37-40]. Within 
these Peierls governed chains of atoms like-systems, in the high-
temperature metallic phase, the atoms are equidistantly located in 
the chain, whereas the conduction band of the electronic spectrum 
is half filled with electrons. When temperature reaches the critical 
value Tc upon cooling, the metallic phase becomes unstable and the 
metal–semiconductor phase transition MST occurs. This transition 
is characterized by the formation of a gap in the electronic spectrum 
of the system at the Fermi level and by pair-wise approach of atoms 
along the atomic chain [37-38] and hence the bandgap opening as 
schematically displayed by Figure 3. In this case, the atomic chain 
itself is deformed [41]. In addition, and as reported by Semenov once 
more [37], owing to the features of the electronic spectrum of the 
Peierls semiconductors characterized by the presence of Van Hove 
singularities [26], sharp [27] or smeared [28] edges of the gap, the 
photo-induced transitions from the semiconducting state to another 
state [27-29] are possible in a light field with a specially chosen central 
frequency of the optical spectrum and hence the photo-induced 
effects. More specifically, and near Tc, cavity-free optical bistabilities 
are observed in various Peierls systems with increasing absorption 
[30]. The dynamics of change in the structure of the crystal lattice and 
gap width in the electronic spectrum of such typical semiconductors 

Figure 11: Reversible tunalbility of the emissivity positive-switching of an 
SRD VO2 based coating consisting of a- Si:H/SiO2/VO2/Al foil substrate.

Figure 12:  Log-Log Optical transmission/Laser input energy of 4 different 
pulsed laser deposited VO2 nano-coatings onto quartz substrates with 
thicknesses of about ~64 nm, 109 nm, 400 nm and 1204 nm ±1nm. The 
experiments were carried out with a Nd-YAG laser source “l=1064 nm” beam 
impinging the samples in a normal incidence.
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irradiated by the light field was investigated for various materials 
in several systems. Generally, it was observed that the new formed 
state is metallic [42]. In the case of VO2, there are two alternative 
points of view on the cause of the formation of the semiconducting 
phase: electron–electron interaction usually considered in the Mott–
Hubbard model [43] and the electron–phonon interaction (Peierls 
model) [44]. In regard of such models, the pioneering work of 
Semenov [40] is the early theoretical investigation to shed light on 
the photo-induced semiconductor to metal phase transition in VO2 
within the framework of a Peierls configuration. More specifically, the 
photo-induced effect consisting of the generation of non-equilibrium 
electron–hole pairs occuring owing to the electric dipole interaction 
of photons with the electronic sub-system of the semiconductor, was 
analyzed. The increase in this density caused by the electron–phonon 
interaction changes the crystal structure and electronic spectrum of 
the Peierls system. The dynamical equations were derived by Semenov 
for the order parameter of the metal–semiconductor phase transition 
as well as the kinetic equation for the density of non-equilibrium 
electron–hole pairs. In addition, an expression for the time τ of the 
photoinduced semiconductor–metal phase transition was derived 
from these equations in the case of ultrashort light pulses within the 
femtosecond regime fitting with the results of reported by Cavalleri 
et al. and Baum et al. [7-8]. It was shown that, to initiate optically 
the phase transition, the energy density Ø of the incident light pulse 
must be higher than a critical value Øc. Semenov has obtained quite 
interesting and convincing data in this regard for the VO2 whose 
quasi-one-dimensional electron conduction band is formed owing 

to the overlapping of the 3d electron wavefunctions of vanadium 
atoms arranged in the form of chains parallel to the c crystal axis [24]. 
For temperatures below the critical value Tc~ 341K, the vanadium 
atoms in the chain pair-wise approach each other and an energy gap 
is formed at the Fermi level in the electronic spectrum [24]. Based 
on the physical values characteristic of VO2 [24,40,41]: vanadium 
atom density of N ≈ 3 × 1022 cm–3, width of the d conduction band 
in the metallic phase of ≈ 1.1 eV, vanadium atom mass of ≈ 8.5 × 
10–23 g, effective radius of the 3d atomic electron wave function R 
of ≈ 5 × 10−9 cm, refractive index in the semiconducting phase ns 
≈ 3.3, the distance between the top of the valence d band and the 
bottom of the conduction d band of the electronic spectrum in the 
semiconducting phase being ≈ 1.3 eV, the characteristic time of 
interband electron relaxation of = 3 × 10–11 s [45], the characteristic 
time of phonon relaxation at room temperature of ≈ 5 × 10–13 s [55], 
the matrix element of the dipole moment operator of ≈ 4 × 10–19 CGS 
units [47,48], and the optical reflection coefficient of the order of 20% 
[49]. For incident photons with the energy hν0 = 1.6 eV (λ≈ 775 nm), 
the optical absorption coefficient γ0 of ≈ 4 × 104 cm–1 and the critical 
energy density of the laser pulse, Øc ≈ 18 mJ/cm2, and derived by 
Semenov [40], the time of the phase transition induced by the laser 
pulse with the energy density Ø = 50 mJ/cm2 is equal to τ ≈ 50 fs 
which is agreement with Cavalleri et al. and Baum et al. [7,8].

