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Abstract 

In this contribution, we validate for the first time that the near infrared-infrared 

(NIR-IR) modulation of the optical transmission (TTRANS = T(T<TMIT) - T(T>TMIT)) 

of vanadium oxide-based nanomaterials can be controlled or tuned via a genuine 

approach with a simultaneous drastic reduction of its Mott transition 

temperature TMIT. More accurately, we report a significant thermochromism in 

multilayered V2O5/V/V2O5 stacks equivalent to that of pure VO2 thin films but 

with a far lower transition temperature TMIT. Such a multilayered V2O5/V/V2O5 

thermochromic system exhibited a net control or tunability of the optical 

transmission modulation in the NIR-IR (TTRANS) via the nano-scaled thickness 

of the intermediate vanadium layer. In addition, the control of TTRANS is 

accompanied by a noteworthy diminution of the Mott transition temperature 

TMIT from the bulk value of 68.8 °C to the range of 27.5–37.5 °C. The observed 

peculiar thermochromism in the multilayered V2O5/V/V2O5 is likely to be 

ascribed to a significant interfacial diffusion or an excessive interfacial 

stress/strain, and/or to an effective halide (Na, K, Ca) doping. This doping is 

driven by a significant diffusion from the borosilicate substrate surface towards 

the V2O5/V/V2O5 stacks. If the upscaling of this approach is validated, the 

current findings would contribute to advancing thermochromic nanomaterials 

and their applications in smart windows for managing solar heat and green air-

conditioning technologies. 

Keywords: thermochromism; solar heat management; smart windows; infrared 

modulation; room temperature phase transition; vanadium oxides, Mott 

transition tuning 

1 Introduction 

In accordance with current statistics, ~55% of the world’s population lives in urban 

areas. It is projected that it would reach ~2.5 billion by 2050, with ~90% of this increase 

in Asia and Africa. With such an upsurge in urban population and the climate change 

increase of the average seasonal atmospheric temperature, air-conditioning demand in 

urban areas is expected to skyrocket. The global stock of air conditioners in buildings 

and automotives sectors is expected to rise up to ~5.6 billion by 2050 from the present 

exorbitant number of ~1.6 billion. The predictions of the International Energy Agency 

(IEA) [1] for the global energy demand in the air-conditioning sector is foreseen to triple 

by 2050, requiring the use of a significant additional electricity supply. This additional 

energy supply is expected to be equivalent to the combined current electricity capacity 

of the USA, the EU and Japan. Henceforth, sustainable technologies are required to 

minimise any related energy pressure while minimising the corresponding CO2 

footprint. Chromogenics and/or radiative cooling coatings are prospective forthcoming 

solutions as a sustainable corridor for green air-conditioning [2]–[10]. 

Amid the chromogenic diverse technologies, thermochromic materials have attracted a 

special interest since the observation of the reversible Mott semiconductor-metallic first 
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order transition in vanadium dioxide (VO2) by Morin in 1959 [11]–[13]. Indeed, such a 

smart oxide exhibits a semiconductor below its phase transition temperature 

TMIT ~ 68 °C while metallic above. Consequentially, it is optically infrared transparent 

and opaque below and above TMIT ~ 68 °C, respectively. This reversible optical 

tunability in the near infrared-infrared (NIR-IR) solar spectral region allows VO2 based 

coatings on glass substrate to act as smart windows (Fig. 1(a)) for solar heat 

management [7]–[8] if the Mott transition temperature TMIT ~ 68 °C can be reduced to 

reach room temperature values of TMIT ~ 25 °C [8]. 

