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a Plasma-Surface Interaction Chemistry (ChIPS), Research Institute for Materials Science and Engineering, University of Mons, 20 Place du Parc, Mons B-7000, Belgium
b Physics of Materials and Optics Group (LPMO), Research Institute for Materials Science and Engineering, University of Mons, 20 Place du Parc, Mons B-7000, Belgium
c SUPMICROTECH, CNRS, Institut FEMTO-ST, 25000 Besançon Cedex, France
d Department of Materials Science and Metallurgic Engineering, and Inorganic Chemistry, Faculty of Sciences, University of Cádiz, 11510 Puerto Real, Cádiz, Spain
e IMEYMAT: Institute of Research on Electron Microscopy and Materials, University of Cádiz, 11510 Puerto Real, Spain
f Department of Condensed Matter Physics, Faculty of Sciences, University of Cádiz, 11510 Puerto Real, Cádiz, Spain
g Department of Macromolecular Physics, Faculty of Mathematics and Physics, Charles University, V Holešovičkách 2, Prague, Czech Republic
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A B S T R A C T

In this study, we investigate the influence of metal-based nanoparticles (NPs), namely Au and ZrN, on the optical 
and electrical characteristics of thermochromic vanadium dioxide (VO2) thin films. Au NPs are prepared by wet 
chemistry-based methods and are chemically bonded to the VO2 surface via organic linkers, while ZrN NPs are 
synthesized by gas aggregation technique and deposited on the VO2 layer, eventually leading to the formation of 
additional Zr-containing compounds (e.g., nitrides, oxides and/or oxynitrides). Two configurations were then 
investigated: i) NPs deposited on the VO2 surface and ii) NPs embedded inside the VO2 layer. The combination of 
Au or ZrN NPs with the VO2 surface results in enhanced infrared light modulation, attributed to anti-reflection 
effects induced by the presence of the NPs layer on the VO2 surface. On the other hand, the average metal-to- 
insulator transition temperature is significantly reduced down to 35.5 ◦C when Au NPs are embedded in the 
VO2 layer. This is attributed to electron-doping effects and confirmed by the resistivity and optical measure
ments. Finally, analysis of optical performance parameters such as solar energy modulation, infrared trans
mittance and luminous transmittance in the visible range provides insights into the overall capabilities of these 
materials for smart window applications. Furthermore, stability assessments show consistent results over tem
perature cycles, highlighting the reliability of these nanocomposite platforms. This study introduces a dual- 
configuration approach to modulate the thermochromic response of VO2 using metal-based nanoparticles, 
revealing a clear structure–property relationship depending on NP placement and composition.

1. Introduction

Thermochromic materials are characterized by a distinctive metal- 
to-insulator transition (MIT), driven by reversible changes in their 
crystalline structure in response to temperature variations [1–3]. Among 
these, (monoclinic) vanadium dioxide (VO2) has garnered significant 
attention due to its pronounced and reversible changes in electrical, 
magnetic, and optical properties, which occur at a relatively moderate 
temperature of TMIT = 68 ◦C. Thin films of VO2 have thus emerged as 

exceptional candidates for a wide array of technological applications, 
including smart windows [4–7], fiber optic switches [8–11], and sensors 
[12–14]. The observed transition properties of VO2 are notably sensitive 
to a variety of factors, including the growth technique [15], crystal size 
[16], annealing conditions [17], doping [18], and induced strain 
[19,20].

In recent years, research has increasingly focused on the modulation 
of the switching characteristics of thermochromic VO2 through others 
pathways. In this respect, the incorporation of plasmonic metal 
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nanoparticles (NPs) such as silver (Ag) [21], gold (Au) [22,23], and 
platinum (Pt) [24] have demonstrated distinct effects on optical hys
teresis and variations in TMIT, avoiding doping as a necessary modula
tion element and highlighting the potential of plasmonic effects in fine- 
tuning the functional properties of VO2. Interestingly, plasmon reso
nance modulation by the VO2 phase transition has also been reported for 
Au–VO2 systems [23], emphasizing the multifaceted interactions be
tween metal NPs and the thermochromic matrix. Going beyond the 
state-of-the-art, the use of transition metal nitride NPs such as zirconium 
nitride (ZrN), alongside with Au NPs, is justified for various reasons 
related to their unique properties. Indeed, recent advances in nano
plasmonics, including high-temperature [25,26], light-harvesting [27], 
and thermoplasmonic [28,29] applications, led to significant interest in 
these transition metal nitride nanoparticles (e.g., TiN, ZrN, and HfN). 
They offer the following three main advantages: (i) plasmonic properties 
comparable to those of gold [6,30], (ii) tunability via the metal/nitrogen 
stoichiometry during the synthesis [26], and (iii) refractory character 
[31,32], enabling high-temperature operation (melting points of TiN 
and ZrN are 2930 ◦C and 2952 ◦C, respectively, versus 1064 ◦C for Au 
[33]) and cost-effectiveness. This crucial feature makes it possible to use 
the NPs where the operating temperature of the plasmonic device is 
high. Economically speaking, ZrN NPs are the least expensive, especially 
compared to gold, and therefore, they were chosen for the purpose of 
this research.

In the present study, we integrate plasmonic Au or ZrN nanoparticles 
(NPs) either into or onto a VO2 thin film (Fig. 1) to tailor the nano
composite’s optoelectronic properties by taking advantage of the plas
monic resonances of Au and ZrN in the visible and near-IR range. We 
anticipate a distinct behavior when the plasmonic NPs are fully 
embedded within the VO2 film compared to being deposited on its 
surface. In a previous work [34], we highlighted the importance of NP 
positioning and the effective contact area between plasmonic NPs and 
the VO2 matrix in determining the plasmon resonance peak wavelength.