In addition to the standard induction of the semiconductor-
metallic phase transition of VO2 i.e by standard heating/cooling 
or pressure, the theoretical predictions of Semenov [40] and the 
experimental results of Cavalleri et al. [7] showed that that such MST 
transition can be a induced optically in a ultrafast manner. Hence 
nanostructured VO2 coatings could exhibit femtosecond optical 
limiting response. Relatively to standard organic based materials, 
including porphyrins, phthalocyanines, fullerene (C60), and carbon 
nanotubes (CNTs) liquid based suspensions which exhibit strong 
nonlinear extinction for high-intensity light, the VO2 coatings are 
solid. Besides this solid state aspect of the VO2 potential optical limiter 
samples, its advantage is correlated to the unique broad spectral 
modulation of VO2 over all the NIR to the FIR spectrum. As shown 
in Figure 12, VO2 nano-structured films exhibit indeed a singular 
optical limiting behavior. More accurately, the optical transmission 
of the 4 PLD deposited VO2 nano-coatings onto quartz substrates 
with thicknesses of about ~64 nm, 109 nm, 400 nm and 1204 nm 
±1nm exhibit a significant decrease of the optical transmission 
versus incident laser fluence. In this demonstrative case, the 
experiments were carried out with a Nd-YAG laser source “λ=1064 
nm” beam impinging the samples in a normal incidence. The optical 
transmissions were measured versus the laser input energy within the 
range of 1 mJ to 90 mJ below the threshold damage of ~173 mJ; a 
value required to ignite the laser ablation of the VO2 film coatings 
“in the current considered optical geometry”. As depicted in Figure 
12 reporting the Log-Log variation of the optical transmission versus 
the laser input energy, higher is the Nd-YAG input energy, smaller is 
the optical transmission for all VO2 coatings. This is, indeed a crystal 
clear behavior of effective optical limiters. Such effectiveness seems 
to be thickness dependent. By extrapolation, at 1% transmission at 
1064 nm, the threshold seems to be of about 8 mJ, 200 mJ, 580 mJ and 
1070 mJ for the coatings of ~1204 nm, 400 nm, 109 nm and 64 nm 
respectively. Hence, one could, in the current case, conclude that the 
thickest VO2 film of ~1204 nm seems to be the most suitable within 
the standard laser damage protection regulations. It can be expected 
that such VO2 coatings would be ideal for high power laser CO2 based 

Figure 13: (a): Schematic view of the targeted tunable VO2 based opto-
electronic nanogate, (b) AFM imaging of the discontinuous VO2 film cosnsting 
of generally non-percolating single VO2 nanocrystals, and (c) Typical I-V 
curves on a single VO2 nanocrystal at various temperatures: 298.5 K, 323.5 
K, 338.5 K and 358.5K.

Figure 14: Normal incidence optical transmission of Au-VO2 nanocomposites 
exhibiting a tunable plasma absorption within the range of 600nm -650 nm.
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lasers sources as well as the tunable femtosecond sources which are 
mainly in the NIR range [12]. 

Optoelectronic tunability of VO2 nanostructures: Optically 
controlled ultrafast e-gating 

While extensive studies were conducted on VO2 in terms of 
synthesis and investigations of its physical properties as well as its 
potential optoelectronic technological applications, very limited 
studies were performed on the variation of its electronic bandgap 
Eg(T) in its nano-structured form [47-59]. For our best knowledge, 
and relatively to the published literature including the recent work 
of Yin et al. [6], this section reports on the experimental results of 
the thermal variation of the Eg(T) of a single VO2 nanocrystal and 
the validation of the possibility to engineer ultrafast and tunable VO2 
based opto-electronic nano-gates (Figure 13a) [60].