As schematically displayed in Fig. 1(b), an ideal VO2 based thermochromic coating 

should exhibit the following major characteristics: (i) a good and temperature-

independent optical transmission in the visible (VIS) solar spectral range (with a priori 

a VIS transmission TVIS > 50%), (ii) a phase transition temperature TMIT close to room 

temperature (far below the bulk VO2 transition of TMIT ~68 °C), and (iii) a noteworthy 

large modulation in the NIR and IR spectral range (∆TTRANS). This modulation is defined 

as the difference between the optical transmissions below and above TMIT; 

(∆TTRANS = T(T<TMIT) − T(T>TMIT > 50%). Although this modulation in the NIR and IR 

spectral range has been and still is exceedingly challenging, the lowering of the TMIT 

and the raising of the VIS optical transmission have been successfully dealt with through 

an adequate doping (W, Mo . . .) or via using an additional anti-reflection treatment 

(TiO2, ZrO2, ZnO . . .), respectively [14]–[26]. 

In the quest for engineering optimal thermochromic VO2 coatings with a substantial 

elevated modulation in the NIR-IR spectral range (∆TTRANS = T(T<TMIT) − T(T>TMIT), 

several physical and chemical methodologies were and are used for its deposition [27]–

[40]. Excluding limited cases, the general use of a single and unique layer of VO2 was 

and is the dominating trend in thermochromic VO2 applications. Likewise, in its doped 

or un-doped form, the VO2 based thermochromic coatings suffer regarding modulation 

in the infrared region (∆TTRANS). The same situation is faced even in the case of the VO2 

deposition onto various substrates; amorphous (such as glass, PET) [16]–[18], [27]–[32] 

or crystalline (such as quartz, silicon, mica) [27]–[32] in nature. Simply summarised, 

the VO2 based thermochromic coatings suffer regarding modulation in the infrared 

region (∆TTRANS) in particular. 

Numerous endeavours have been undertaken to comprehensively unravel the 

mechanism underlying the metal-to-insulator transition (MIT) in vanadium dioxide 

(VO2), employing a multifaceted approach that combines both theoretical modelling and 

experimental investigations. Researchers have strived to gain profound insights into the 

intricate processes governing this phase transition, seeking to bridge the gap between 

theoretical predictions and empirical observations, ultimately enhancing our 

understanding of the unique electronic behaviour of VO2 during the MIT [41]–[54]. 

In this article, we validate for the first time the possibility of the control or tunability of 

the NIR-IR modulation of the optical transmission (∆TTRANS). This modulation can be 
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controlled through an original approach with a simultaneous drastic reduction of the 

Mott transition temperature TMIT. This original approach consists of exploiting a 

multilayered configuration instead of the traditional single VO2 layer approach as 

illustrated in Fig. 2. In addition, it requires the use of a Magnussen V oxide such as V2O5 

instead of the standard pure VO2. For the validation of such an NIR-IR modulation 

control with a simultaneous drastic reduction of TMIT, a three-layer stack consisting of 

V2O5/V/V2O5 deposited onto a glass substrate was considered. Within such a 

multilayered stack of V2O5/V/V2O5 onto a borosilicate glass substrate, the V2O5 layers’ 

thickness is fixed and that of the interlayer of pure vanadium is varied followed by an 

additional optimal post annealing. To be precise, the thickness of the intermediate V 

layer was varied within the range of coalescence threshold of V thin films. 

Fig. 1. Schematical representation of (a) a thermochromic based smart window, and 

(b) optical response of an ideal VOx based thermochromic coating. 

We emphasise that, yet original in terms of approach, this research work has been 

inspired by the work of Long et al. [27], [36], Pellegrino et al. [15], Miller and Wang 

[29], Zheng et al. [30], Zhou et al. [33], Han et al. [34], Zhao et al. [35] while fostering 

the previous work by Khanyile et al. [32]. 
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Fig. 2. The considered multilayered approach consisting of a trilayer stack of 

V2O5/V/V2O5 deposited onto a glass substrate instead of the standard configuration of 

single VO2 layer approach. 

In accordance with the scientific and patented published literature, and as it was 

highlighted previously, other multilayered nanostructures were proposed but none 

allowed a significant control of the NIR-IR modulation with a colossal decrease of the 

TMIT simultaneously without the standard W or Mo doping. Table I summarises such 

multilayered nanostructures. 