Unlike previous studies that explored doping the VO2 lattice, our 
work compares these two configurations, allowing systematic assess
ment of the effects of NP position, density, and chemical nature. This 
approach provides deeper insight into the physical mechanisms at the 
VO2/NP interface and offers new strategies for optimizing VO2-based 
materials in advanced applications. To the best of our knowledge, this is 
the first systematic comparison of VO2 thin films hybridized with plas
monic Au and ZrN nanoparticles, both on the surface and embedded 
within the layer, to assess their impact on optical modulation and 
transition temperature.

2. Materials and methods

2.1. Thermochromic VO2 film deposition

Deposition was carried out using a low-pressure plasma-based 
reactive direct current (DC) magnetron sputtering process. A vanadium 
target 2 in. in diameter and 0.25 in. thick (99.99 % purity) was used. 
Prior to deposition, a turbomolecular pump supported by a dry pump 

achieved a residual pressure of ~ 1x10− 6 Pa. For the synthesis of the 
vanadium oxide thin films, a mixture of argon and oxygen was intro
duced into the chamber at a constant working pressure of 1 mTorr (0.13 
Pa) and a constant discharge current of 0.3 A. Throughout the deposi
tion, the flux of argon and oxygen remained fixed at 8 and 1.2 sccm 
(standard cubic centimeter per minute), respectively. The sample was 
subsequently annealed for 45 min at 500 ◦C in a pure oxygen atmo
sphere (at a pressure of around 400 Pa) in the same chamber to induce 
film crystallization and oxidation in order to produce the VO2 mono
clinic phase, which is thermochromic. The substrate consisted of (100) 
single crystal silicon wafers or BK7 glass cleaned with a detergent so
lution (3 % v/v RBS in water, Chemical Products R. Borghgraef S.A.).

2.2. Synthesis and grafting of Au NPs

To produce gold nanoparticles (Au NPs), we used a Turkevich 
approach with slight modifications. Specifically, we heated 99 mL of a 
0.0025 M HAuCl4 aqueous solution to its boiling point (100 ◦C) and then 
added 1 mL of a 0.0388 M sodium citrate (Na3Cit) solution to induce the 
chemical reduction of gold(III) chloride trihydrate [35]. The resulting 
reddish solution containing Au NPs was cooled to room temperature 
over a period of 15 min, and 25 ± 5 nm NPs were synthesized.

In order to functionalize the 200 nm-thick VO2 thin films and create a 
hybrid platform based on NPs onto the VO2 surface, labeled as “NPs/ 
VO2,” a protocol inspired by different studies was set up [36–38]. Our 
goal is to promote the formation of a monolayer of well-dispersed Au 
NPs on the surface of VO2 film. Firstly, the thermochromic VO2 films 
were immersed in acetone and methanol in an ultrasonic bath for 10 min 
to generate additional reactive hydroxyl groups on the surface. Acti
vated VO2 thin films were then immersed in the linker solution for the 
required duration. The linker was prepared with an APTMS (3-Amino
propyl)trimethoxysilane) solution in methanol at a concentration of 5 % 
(v/v). To finish, samples were dipped in an NPs solution to promote the 
reaction of gold with the amine group of APTMS. The functionalized 
VO2 was rinsed with water to eliminate any remaining unattached NPs. 
For the production of the platform with NPs embedded inside a VO2 
matrix, “VO2/NPs/VO2,” another process was adopted. Initially, a layer 
of VOx 100 nm thick, that is to say, an as-deposited film, was synthesized 
using the exact same deposition parameters as the previous platform. At 
that time, the annealing had not yet been carried out, which was the 
only distinction. Next, the Au NPs were grafted using the same APTMS 
methodology. Lastly, Au NPs were covered with a second layer of 100 
nm VOx. The sample was then annealed under the same parameters as 
NPs/VO2, and the VO2/NPs/VO2 platform was created. This procedure 
was executed in order to prevent annealing the sample twice: Once for 
the first 100 nm layer and a second time for the layer on top. This would 
have promoted the formation of V2O5 rather than VO2 in the first layer 
due to sequential heat treatments [39].

Au NPs can also be deposited via magnetron sputtering with an Au 
target, stopping the film growth before the coalescence step. Au atoms 
condense on the substrate surface, forming clusters that grow into NPs. 
The size and spatial distribution of these NPs depend on factors like gas 

Fig. 1. Schematic view of platforms studied: (a) 200 nm thick VO2, (b) 200 nm thick NPs/VO2 and (c) VO2/NPs/VO2.
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pressure, substrate temperature, deposition rate, and substrate-target 
distance. The APTMS method offers advantages over magnetron sput
tering, such as precise and uniform control of NP distribution on VO2, 
tunable by dipping time. It also improves NP adhesion and stability due 
to covalent bonds, making the NPs more durable and resistant to 
annealing compared to the physical adhesion in sputtering.