To perform the intended transport investigations in single nano-
crystals of VO2, it is necessary to engineer crystalline VO2 films 
below the coalescence threshold i.e. consisting of spatially isolated 
nano-cystals of VO2. PLD deposited VO2 thin films onto conducting 
transparent oxide of F:SnO coated quartz substrates with thicknesses 
of ~27 nm ± 5 nm, 64 nm, 151 nm, 409 nm and 1218 nm ± 2 nm 

were prepared. This thickness range which was based on a previous 
study, was considered to obtain discontinuous and continuous films 
below and above the percolation threshold of the VO2 nano-crystals. 
With the exception of the thinnest film (~27 nm ± 5 nm in thickness), 
the other samples (64 nm, 151 nm, 409 nm and 1218 nm ± 2 nm 
in thickness) showed almost identical surface morphology which 
indicates a continuous network of quasi-spherical nano-crystals with 
a polydisperse diameter distribution. The thinnest VO2 film (~27 
nm ± 5 nm) consists of quasi-isolated nano-crystals with an obloid-
like shape anisotropy as shown in Figure 13b. The statistical scans 
provide average dimensions of ~469 ± 12 × 103 ± 9 × 29 ± 7 nm. 
More accurately, the average height value of ~29 nm ± 7 nm was 
obtained from additional statistical measurements over about 30 
horizontally positioned VO2 nanocrystals. One could notice that it is 
comparable to the average thickness of the thinnest film itself (i.e. 27 
nm ± 5 nm) and hence could be considered as a discontinuous film 
of single grains. This thin film sample is used for the measurement of 
the temperature dependence of the I-V characteristics of individual/
single VO2 nano-crystals, and hence of the change in the band gap 
Eg(T) through the MST transition as described below.

Figure 13c reports the measured I-V characteristics for a single 
isolated single nanocrystal of VO2 in the thinnest discontinuous film 
of 27 nm ± 5 nm. The I-V profiles have been measured at 298.5 K, 323.5 
K, 338.5 K and 358.5K. The used tunneling current was in the range of 
0 nA-15 nA for an applied DC voltage varying from 0 V to 2.5V. As 
one notice, at T < Tc (298.5, 323.5 and 338.5), the I-V characteristics 
exhibit a typical semiconductor behavior of the investigated 
isolated nano-crystal with the width of the “plateau” region being 
approximately equal as 2 × Eg(T ). Higher is the temperature; smaller 
is the bandagap which nearly closes that the vicinity of Tc. Indeed, at 
T= 358.5K the I-V characteristic is approximately linear, i.e. ohmic, 
pointing to a metallic behavior. Such a behavior of I-V thermal 
variation is reversible. From technological applications point of view, 
Figure 13c supports confidently the possibility of using such a device 
for ultrafast tunable opto-electronic gating as the MST/MIT reversible 
transition of the VO2 nano-crystals can be induced optically in the 
femtosecond regime [61]. Likewise, such an applied aspect is being 
extended to engineer tunable ultrafast devices for surface enhanced 
Raman spectroscopy via bang gap engineering of core shell oxide/
VO2 nanostructures.

VO2 for tunable ultrafast nano-plasmonics applications
Nano-composites with metallic nanoparticles embedded in an 

insulating host matrix as illustrated in Figure 10a, represent a specific 
class of nano-plasmonics with a distinctive plasmon resonance 
λp. As ωp is proportional to [n e2/ε0meff ]/[1+2εhost(λ)], one could 
anticipate its tunability via either the carrier density “n”, the effective 
electronic mass “meff” of the metallic nano-particles, or through the 
dielectric function of the dielectric host matrix “εhost(λ)”. While the 
first two of these parameters can be varied by changing the nature 
of the nanoparticles, the third option requires a radical change in 
the host matrix. The latter is more effective, as it has been reported 
widely in the literature. Results with gold nanoparticles embedded 
in different host matrices including Fe2O3, SiO2 , TiO2 , and Nb2O5 
have exhibited plasmon wavelength tunability via the variation of the 
refractive index of these different host matrices. The variation of λp is 
substantial: from 2.4eV to 1.7eV. Such a variation entails an explicit 
and a required host-matrix change. This is not a practical way to 
achieve plasmon wavelength tunability within the same nanodevice. 
The usage of VO2 as a host matrix could be an elegant method for the 

Figure 15: Evolution of the plasmon wavelength lp of the Au-VO2 nano-
plasmonic, with the thermal cycling over the 25-120°C range. The reversible 
& tunable plasmon wavelength mirrors the 1st order phase transition of the 
VO2 host matrix.