TABLE I 

MAJOR PUBLISHED VO2 BASED MULTILAYERED COATINGS 

Configuration of the 

multilayered system 

Synthesis technique Transition 

temperature 

TMIT (°C) 

References 

V2O3/VO2 Reactive magnetron 

sputtering 

72.0 Long et al. [27] 

VO2/TiO2 Pulsed laser deposition 63.5 Pellegrino et al. 

[15] 

ITO/VO2/TiO2 Reactive magnetron 

sputtering 

52.0 Wang & Miller [29] 

TiO2/VO2/TiO2 Medium frequency 

reactive magnetron 

sputtering 

61.5 Zheng et al. [30] 

SiO2/VO2 Spin coating 61.0 Wang et al. [31] 

V2O3/V (7 nm)/V2O3 Electron beam 

evaporation with a non-

optimised annealing 

27.9 Khanyile et al. [32] 

V2O3/V(12 nm)/V2O3 Electron beam 

evaporation with a non-

optimised annealing 

36.9 Khanyile et al. [32] 

VO2/Au/VO2 Electron beam 

evaporation 

66.9 Zhou et al. [33] 
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Configuration of the 

multilayered system 

Synthesis technique Transition 

temperature 

TMIT (°C) 

References 

V2O5/V/V2O5 Electron beam 

evaporation 

high-temp. 

coefficient of 

resistance 

Han et al. [34] 

SiO2-TiO2/VO2/TiO2 Spin coating 36.9 Zhao et al. [35] 

WO3/VO2/WO3 Reactive magnetron 

sputtering 

54.5 Long et al. [36] 

V2O5/V(7 nm)/V2O5 Electron beam 

evaporation with an 

optimised annealing 

27.5 Current work 

V2O5/V(12 nm)/V2O5 Electron beam 

evaporation with an 

optimised annealing 

37.5 Current work 

 

In the following experimental section, we investigate three V2O5/V/V2O5 stacks to 

validate the effectiveness of the proposed approach. From an engineering viewpoint, it 

would be suitable to scale up such a validated thermochromic procedure on large 

surfaces to benefit the air-conditioning sector. 

2 Materials and Methods 

2.1 Sample Preparation 

All chemicals and substrates used in these experiments are of high chemical grade (from 

Sigma-Aldrich and/or Alfa Aesar). Following a sequential procedure, multilayered 

films of V2O5/V/V2O5 were deposited by e-beam evaporation using V2O5 powder and 

V metal material targets and borosilicate glass substrates (10 × 10 mm2). The substrates 

were cleaned in an ultrasonic bath with methanol and deionised water for ~20 min 

before deposition. All substrates were dried with pressurised 100% pure N2 gas before 

being loaded into the deposition chamber, which was already loaded with highly pure 

vanadium (V) and vanadium pentoxide (V2O5) targets in separate crucibles. The 

multilayered stacks were deposited at an initial chamber vacuum pressure of ~10-6 mbar 

and an evaporation rate of ~0.24 nm/s. The V2O5 and pure V layers’ thicknesses were 

monitored with a standard crystal monitor. The thickness of the first layer (bottom layer) 

of V2O5 was fixed to ~40 nm, while the thickness of the intermediate layer (V layer) 

was varied within a defined range of 3–12 nm at specific values of 3, 7 and 12 nm. The 

thickness of the third layer (top layer) of (V2O5) was fixed at 20 nm. These thicknesses 

were chosen based on a preliminary set of computations, which suggested that the film 

be chosen in such a way that sufficient diffusion of oxygen into that interlayer would 

take place besides an additional interfacial stress/strain; with both layers allowing O 

atoms to diffuse into the V intermediate layer. All prepared samples were annealed for 

120 min in a vacuum of ~10-6 mbar at the temperature of 500 °C. 
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2.2 Sample Characterisation 

The surface morphology of the samples was investigated using atomic force microscopy 

(AFM) in non-contact mode complemented by in-depth/volume morphology studies 

using a field emission scanning electron microscopy (FE-SEM, Jeol JSM-7800F). The 

crystal structure of the various samples was examined with a Bruker AXS D8 advanced 