2.3. ZrN NPs synthesised by GAS

The generation of ZrN nanoparticles was performed using a gas ag
gregation cluster source integrated into the primary vacuum chamber. 
Rotary and diffusion pumps were used to evacuate the deposition system 
to a pressure of 10− 6 Torr. The GAS system consists of a cylindrical, 
water-cooled chamber with a conical nozzle and a focalizing orifice (4 
mm diameter, 2 cm length) at the end. It is also equipped with a 3-inch 
DC magnetron Zr target. The ZrN NPs were obtained by sputtering in an 
Ar/N2 gas mixture. Sputtering process was carried out in Ar set at 6.00 
sccm with 0.26 sccm of N2 reaching a total pressure of 38 Pa with a 
magnetron current fixed at 500 mA. The N2 concentration just before the 
poisoning was chosen as the target regime. Although an Ar/N2 mixture 
is employed during the deposit, elemental mapping by Scanning trans
mission electron microscopy − Energy-dispersive X-ray (STEM-EDX) 
measurement in previous studies exhibits a core–shell structure 
composition with ZrN core enveloped by an oxynitride shell of 
approximately 2 nm [40]. However, it was discovered that Zr and N 
have equal distributions across the whole NP volume, except for the 
oxidized outermost layer. The EDX and XPS results demonstrate that 
when ZrN NPs are exposed for one day to air, they are susceptible to a 
partial oxidation process inducing the production of ZrO2 and ZrON. In 
addition, Density functional theory (DFT) calculations of ZrN density of 
states with different amounts of oxygen substitutions show that ZrN with 
a slight oxidation remains metallic, but for ZrN0.7O1.3, a band gap of 2.2 
eV and a semiconductor state appear.

2.4. Film characterization

The crystalline structure was determined by grazing incidence X-ray 
diffraction (GIXRD) analysis using a Panalytical Empyrean system with a 
Cu Kα source at 1.5406 Å. The X-ray source voltage was set at 45 kV and 
the angle of incidence of the X-ray beam was maintained at 1◦ relative to 
the sample holder surface. The Scherrer equation was used to evaluate 
the grain size with D = 0.9λ

αcosθ, where D is the mean size of the crystalline 
domains (Å), λ is the X-ray wavelength (Å), α is the line broadening at 
half the maximum intensity (rad), and θ is the Bragg diffraction angle 
(◦). Raman spectroscopy was performed using a Bruker Senterra spec
trometer equipped with a CCD detector and a HeNe laser (532 nm) 
emitting at 20 mW. Transmittance spectra were obtained using a Per
kinElmer Lambda 900 UV/VIS/NIR Spectrometer equipped with a 
THMS600 Linkam stage for temperature control. Vis-NIR transmittance 
spectra were recorded in the wavelength range of 350–2500 nm at 
selected temperatures in the range of 25–100 ◦C. For the dynamic 
monitoring of the thermally induced phase transition, the thermal 
evolution of the optical transmittance at a selected NIR wavelength 
(2500 nm) was observed in both heating and cooling cycles at a 
controlled rate of 5 ◦C min− 1. Measurements of VO2 films DC electrical 
resistivity according to temperature were carried out in a customized 
chamber utilizing the four-probe gold-coated tips in a van der Pauw 
geometry. For all cycles in temperature, the THMS600 Linkam platform 
was used with a 1 ◦C min− 1 ramp from 25 ◦C to 100 ◦C and then back to 
25 ◦C using the same negative ramp. Carrier mobility and carrier con
centration were obtained by Hall effect using the van der Pauw geom
etry. A magnetic field of 0.8 T was applied perpendicular to the sample 
surface. The same heating–cooling rate was used as before, i.e., 1 ◦C 
min− 1. A field emission gun scanning electron microscope (FEG-SEM 
Hitachi SU8020) with a 5 kV acceleration voltage was used to obtain 

high-magnification SEM images of the samples.
In order to carry out further characterizations of the samples by 

scanning and scanning-transmission electron microscopy techniques, 
samples were processed to obtain suitable electron-transparent prepa
rations using either focused-ion beam (FIB) in a Thermo Scientific Scios 
2 DualBeam system, or tripod polishing [41–43] plus uncooled, soft Ar+

ion-milling (i.e. 3–3.5 keV) in a Gatan model 691 precision ion polishing 
system (PIPS). The latter was selected for the sample with Au NPs inside 
the VO2 layer since after one attempt using FIB, the resulting lamella 
seemed to come from an empty area with no visible NPs, so this tech
nique was applied subsequently as an alternative to have a larger 
amount of observable, electron-transparent material [44] and thus a 
higher chance to find these nanostructures. Regarding the studies of 
these samples by (S)TEM, they were carried out using either a Thermo 
Scientific Talos F200X or a Talos X200 microscope, both operated at an 
acceleration voltage of 200 kV. Atomic Force Microscopy (AFM) images 
were obtained using a Bruker MultiMode 8-HR AFM system. A SiN probe 
(PFQNE-AL, 5 nm tip radius) was used for all imaging. Images were 
processed with Gwyddion software.

3. Results and discussion

3.1. Characterization of bare VO2 thin films

Fig. 2 shows the Raman spectrum (a) and GIXRD diffractogram (b) 
for a 200 nm thin film deposited with optimized conditions. Concerning 
the Raman spectra, the film exhibits monoclinic VO2 vibration modes at 
139, 193, 224, 264, 307, 389, 389, 499, 613 and 825 cm− 1. A single 
peak corresponding to V3O7 at 883 cm− 1 also appears. Following that, 
GIXRD measurement is also performed to evaluate the crystalline 
constitution of our sample grown with optimized conditions. Except for 
diffraction peaks characteristic of the monoclinic VO2 phase, there are 
no diffraction lines related to other oxidation states. The diffractogram 
shows highly oriented films and different crystalline phase orientations. 
The weak V3O7 Raman mode likely arises from trace, poorly crystalline 
oxide at the film surface or grain boundaries, which falls below the 
GIXRD detection limit and may overlap with VO2 diffraction peaks. 
Using the Scherrer equation on three peaks, the crystallite size is 20.1 ±
1.7 nm.