Figure 16: Typical electron transmission microscopy and electron diffraction 
pattern of the optimized synthesized powder of VO2 (A) nanobelts with its 
corresponding crystallographic structure. 
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preparation of tunable and reversible nano-plasmonics where both 
the nature of the metallic nanoparticles and the host matrix remain 
fixed. This allows to thermally and reversibly tune λp in a controllable 
manner. This concurs with a consequential variation in the host 
material’s optical constants. This reversible change in nhost(ω,T) i.e. 
εhost(λ,T) is pronounced in the infrared and hence for λp in the case of 
VO2. To demonstrate the validity of this approach, a laser-deposited 
Au-VO2 nano-plasmonics onto corning glass was investigated. The 
embedded Au nano-crystallites were ≈13nm in diameter. The optical 
transmission profiles at different temperatures indicated a clear 
variation of the plasma absorption as reported in Figure 14. The Au-
VO2 plasmon wavelength was about 648nm with the temperature 
below Tc ≈ 68°C “i.e. with the host matrix in its dielectric state, IR 
transmittive state”. However, as the temperature increased past the 
transition point, changing the material into its metallic state, the 
wavelength shifted towards the blue “to ≈603nm”. This sizeable 
variation of ≈45nm confirms the tunability of λp (T) through 
temperature change. In Figure 15, one can notice the evolution of 
the plasmon wavelength λp (T) of the Au-VO2 nano-plasmonic, with 
the thermal cycling over the 25-120°C range: this result confirms 
undenialbly its thermal reversibility with a jump-like change. Such 
a sharp transition with a hysteresis of ≈16°C is inherent to the first 
order transition of the VO2, which lasts less than 180fs [7-8,40]. One 
then can conclude that such an ultrafast temperature change in the 
refractive index should enable ultrafast nano-plasmonics with not 
only tunable plasmon wavelength λp(T) but with tunable third order 
nonlinear optical susceptibility χ3comp(λ,T) as per described by Maaza 
et al. [15,18].

VO2 nanobelts & room temperature H2 gas sensing
In relation to hydrogen economy in general, and hydrogen gas 

sensing specifically, and in addition to standard nano-powders/thin 
films structures, extensive set of novel nano-scaled oxide materials 
such as nanowires, nanotubes, nanorods, and nanobelts based 
systems, are being investigated as ideal candidates for gas sensing 
applications. This is due to their set of singular surface characteristics, 
shape anisotropy and readiness for integrated devices [61-65]. This 
latter component includes their large surface/volume ratio, single 
crystalline structure due to their preferential growth, and great 
surface chemical active sites [66-67]. As reported in the literature, 
the 1-D nanostructures of well-established gas sensing materials such 
as SnO2 [68-70], ZnO [71-72], In2O3 [73-74], and WO3 [75-76] have 
shown higher sensitivity and selectivity, quicker response and faster 
time recovery, as well as an enhanced capability to detect gases at low 
concentrations compared with the corresponding thin film materials 
[87-78]. While the overall sensing characteristics of these so called 
1-D nanomaterials are optimal, they are efficient at high temperature; 
generally above 2000C, resulting in a significant power consumption, 
in addition to device complexities in integration, which limits their 
technological applications. Consequentially, there is still a space and 
a need to develop 1-D nanomaterials for gas sensors that have very 
good sensing performance but at room-temperature. Unfortunately, 
for room temperature applications, there is a necessity to dope the 
above mentioned nano-scaled oxides with non-cost effective noble 
metals such as Pt, Pd, Au, Ru,.…. Indeed, as demonstrated by Pearton 
et al. [79-80], ZnO nanorod sensors showed higher H2 sensitivity and 
quicker response by sputter-depositing clusters of Pd or Pt onto the 
surface of the nanorods at room temperature compared with the 
undoped and the corresponding thin film sensors. Ramgir et al. [81] 
reported that 0.48% Ru-doped SnO2 nanowires exhibited the highest 

sensitivity towards NO2 gas at room temperature. 

In this section and as reported by Simo et al. [82], it was shown 
for the first time that nanobelts of VO2 exhibited room temperature 
enhanced hydrogen sensing properties (Figure 16). As highlighted 
below, the relatively large H2 room temperature sensing in this 
Mott type specific oxide seems to have a limit below 0.17 ppm H2. 
More precisely, and for the H2 gas sensing experiments, a standard 
in-situ 2 contact points based system was used. The cold pressed 
VO2(A) nanobelt pellet was squeezed between two Al electrodes and 
a Si substrate wafer while the whole was interfaced to a heating stage 
(25°C-300°C). The readings of the current and voltage during the 
heating and cooling stages were measured. The isothermal responses 
of the resistance of the pressed VO2(A) nanobelts powder at different 
concentrations of H2 fluxes were measured upon injection of H2 
balanced with N2 as a gas carrier and refluxing with pure N2. The 
reproducible experiments were conducted with different H2 partial 
pressures equivalent to 140 ppm, 90 ppm, 50 ppm, 14 ppm and 0.17 
ppm of H2 carried by N2. Before any H2-N2 experiment, the chamber 
was refluxed to minimize any contamination effect. Figure 17 reports 
a typical variation of the conductometric sensing signal for the above 
considered H2 relative concentrations i.e. 140 ppm, 90 ppm, 50 ppm, 
14 ppm and 0.17 ppm of H2. The initial electrical resistance which 
is about 1.2 × 107 Ω decreases to 0.18 × 107 Ω upon initial refluxing. 