X-ray diffractometer, which was outfitted with a copper X-ray tube (λ = 0.15406 nm) 

and operated at 40 kV and 40 mA with data collection in the Ɵ-2Ɵ configuration within 

the angular range of 15–60 deg. (in steps of 0.01 deg.). For the elemental analysis and 

depth profiling, auger electron spectroscopy (AES) and time-of-flight secondary ion 

mass spectrometry (ToF-SIMS) were used. The optical measurements within the 

spectral range of 250-2 500 nm were carried out in transmittance mode (normal 

incidence) with a Cary 5000 UV-VIS-NIR spectrometer equipped with a controllable 

heating stage with a heating/cooling rate of 5 °C/min within the temperature range of 

20–90 °C. 

3 Results and Discussion 

3.1 Morphological Investigations: Atomic Force Microscopy and Field Emission 

Scanning Electron Microscopy Studies 

Fig. 3(a) displays the AFM of the various samples. The surfaces are relatively rough 

suggesting, a priori, the crystalline nature of the multilayered stack samples or at least 

the top surface of layer three of V2O5. Table II summarises the corresponding values of 

the average roughness (Ra), the root mean square (Rσ), the average height (H) as well as 

the average crystallites size (Ø). Accordingly, the intermediate V layer is thicker and 

the various parameters (<Ra>, <Rσ>, <H> and <Ø>) are higher. Yet limited to three 

values of the intermediate V layer’s thickness, it can be safely concluded that the effect 

of the intermediate V layer’s thickness is of a prime effectiveness as sustained by the 

variations summarised in Table II and Fig. 3(b). 
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Fig. 3. (a) AFM surface morphology scans of the various multilayered stacks of 

V2O5/V/V2O5 deposited onto a borosilicate glass substrate, (b) Variation of the 

average roughness (Ra), the root mean square (Rσ), as well as the average crystallites 

size (Ø) versus the intermediate vanadium layer’s thickness. 

TABLE II 

CORRESPONDING VALUES OF THE AVERAGE ROUGHNESS (Ra), THE ROOT MEAN 

SQUARE (Rσ), THE AVERAGE HEIGHT (H) AND THE AVERAGE CRYSTALLITES SIZE (Ø) 

Sample 

identification 

Intermediate 

V layer 

thickness 

(nm) 

Average 

roughness 

(Ra) (nm) 

Root mean 

square 

roughness 

(Rσ) (nm) 

Average 

height H 

(H) 

(nm) 

Average 

grain size 

(Ø) 

(nm) 

V2O5/3nmV/V2O5 3 16.21 20.39 1.04 507.82 

V2O5/7nmV/V2O5 7 34.37 42.04 2.36 890.62 

V2O5/12nmV/V2O5 12 41.65 53.93 2.47 929.76 

 

Fig. 4 displays the FE-SEM edge cross section of the various multilayered stack 

samples. It is not possible to distinguish the various layers of the stacks V2O5/V/V2O5 

deposited onto the borosilicate glass substrate in each of the samples. Indeed, excluding 

the clear net interface with the substrate, there are no sharp interfaces between the 

bottom layer one (V2O5), the intermediate V layer and the top layer three (V2O5). This 

is a signature of a noteworthy interfacial diffusion within both interfaces of the 

intermediate layer of V and top or bottom surrounding layers of V2O5. This seems to be 

supported by the observed various nanocrystals distributed in a homogeneous way 
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within the transversal direction of the stack throughout the two interfaces as shown in 

Fig. 4. If one considers the O and V atomic/ionic radii, it could be safely concluded that 

oxygen is likely to diffuse from the O rich regions, ie from layers one and three of V2O5 

towards the O poor region (the pure V intermediate layer). Last but not least, one can 

observe several cracks within the substrate of sample three, ie the 12 nm V intermediate 

layer thickness. These cracks seem to be initiated from layer one substrate interface and 

propagating towards the inner section of the substrate. These cracks are likely to 

originate from a significant stress or strain relaxation at the interface layer one/substrate 

at least. As a preliminary conclusion of this section, one could cautiously emphasise the 

elevated interfacial diffusion within the interfaces (top and bottom) surrounding the 

intermediate layer of pure vanadium. Such a significant interfacial diffusion would not 

only affect the chemical composition profile of the multilayered stack but also the strain 

or stress distribution. 
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Fig. 4. FE-SEM edge cross section of the of the various multilayered stacks of 