Now that the elaboration of monoclinic VO2 film has been 
confirmed, the thermochromic behavior can be investigated. For this 
purpose, the optical characterization of the coating was carried out 
between 25 ◦C (in the so-called “cold” state) and 100 ◦C (in the “hot” 
state), which is illustrated in Fig. 3. Transmittance spectra (Fig. 3(a)) 
show optical modulations of about 18 % in the infrared range once the 
material is in the hot state. The latter being characteristic of the MIT of 
monoclinic VO2. In the visible range only, slight variation is observed. 
However, the low-temperature spectrum describes an unusual trend 
compared to that of pure VO2, with higher transmittance values in the 
visible range than in the near-infrared, and a maximum transmittance 
peak near 600–700 nm. According to previous studies [48], this is 
indicative of the coexistence of VO2 with other VO2+x compounds, 
which is consistent with what was previously evidenced by Raman 
spectroscopy (VO2 + V3O7). For the same sample, the optical trans
mittance is measured as a function of temperature while keeping the 
wavelength fixed at 2500 nm, to characterize the hysteresis behavior 
(Fig. 3(b)). To study the hysteresis in detail, the first-order derivative 
was calculated to determine accurately the transition temperature TMIT 
(see Fig. S1 in Supplementary Material Section I). The heating (Theat) and 
cooling (Tcool) transition temperatures are 70.0 ◦C and 57.4 ◦C, respec
tively. Calculating the difference between these two values allows 
determining the width of the hysteresis, which equals 22.6 ◦C. 
Furthermore, the temperature TMIT, calculated by averaging Theat and 
Tcool, is 63.7 ◦C. The observed transition characteristics of VO2 show 
significant variability and are influenced by factors such as growth 
technique, annealing, doping, crystal size, strain and vacancies. The 
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literature shows that larger grain size and fewer structural defects 
(improving crystal quality) result in a smaller hysteresis width accom
panied by an enlarged variation of the optical properties of the material 
as it switches from the cold to the hot state, and viceversa [3]. Hysteresis 
widths equal to 3 [49], 12 [50] and 18 ◦C [51] can be measured for VO2 
thin films synthesized by reactive magnetron sputtering with other 
deposition parameters.

Another type of thin film analysis can be carried out to characterize 
sample’s electronic transport properties, namely carrier mobility and 
concentration (Fig. 4). In the case of thermochromic VO2 films, re
sistivity measurements as a function of temperature have been widely 
studied in the literature, demonstrating the switching between insulator 
and metallic behavior straightforwardly [52,53]. As shown in Fig. 4(a), 
the thermal loop on the sheet resistivity exhibits a jump of about 1 order 
of magnitude, driven by the switching between the two distinct VO2 
crystalline phases (monoclinic to tetragonal structure). By calculating 
the first-order derivative (refer to Fig. S2 in Supplementary Material

Section I), the hysteresis characteristics calculated as the width or 
cooling and heating transition temperature are similar to those obtained 
from the optical transmittance measurement.

In addition to the sheet resistivity measurement, Hall analysis was 
carried out to study the temperature variations of the free carrier density 
and electron mobility (Fig. 4(b–c)). As the temperature increases, the 
mobility of the carriers is equivalent to 8x10− 5 m2V− 1s− 1 when the 
concentration remains around 1x1025 m− 3. Before the transition tem
perature, a peak (2x10− 3 m2V− 1s− 1) appears for the charge carrier 
concentration, while a dip (1x1024 m− 3) appears for the concentration. 
These sharp and noisy transitions of carrier concentration and mobility 
vs. temperature correlate with resistivity and optical transmission vari
ations. They have ever been reported by others [54,55]. In addition, 
Yang et al. [56] similarly pointed out beating phenomena of electronic 
transport properties during MIT of VO2 epitaxial thin films. They mainly 
assigned it to displacement of the four probes during measurements. 
Although these technical drawbacks cannot be completely ruled out for 

Fig. 2. Raman spectra (a) and GIXRD diffractogram (b) of the 200 nm thick vanadium oxide thin films at room temperature. Black and red labels on Raman spectrum 
refer to monoclinic VO2 [45] and V3O7 [46], respectively. GIXRD data correspond to the monoclinic VO2 phase, coming from JCPD 00–009-0142 card and [47].

Fig. 3. (a) Transmittance spectra of a 200 nm-thick VO2 film on glass at 25 ◦C (blue) and 100 ◦C (red). (b) Thermal hysteresis loop for a monoclinic 200 nm-thick VO2 
film deposited on glass and obtained thanks to a transmittance measurement while keeping the wavelength at 2500 nm.
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our data, abrupt changes of µ and n are also related to unstable scattering 
of carriers by the metallic phase and insulating boundaries [57]. 
Reaching the heating transition temperature, the mobility stabilizes at 
the same value as before the transition. In contrast, the final value of the 
carrier concentration after the transition is higher by one order of 
magnitude. This result indicates that carrier concentration is the main 
parameter governing the resistivity jump between the cold and hot 
states of thermochromic VO2. The mobility peak around TMIT is mainly 
due to electron diffusion from the high temperature zone (metallic) to 
the low temperature zone (insulator) when the MIT transition occurs 
[57]. In fact, Qazilbash et al. have shown by scanning near-field infrared 
microscopy that throughout the VO2 phase change, metallic isolated 
puddles first appear and eventually merge to form a fully metallic film 
[58]. During this coexistence regime, carrier trapping at insulator–metal 
interfaces and preferential conduction through nascent metallic path
ways yield a transient dip in the net free-carrier concentration alongside 
a mobility peak.