Figure 17: Room temperature variation of the conductometric sensing signal 
for the considered H2 relative concentrations i.e. 140 ppm, 90 ppm, 50 ppm, 
and 14 ppm.

Figure 18:  Minimum sensing parameters for both CO and CO2 sensing of 
VO2 (A) nanobelts:   200 ppm, T=170ºC. 
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Upon injection of 140 ppm H2, it increases to reach a plateau-like. 
As in the case of effective sensing oxide based nano-systems, the 
electrical resistance decreases once H2 gas flow is off. To estimate 
the H2 detection limit, the room temperature conductometric 
measurements were performed at the various H2 flow concentrations 
of 90 ppm, 50 ppm, 14 ppm and 0.17 ppm. It was noticed that the 
resistance variation which is reproducible with a small bar error, is 
still sensitive up to 0.17 ppm H2. Compared to the various oxides as 
well as the 1-D reported nanosystems in the literature, this detection 
limit at room temperature is, indeed, significant [66-78] if not 
unique. Therefore, this detection limit is low enough for potential 
commercialization if the recovery and response times would be 
optimal. Concerning the response and the recovery time, the VO2(A) 
nanobelts exhibit comparable values relatively to standard doped 
sensing nano-scaled oxides at room temperature and comparable H2 
concentration. More precisely, the average response times are ~840 
seconds, ~890 seconds, ~1080 seconds, ~1020 seconds, and ~1050 
seconds for 140 ppm, 90 ppm, 50 ppm, 14 ppm and 0.17 ppm of H2 
respectively. Likewise, the corresponding average recovery times are: 
~455 seconds, ~870 seconds, ~1020 seconds, ~1037 seconds, and 
~2080 seconds for 140 ppm, 90 ppm, 50 ppm, 14 ppm and 0.17 ppm 
of H2 respectively. By comparison, the H2 sensing of the equivalent 
oxide system i.e. ZnO nanorods, these latter possess a room 
temperature response time of the order of 600 seconds for 500ppm 
H2. In addition to such a substantial characteristic, the sensitivity of 
the nanobelts S (S=(RH2-R0)/R0, RH2 and R0 are the sample resistance 
with and without H2 gas respectively) is in the range of the values 
exhibited by standard 1-D oxides. In this case, the VO2(A) nanobelts 
seem to present a better H2 sensing sensitivity in the range of 90 
ppm H2 at room temperature. Finally, to shedlight on the sensing 
selectivity of the VO2(A) nanobelts, further experiments were carried 
with other standard gases such as CO and CO2. As the corresponding 
sensing characteristics seem to be very weak at room temperature 
under identical sensing conditions, threshold type experiments were 
conducted. Figure 18 shows one cycle conductometric sensor signal 
for CO and CO2 gases. At it can be noticed, the sensing signal is at the 
background level yet at a temperature of 300°C and concentrations of 
200 ppm CO and CO2. Consequentially, it could be deduced that the 
VO2(A) nanobelts seem to exhibit a noteworthy gas sensing selectivity 
towards H2. In addition to the established applications of nano-scaled 
VO2 [83-89], It is expected to witness a broad investigations of VO2 in 
Memristors, Metamaterials and or Terahertz regime.

Conclusion
In this contribution, we reported on various functionalities 

of nano-structured VO2. The tunability of the optical properties of 
VO2 pulsed laser deposited based nano-strcutures under an external 
thermal stimuli. More specifically, and via the tunability of the 
refractive index in the IR spectral range, three cases were presented 
highlighting the singular photonics capabilities offered by VO2 based 
nano-structures in the femtosecond regime. The three cases were: 
VO2 as smart coating for solar heat regulation in smart windows, for 
optical limiting applications, and ultrafast tunable nano-plasmonics 
as well as novel tunable χ3

comp NLO devices, in addition to room 
temperature H2 selective gas sensing applications.
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