V2O5/V/V2O5 deposited onto the borosilicate glass substrate for various intermediate 

vanadium layer’s thickness; (a) 3 nm, (b) 7 nm and (c) 12 nm. 
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3.2 Elemental Analysis: Auger Spectroscopy Depth Profiling Studies 

Fig. 5 shows the corresponding depth variation of the O/V ratio deduced from the Auger 

spectroscopy depth profiling analysis. One can clearly notice the presence of oxygen 

throughout the transversal direction of the three stacks. This is in support of the 

significant interfacial diffusion mentioned previously, especially the O diffusion from 

the surrounding V2O5 towards the intermediate V layer. Likewise, and accordingly and 

within the bar error of 5%, the average value of the O/V ratio seems increasing quasi 

linearly for sample one (VIntermediate-layer = 3 nm) while fluctuating between 1.5 and 2 for 

sample two (VIntermediate-layer = 7 nm) and sample three (VIntermediate-layer = 12 nm). 

Henceforth, it can safely be concluded that in the two thicker stacks, the dominating 

phase is within the V2O3 and VO2 families from a stoichiometric viewpoint and/or 

phases under significant strain or stress (if one considers the observed cracks relaxation 

in the FE-SEM images of Fig. 4). 

Fig. 5. In-depth profile O/V ratio variation derived from Auger spectrometry elemental 

depth profiling of oxygen (O) and vanadium (V) of the various multilayered stacks of 

V2O5/V/V2O5 deposited onto the borosilicate glass substrate for various intermediate 

vanadium layer’s thickness; 3 nm, 7 nm, and 12 nm. 
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3.3 Elemental Analysis: Studies of Secondary Ion Mass Spectrometry Depth 

Profiling 

Fig. 6 displays the elemental depth profiling of several ions proper to the stack (V+, 

VO+) and those from the borosilicate substrate (Na+, Ca+ and K+) in view of 

investigating various interfacial diffusion phenomena. These explicit ions were targeted 

in view of the chemical composition of the borosilicate glass substrate (consisting of 

SiO2:72.5%, Na2O:13.7%, CaO:9.1%, KO:12%, MgO:4.2% . . .) [54]. Once again, the 

distribution profiles of V+, VO+ are alike throughout the multilayered stack samples and 

the stack–substrate interface. This matching depth distribution of V+ and VO+ is in strict 

support of the O diffusion observed in the previous Auger profiles. 

The Si profiles exhibit a heavy-side type variation for each of the samples with nearly 

zero counts within the stack in support of a very weak or no diffusion of Si originating 

from the substrate. Contrasting with such a Si limited interfacial diffusion is the alkaline 

ions, namely, Na+, Ca+ and K+. All of them display a long-range diffusion from the 

borosilicate glass throughout the stacks with Na+ followed by K+ and Ca+ up to the air-

stacks interface. Such a prominent extended diffusion is likely due to a small ionic 

radius (ØNa+ ≈ 0.102 nm, ØK+ ≈ 0.138 nm, ØCa+ ≈ 0.118 nm) and low activation energy 

of the concerned alkaline and subsequently their elevated diffusion coefficient 

(DNa+ ≈ 1.330 × 10-9 m2/s, DK+ ≈ 1.960 × 10-9 m2/s, DCa+ ≈ 0.793 × 10-9 m2/s) by 

contrast to Mg, Si and V. However, there is a clear difference between the depth 

distributions of Na+, Ca+ and K+. Relatively to Na+, Ca+ profiles, the profile of K+ is 

singular. While its depth distribution is inhomogeneous for stack one (intermediate 