3.2. Study of NPs/VO2 hybrid thin films

A 200 nm-thick VO2 layer is first deposited on glass according to the 

protocol described in Section 2.2. The resulting surface of sample VO2/ 
Au can be observed in Fig. 5(a), which shows a plain-view SEM image. 
This figure evidences a reasonably homogeneous coverage of the VO2 
surface with Au NPs, which are easily identified as tiny and seemingly 
sphere-shaped bright features. Further analysis indicates that this layer 
is present everywhere on the VO2 films. This result demonstrates the 
efficiency of the APTMS protocol to graft a monolayer of NPs on a VO2 
surface.

These features were further inspected at higher magnification by 
means of (S)TEM based techniques (Fig. 6). Fig. 6(a–c) summarizes the 
main results of such inspection in sample VO2/Au under TEM imaging 
conditions. Fig. 6(a) is a bright-field image (BFTEM) of the sample cross- 
section which allows to distinguish both the VO2 thin film (with the 
intended thickness of about 200 nm) and the Au NPs as the dark spots all 
over the surface and marked with arrows. Observing them at higher 
magnification using high-resolution TEM (HRTEM, Fig. 6(b), it appears 
that their actual size is slightly lower than the nominal one: About 20 nm 
instead of 30 nm. It is worth of noting that these NPs seem to be actually 
formed by smaller, nanoscopic grains with sizes below about 10 nm. 
Moreover, it is shown that there are many lattice fringes randomly ori
ented with respect to each other. The measurement of some of these 
fringes leads to spacings which are quite similar, with values of about 
2.35–2.40 Å. This distance is very close to that of the (111) lattice 
planes of gold (d0,hkl = 2.356 Å, taking into account for this calculation 
the values provided by SpringerMaterials database [59]), thus already 
confirming the chemical nature of these nanostructures. Their nano
crystalline character can be observed more clearly by retrieving the Fast 
Fourier Transform (FFT, Fig. 6(c)) of the region approximately within 
the red square of Fig. 8 (b). In this FFT, which shows the selected area in 
the reciprocal space, it is possible to distinguish some arcs whose dis
tances to the center can be linked to the aforementioned (111) lattice 
planes in the real space. In addition, there is a small spot a bit farther 
away from the center of the FFT, which means that its associated lattice 
spacing in real space will be smaller. The resulting spacing is about 2 Å, 
which is similar to that of another plane of gold (i.e., d0,200 = 2.040 Å).

The NPs of these samples are subsequently studied by means of 
techniques more focused on gathering compositional information using 
STEM imaging conditions. Namely, we resorted to both high-angle 
annular dark field microscopy (STEM-HAADF) and energy-dispersive 
X-ray spectroscopy (EDX) and their main results on the studies of 
these superficial NPs are summarized in Fig. 6(d–f). In this sense, Fig. 6
(d) is a STEM-HAADF micrograph that depicts several NPs distributed 
along the VO2 surface. It is worth remarking here that, due to the 
physical phenomena involved in the formation of STEM-HAADF images, 
the intensity that results in these micrographs not only depends on the 
thickness of the sample, but it also mainly depends on the average 
atomic number of the material that is being scanned by the electron 
probe [60].

Since gold is about three times heavier than vanadium, the NPs are 
quite easy to identify, at least qualitatively in Fig. 6(d). The chemical 
nature of these NPs is definitely confirmed by EDX, as Fig. 6(e) shows. 

Fig. 4. (a) Thermal hysteresis loop of sheet resistivity hysteresis and Hall Effect 
measurement, giving (b) carrier mobility and (c) carrier concentration, as a 
function of temperature for a monoclinic 200 nm thick VO2 film deposited 
on glass.

Fig. 5. Plain-view SEM image of a 200 nm-thick VO2 sample after the grafting (a) Au and (b) Zr-containing NPs.
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This is an EDX map, extracted from the area 1 approximately marked in 
Fig. 6(d), where the total net counts (i.e., the ones obtained after cor
recting the EDX spectrum generated at the mapped area) of only vana
dium (orange) and gold (green) are considered. If EDX spectra from the 
regions marked in this map are extracted (Fig. 6(f)), X-ray peaks 
belonging to both elements can be found mainly in the regions of the 
sample where they were expected. Nevertheless, peaks by other ele
ments can be found, and their origins can be explained. Firstly, at about 

270 eV, carbon originated by either electron probe contamination or the 
FIB process (we always used two covers for the surface to improve vis
ibility of the NPs: one made out of carbon and another one above made 
out of platinum) is found. The V-L and O-K peaks have very similar 
energies, so they are unavoidably mixed at the same range. Both sodium 
and silicon (and also oxygen) originate from the glass substrate [61]. 
Note that the original spectrum was registered using an energy range of 
20 keV, but it was not fully represented in the figure so as to make it 

Fig. 6. For sample VO2/Au: (a) BFTEM cross-sectional micrograph; (b) HRTEM image zooming on one of the nanoparticles together with (c) its associated FFT 
indicating contributions by two lattice planes; (d) STEM-HAADF micrograph; (e) EDX net count map from a region identified in (d) as 1 showing contributions by 
vanadium and gold together with the (f) EDX spectra associated to 2 (green) and 3 (orange) regions highlighted in (e).
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easier to observe the peaks of interest. For the same reason, a part of the 
spectra from about 6 to about 10 keV has also been omitted. In this 
second range, there are some peaks caused by copper that are related to 
the redeposition of this metal as small particles at random positions of 
the samples during the FIB preparation process (the support grids are 
made out of this element). Sometimes in the EDX analyses, small peaks 
belonging to Ar, which originate from the atmosphere within the growth 
chamber, could be found.

Thanks to the GAS method explained in Section 2.3, it was also 
possible to deposit ZrN NPs on the VO2 film as an alternative approach. 
The surface of sample VO2/ZrN after GAS deposition is shown in Fig. 5
(b). By comparing the coverage of Au and ZrN in their respective sam
ples, it is possible to make two distinct observations. Firstly, the cover
ages (calculated using ImageJ software) are 5.2 and 3.2 % for samples 
VO2/ZrN and VO2/Au, respectively. Secondly, the GAS deposition re
sults in a population of ZrN NPs with two different diameters of around 

Fig. 7. For sample VO2/ZrN: (a) BFTEM and (b) STEM-HAADF cross-sectional micrographs showing the whole layer; (c) EDX net count map from a region identified 
in (b) as 1 showing contributions by vanadium and zirconium; and (d-e) EDX spectra associated to regions 2 (blue) and 3 (orange) in (c) at different energy ranges.

G. Savorianakis et al.                                                                                                                                                                                                                          Optics and Laser Technology 192 (2025) 113847 

7 



25 and 45 nm, estimated also using the same software. Compared to the 
results given by sample VO2/Au in this regard, it appears that this sec
ond surface has NPs of more heterogeneous sizes. The larger size is due 
to the agglomeration of smaller NPs, as already mentioned by Protsak et 
al. [32,40].

Fig. 7 depicts the (S)TEM studies conducted on sample VO2/ZrN. 
Again, the thickness of the VO2 film is around the one intended, and the 
NPs are visible. In this sense, Fig. 7(a) proves the aforementioned hy
pothesis. That is, these NPs (areas marked with arrows) are more 
agglomerated compared to the behavior found in sample VO2/Au. They 
do not usually appear as individual structures, but rather as larger for
mations consisting of roughly sphere-shaped features that have sizes of 
about 10 and 20 nm. It seems reasonable to conclude that the size values 
given by the SEM measurements are slightly overestimated for both 
samples considering that the images used for those analyses were taken 
at lower magnification and thus have lower structural resolution to 
study such small features. However, unfortunately, although the 
HRTEM studies of this sample (not shown) indeed allow to confirm this 
size range as well as their nanocrystalline nature as happened with 
sample VO2/Au, none of the regions found with measurable lattice 
fringes or columns seemed to contain any arrangement that could be 
reliably associated with any crystallographic projection belonging to 
cubic ZrN (using a lattice constant of a0 = 4.68 Å as basis for calcula
tions) [62]. Instead, depending on the area, isolated contributions by 
other Zr-containing nitrides (e.g., Zr4N5) [63], oxides (e.g., ZrO2) [64] 
or even oxynitrides (e.g., Zr7O8N4) [65] could be identified as possible 
candidates. However, the authors of the present work consider that 
these HRTEM observations are highly speculative at the time being and 
not conclusive for three reasons. First of all, their results by HRTEM are 
very variable, and some areas did not even give any matches without 
assuming abnormally high errors in the measurements given the chosen 
image calibrations. Secondly, the literature on some of these compounds 
and their crystallographic data is scarce and/or unclear, making it 
difficult to make meaningful comparisons and decide whether or not the 
presence of some of these materials is realistic. Finally, according to 
other authors who used GAS to fabricate ZrN NPs [40,66], it is likely that 
the ZrN NPs are forming agglomerates of smaller particles, have irreg
ular shapes, or form oxides or oxynitrides by exposure to the atmo
sphere. Although they only provided results on indirect observation 
techniques (e.g., X-ray photoelectron spectroscopy measurements) to 

support these claims, it appears that they partly agree with our findings, 
and it can be concluded at least that neither sample VO2/ZrN (nor 
sample VO2/ZrN/VO2, presented later on) have only pure ZrN 
nanoparticles.

As was done with sample VO2/Au, this second system was explored 
using STEM-HAADF imaging as well as EDX. Fig. 7(b–e) is another 
summary of the findings related to the application of these techniques. 
In this case, since zirconium is a lighter element than gold, the Zr- 
containing NPs are generally closer in intensity to the one exhibited 
by the VO2 layer on observing them simultaneously by STEM-HAADF 
(Fig. 7(b)), although their agglomerated character eases their identifi
cation. The EDX net counts map registered closer to one of the ag
glomerations (Fig. 7(c), which is also approximately marked in the 
HAADF micrograph) and only selecting the net counts by vanadium 
(orange) and zirconium (blue) indeed confirms that those nano
structures are zirconium-rich. However, it is also necessary to check 
whether or not they contain nitrogen. Since this is a light element, its 
identification or even quantification by EDX can be very challenging 
[67] unless both counts are registered in any given EDX experiment and 
no peaks by other elements are nearby screening its signal. Fortunately, 
this was possible by retrieving an EDX spectrum from a large enough 
region of the NPs. The result is presented in Fig. 7(d) and (e), which 
show spectra from both the VO2 layer (orange) and the NPs (blue) at two 
different energy ranges: From 0 to about 18 keV and from 0 to 1 keV, 
respectively. While the same peaks previously described can be found in 
Fig. 7(d) (naturally minus those of Au, which is replaced by signals 
related to Zr), one can notice an additional, small shoulder originated 
from nitrogen at about 400 eV when the initial range of the spectrum is 
magnified (Fig. 7(e)). However, since this peak is so close to that related 
to the combination of V-L and O-K peaks, which come from the neigh
boring main material in this sample (i.e., the VO2 layer underneath), it is 
screened very easily. But compared to the spectrum from the film, it is 
clear that there is a signal related to nitrogen only when the NPs are 
probed. Consequently, although it cannot be proved that there is only 
pure ZrN in this sample for the reasons previously given. It is possible to 
conclude that Zr-containing nanomaterial should be at least present 
together with oxygen and/or nitrogen.