Vlayer = 3 nm), it is very low and nearly constant throughout the V2O5/V/V2O5 stacks 

two and three (intermediate Vlayer = 7 and 12 nm). In addition, the K+ profiles display a 

net localised peak at the interface substrate stacks two and three. While such an 

accumulation at the substrate multilayered stacks interface is not understood, the 

constant diffusion within the multilayered stacks up to the air multilayered stacks 

interface would likely affect the thermochromic properties, if any. 
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Fig. 6. In-depth profile O/V ratio variation derived from SIMS elemental depth 

profiling of various halides (Na, K, Ca), Silicon Si+, vanadium (V+) and VO+ of the 

various multilayered stacks of V2O5/V/V2O5 deposited onto the borosilicate glass 

substrate for various intermediate vanadium layer’s thickness; 3 nm, 7 nm, and 12 nm. 

3.4 Crystallographic Properties: Texture and Crystallites Orientations 

Fig. 7 reports the room temperature X-ray diffraction pattern of the three multilayered 

stacks of V2O5/V/V2O5 onto the borosilicate glass substrate within the Θ-2 Θ diffraction 

configuration. The pattern was zoomed onto the angular region of 25–31 deg. Such an 

angular limitation is due to the fact there were no diffraction signatures below 25 deg. 

and above 31 deg. On the other hand, one can clearly distinguish the (011) main Bragg 

diffraction peak of the monoclinic VO2 thermochromic active phase which for the bulk 

or non-strained VO2 thin films generally is centred on 2Θ ~ 27.85 deg. Nevertheless, 

those observed on the investigated samples are displaced toward higher values by at 

least ~1 deg. (samples two and three). Such an angular shift can only be ascribed to a 

significant compressive strain or stress on the various (011) reticular planes. The relative 

compression on such a set of reticular atomic planes is of the order of 

∆d011/d011~∆Θ011/tanΘ011~3.5% for samples one and two corresponding to the 

intermediate V layer of 7 and 12 nm. On the other hand, the one corresponding to the 

thinnest intermediate V layer, ie 3 nm, seems to be under a far higher strain or stress in 

view of the larger angular shift of almost ~ 1.73 deg. 
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It is to be mentioned that this sample’s XRD profile exhibits a rich diffraction pattern 

with three consecutive potential low intensity Bragg peaks centred approximately on 

the vicinity of 27.07, 28.29 and 29.90 deg. This set of low intensity peaks may 

correspond to a substructure within the first sample (VIntermediate-layer = 3 nm), if any. To 

shed light correctly on the nature of such a rich diffraction pattern, it would require, a 

priori, synchrotron type investigations, grazing incidence x-rays diffraction studies 

[37]–[39] in particular. As a preliminary conclusion of this crystallographic 

investigation study, it is safe to deduce that there is significant strain or stress on the 

nanocrystals and their atomic reticular plans especially those of (011) orientation. 

Fig. 7. (a) The room temperature X-ray diffraction pattern of the various multilayered 

stacks of V2O5/V/V2O5 deposited onto the borosilicate glass substrate for various 

intermediate vanadium layer’s thickness; 3nm, 7 nm and 12 nm., in full angular range 

of 15–60 deg. 
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3.5 Optical Properties: NIR-IR Modulation Tunability and Control 

Fig. 8(a) shows the central decisive results of this study. It displays the experimental 

optical transmission profiles of the three multilayered stacks of V2O5/V/V2O5 onto the 

borosilicate substrate within the spectral range of 250–2 500 nm below and above the 

transition temperature TMIT ~ 68 °C, at 25 °C and 70 °C in particular. Herein, they are 

labelled as cooling and heating, respectively. In Fig. 8(a), all of the three multilayered 

stacks exhibit a thermochromic signature with a crystal dependence on the intermediate 

vanadium layer’s thickness regarding TVIS and the NIR-IR modulation ∆TTRANS. This 

modulation is about 1.47%, 42.01% and 32.10% for the V2O5/3 nm V/V2O5, V2O5/7 nm 

V/V2O5, and V2O5/12 nm V/V2O5 samples, respectively. Accordingly, and within this 

multilayered configuration of the V2O5/V/V2O5/ glass substrate, it is therefore safe to 

conclude that the targeted control of the modulation of ∆TTRANS versus the intermediate 

V layer’s thickness is validated. 