The transmittance spectra of the VO2/NPs platform decorated with 
either Au or ZrN NPs, as a function of temperature are compared with 
those of bare VO2 in Fig. 8. These graphs demonstrate the optical 

Fig. 8. (a) Transmittance spectra and (b) thermal hysteresis loop at 2500 nm of 200 nm thick VO2 film coupled with Au NPs (dotted line) or ZrN NPs (dashed line). 
Data for bare VO2 film of identical thickness is also reported (solid line). For (a), the colors correspond to the temperature: 25 ◦C is blue and 100 ◦C is red. For (b), red 
and blue represent the increase and decrease in temperature, respectively.
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characteristics of infrared spectrum are affected by NPs grafting on the 
VO2 film surface. There is an increase of 7 % in infrared transmittance in 
the cold state and a decrease of 5 % in hot state. Moreover, infrared 
transmittance increases in the cold state and decreases in the hot state 
for NPs (Au or ZrN). As can be seen from Fig. 8(b), there is a remarkable 
difference in amplitude of about 12 %. This effect can be explained by an 
anti-reflection effect caused by NPs. Anti-reflection coatings reduce 
optical reflection by causing destructive interference at the interfaces, 
enhancing light transmittance. This minimizes reflection at the air/VO2 
interface, increasing the amount of light passing through the VO2 layer 
and improving infrared light modulation during phase transition. A 
similar behavior has been demonstrated by Wang et al. while coupling 
SiO2 NPs with VO2 [68]. Slight variation in the anti-reflection effect 
when Zr-containing NPs are used instead of Au NPs is probably attrib
uted to the lower NPs coverage on the surface, reducing the influence of 
NPs.

The corresponding hysteresis parameters are compiled in Table 1. In 
addition to the hysteresis amplitude enhancement discussed in the 
previous paragraph, the critical temperatures as well as the hysteresis 
width are slightly impacted by the presence of NPs. Grain size, lattice 
distortion, and compressive strain are the variables that can generally 
modify the phase transition temperature of VO2 film. In our case, the 
grain size is unchanged by the presence of NPs because they are grafted 
after the VO2 crystallization. We suppose that this variation is not due to 
some lattice distortions caused by the lattice mismatch between metallic 
NPs in contact with VO2 film. Another reason can be the possible 
oxidation of the extreme VO2 surface, as detected by Raman measure
ments, and defect incorporation as a result of the chemical protocol of 
NPs grafting or the ZrN deposition.

As with the optical properties, the resistivity is modified in the 
presence of NPs. Fig. 9 shows the electrical resistivity for the bare VO2 
and for samples where the NPs are grafted onto the surface. It can be 
noticed that at low temperature the ZrN NPs have no, or slight, influence 
on the VO2 resistivity. This result can be understood by the fact that the 
ZrN NPs have their surface oxidized, and, they cannot effectively 
contribute to reducing the resistivity by providing electrons or facili
tating their transport. Moreover, at high temperatures, when VO2 be
comes metallic, the presence of Au NPs on the surface provides 
additional electrons and conductive paths for electrons, reducing the 
overall resistivity of the system. ZrN NPs, being semiconducting, they do 
not reduce resistivity as effectively as the Au NPs. Thanks to the re
sistivity increase at low temperature and decrease at high temperature 
generated by the grafting of Au NPs onto VO2, the amplitude of the 
hysteresis is higher for this platform than for bare VO2.

The surface roughness of the samples, detailed in Table 2, was 
measured from the topography images acquired during the initial AFM 
experiment conducted at the lowest temperature, as seen in Fig. 10. 
Among the samples, the VO2 film exhibited the lowest roughness. In 
contrast, the samples containing NPs showed significantly higher 
roughness. Au NPs appeared mostly spherical, with diameters ranging 
between 10 and 20 nm. On the other hand, ZrN NPs were larger and 
more irregular in both shape and size. While the images were taken from 
regions of the sample densely populated with NPs, it is important to 
highlight that other regions displayed far fewer nanoparticles. This 
variability in NP distribution across the surface could contribute to the 
differences in surface roughness observed across various areas of the 

samples.

3.3. Study of VO2/NPs/VO2 hybrid thin films

Fig. 11 compiles several images illustrating that both Au NPs and ZrN 
NP-based hybrid structures (i.e., using either type of NPs) were fabri
cated successfully. In this sense, the NPs are located at about halfway 
inside the VO2 layer (i.e., 100 nm from the substrate and 100 nm away 
from the surface) and are characterized by the same shapes and coverage 
as when they were placed on the surface of the films. This means that 
under BFTEM imaging conditions, Au NPs look again like large, dark 
particles (Fig. 11(a), features marked with arrows), which become 
noticeably bright by HAADF (Fig. 11(c)) thanks to the difference in 
atomic number compared to that of vanadium. The resulting EDX net 
count map of this same micrograph (Fig. 11(d)) definitely confirms the 
nature of these Au-NPs again (EDX spectra are not shown since they 
show the expected Au peaks). Accordingly, when ZrN-NPs are inserted, 
the same agglomerations of smaller particles appear again in the middle 
of the layers (Fig. 11(b)) exhibiting the same subtle increased HAADF 
intensity as before (Fig. 11(e)). The presence of zirconium in this sample 
is confirmed once more by EDX mapping experiments carried out along 
this layer (Fig. 11(f)), but unfortunately, ambiguities comparable to the 
ones previously reported regarding their actual composition remain 

Table 1 
Hysteresis parameters obtained from optical transmittance measurements of VO2 thin film coupled with Au or ZrN NPs and for bare VO2 film.