Fig. 8(b) and (c) show the VIS (250–1 000 nm) and NIR-IR (1 000–2 500 nm) spectral 

ranges. In addition to the modulation in the NIR and IR, the transmission in the VIS 

spectral range is also affected, although slightly. The corresponding maximum of the 

optical transmission <TVIS> is about 60.53%, 22.62% and 46.48% for the V2O5/3 nm 

V/V2O5, V2O5/7 nm V/V2O5, V2O5/12 nm V/V2O5 samples, respectively. By contrast to 

single VO2 thermochromic coatings, the wavelength corresponding to the maximum of 

transmission in the VIS spectral range is varying with the intermediate V layer’s 

thickness too. The spectral position of such a maximum of transmission λMax
VIS is 

centred approximately on 528.7, 682.6 and 665.1 nm for the V2O5/3 nm V/V2O5, 

V2O5/7 nm V/V2O5, V2O5/12 nm V/V2O5 samples, respectively. 

Fig. 8(d) displays the evolution of the average optical transmission in the VIS; <TVIS> 

and the optical transmission modulation in the NIR-IR ∆TTRANS (∆TTRANS = T(T<TMIT) − 

T(T>TMIT). The figure seems indicating that <TVIS> and ∆TTRANS variations versus the 

thickness of the intermediate V layer are in opposition of phase within the considered 

configuration of V2O5/V/V2O5/ onto the borosilicate glass substrate. This seems 

indicating that there is still room for optimisation of ∆TTRANS with a sort of trade-off 

between <TVIS> and ∆TTRANS (as shown in the shaded region of Fig. 8(d)). See also 

Table III. 
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Fig. 8. (a) The experimental optical transmission profiles of the various multilayered 

stacks of V2O5/V/V2O5 deposited onto the borosilicate glass substrate for the 

intermediate vanadium layer’s thickness; 3nm, 7 nm and 12 nm. 
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Fig. 8. (b) and (c) The VIS spectral region (250–1 000 nm) and the NIR-IR spectral 

region (1 000–2 500 nm) respectively, (d) The evolution of the average optical 

transmission in the VIS; TVIS and the optical transmission modulation in the NIR-IR, 

(∆TTRANS = T(T>TMIT) − T(T<TMIT) versus the intermediate vanadium layer’s thickness. 
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TABLE III 

VARIATION OF THE MAJOR OPTICAL PARAMETERS VERSUS THE INTERMEDIATE V 

LAYER’S THICKNESS; MAXIMUM VIS TRANSMISSION WAVELENGTH <λVIS>, 

MAXIMUM VIS TRANSMISSION WAVELENGTH <TVIS>, AND THE NIR-IR MODULATION 

∆TTRANS (∆TTRANS = T(T<TMIT) − T(T>TMIT) 
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V2O5/3nmV/V2O5 3 528.7 60.53 58.58 57.11 1.47 

V2O5/7nmV/V2O5 7 682.6 46.48 54.02 21.92 32.1 

V2O5/12nmV/V2O5 12 665.1 22.62 57.33 15.32 42.01 

 

In addition to the morphological and interfacial diffusion aspects, the major findings so 

far identified were quantified with regard to the visible optical transmission TVIS and 

specifically the NIR-IR optical modulation ∆TTRANS. 

Finally, it is necessary to shed light on the effective transition temperature of the 

investigated multilayered stacks and its evolution versus the intermediate vanadium 

layer’s thickness, if any. This temperature should be stress or strain related in view of 

the non-negligible large lattice mismatch between the V2O5 and V layers and the 

alkaline elements diffusion. Both the crystalline lattice mismatch and the diffused 

alkaline elements would likely induce a noteworthy stress or strain. This stress or strain 

would likely induce a reduction of the transition temperature of the stack as was reported 

in the literature by various authors [40]–[53]. 

The hysteresis measurements were subsequently carried out on the various samples as 

shown in Fig. 9(a). Fig. 9(a) displays the common hysteresis of the transmission versus 

the temperature for a fixed wavelength (2 500 nm) for the multilayered stack 

corresponding to the intermediate vanadium layer‘s thickness of 7 and 12 nm. The 

hysteresis for the 3 nm V was inconsequential and therefore omitted. The width of the 

hysteresis for both the 7 and 12 nm V layer’s thickness are almost similar in the order 

of δT~7 °C. This value is relatively smaller than the generally reported hysteresis of 

single VO2 thin films which is in the order of δT~10 °C. The low value of the hysteresis. 

(δT~7 °C) might be due to the initial large density of nucleating defects during the films 

growth as observed and concluded by Zhang et al. [51]. 

To estimate the corresponding transition temperatures, the standard derivative approach 

is used. Fig. 9(b) and (c) display the corresponding derivative hysteresis profiles. The 

average of the corresponding minima is 27.5 °C and 37.5 °C for the V2O5/V/V2O5 

multilayered stacks with the intermediate vanadium layer’s thickness of 7 and 12 nm, 

respectively. This substantial lowering of the TMIT, which is the second prominent 
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finding of this study, is likely to be ascribed to the above-mentioned interfacial diffusion 

and/or stress or strain as well as the alkaline diffusing elements. This parameter was 

found to be pivotal in significantly affecting the crystallographic properties but mostly 

the corresponding electronic response in view of the electronic orbitals‘ configuration 

[48]–[51]. 

Fig. 9. (a) The standard hysteresis of the transmission versus the temperature for a 

fixed wavelength (2 500 nm) for the multilayered stack corresponding to the 

intermediate vanadium layer‘s thickness of 7 and 12 nm. 
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Fig. 9. (b) and (c) Corresponding derivative hysteresis profiles of V2O5/V/V2O5 

deposited onto the borosilicate glass substrate with the intermediate vanadium layer‘s 

thickness of 7 and 12 nm, respectively. 

As a preliminary conclusion, one might consider with provision that the investigated 

V2O5/V/V2O5 stacks (with 7 and 12 nm V layer’s thickness) onto the borosilicate glass 

substrate behave as a hypothetic thermochromic VxOy phase. This phase exhibits a 

thickness dependent NIR-IR ∆TTRANS with a lower phase transition temperature of 

TMIT = 27.5 or 37.5 °C while under a stern interfacial stress or strain and in the presence 

of dopant alkaline diffusing elements (Na+, K+, Ca+) originating from the borosilicate 

glass substrate. 

4 Conclusion 

In this article, we validated the thermochromic properties of a novel configuration 

consisting of V2O5/V/V2O5 stacks deposited onto borosilicate glass substrates by 

electron beam deposition. While the thickness of the V2O5 top and bottom layers was 

fixed, that of the intermediate V layer was varied within the range of 3–12 nm, ie within 

the coalescence threshold of vanadium. Such a system exhibited a clear thermochromic 

behaviour similar at a certain extent to that of VO2 but with a lower TMIT and controllable 
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thermochromic optical modulation in the NIR-IR; (∆TTRANS = T(T<TMIT) − T(T>TMIT ). This 

modulation was controllable via the intermediate V layer’s thickness. A significantly 

large stress or strain on the V2O5/V/V2O5 stacks was observed. In addition, a paramount 

diffusion of alkaline elements from the substrate into the full stack is observed. The 

combination of such a strain or stress and alkaline elements diffusion has induced a 

significant low-phase transition temperature TMIT within the range of 27.5 to 37.5 °C. It 

could be concluded that the V2O5/V/V2O5 multilayered stacks could be considered the 

equivalent of a hypothetical under stress or strain alkaline-doped VxOy phase with a 

phase transition close to room temperature and a tunable NIR-IR optical transmission 

modulation. 
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