Sample Critical temperature (◦C) Width (◦C) Amplitude @ 2500 nm(%)

Heating Cooling Average

VO2 70.0 57.4 63.7 12.6 18.4
ZrN NPs/VO2 71.0 59.7 65.3 11.3 23.0
Au NPs/VO2 72.7 62.2 67.4 10.5 30.1

Fig. 9. Temperature dependence of the resistivity for 200 nm thick VO2 film 
coupled with Au NPs (dotted line) or ZrN NPs (dashed line) and 200 nm thick 
bare VO2 layer (solid line).

Table 2 
Roughness values of different samples.

Sample RMS Roughness 
(Sq, nm)

Mean Roughness 
(Sa, nm)

VO2 4.1 3.2
ZrN NPs/VO2 6.0 4.5
Au NPs/VO2 5.3 3.9
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here after studying several HRTEM micrographs taken along this inter
face. Consequently, it is not possible to conclude that there is only pure 
ZrN in this region of the sample but rather a mixture of Zr-N-O 
compounds.

As for the NPs/VO2 platforms, the evolution of optical properties as a 
function of temperature is first measured (Fig. 12) to obtain the MIT 
parameters (see Table 3). Firstly, the ZrN NP sample exhibits the same 
anti-reflection behavior that was previously noted when the NPs are 

grafted on the VO2 film surface. For VO2 film and VO2/ZrN/VO2, the 
hysteresis parameter TMIT values are 63.7 ◦C and 65.5 ◦C, respectively. 
Here also, the hysteresis width is reduced and reaches 9 ◦C, which is 
remarkably low compared to NPs/VO2 platforms. In contrast to the 
latter samples, the VO2 is now annealed, and crystallized when the ZrN 
NPs are already inserted inside the film. We suppose that this approach 
will disturb the crystalline quality of the upper VO2 layer and then, 
create a lattice strain, which can reduce the hysteresis width and 

Fig. 10. AFM topographic images of the three samples: (a) VO2, (b) VO2/Au NPs, and (c) VO2/ZrN NPs.

Fig. 11. (a, b) BFTEM cross-sectional micrographs and (c, e) HAADF images and their respective (d, f) EDX net counts maps of VO2/Au/VO2 and VO2/ZrN/VO2, 
respectively.
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increase the TMIT [69].
On the other hand, the platform fabricated with Au NPs behaves 

differently, giving a lower transmittance and a lower gap between the 
cold and hot states. Additionally, the TMIT, is found to be significantly 
lowered to a value close to room temperature. This performance can be 
attributed to an electron doping effect originating from the incorpora
tion of the Au NPs. Doping increases the electron density in the film, 
causing a shift in the Fermi energy level towards the conduction band. 
The introduction of donors inevitably leads to a decrease in optical 
transmittance and also in resistivity, as measured in the next section. 
When the VO2 is in contact with Au NPs, a Schottky junction is formed, 
leading to the reconstruction of energy band structures. The work 
functions of pure VO2 and Au are estimated at 5 eV and 3.7 eV, 
respectively. The Fermi levels of the two materials align and create an 
electron flow from the NPs to the VO2. This will increase the electron 
density in the matrix of VO2, which is considered like n-type doping. 
This doping reduces the Coulomb energy barrier, and the temperature 
required for the phase transition decreases. The same phenomenon has 
been described by Jian et al. [70], creating a VO2-Au NPs nano
composite, and also with other metals such as W, Mo or Nb [71] or using 
co-doping with Ti-W [72] or F-W for example [73]. In particular, the 
VO2/Au/VO2 system shows a smoother transition and a substantial 
reduction in transition temperature, consistent with electron-doping 
effects. The VO2/ZrN/VO2 structure exhibits a more pronounced mod
ulation amplitude and a slightly narrower hysteresis, while its transition 
temperature remains close to that of pristine VO2. These behaviors are 
attributed to distinct interfacial mechanisms, without evidence of a 
change in the fundamental nature of the phase transition. Also, the 

platform with NPs inside has a greater interfacial contact between VO2 
and Au NPs compared to the Au NPs/VO2, which could explain why we 
see this TMIT reduction only here. Interestingly, this phenomenon occurs 
only for Au and not for ZrN NPs because, as highlighted by the team of 
Choukourov thanks to XPS analysis, ZrN NPs deposited by GAS tech
nology might be oxidized, even partially, thus giving semiconducting 
instead of metallic NPs [66]. The oxidized shell likely prevents electron 
transfer from the NPs to the VO2 layer.

Sheet resistivity measurements were also carried out in order to 
discuss the impact of the NPs on the electrical behavior. From Fig. 13, it 
can be observed that when the Au NPs are inside the VO2 matrix, in 
addition to reducing the critical temperature TMIT, the Au NPs presence 
reduces the global resistivity even at low and high temperatures. As 
discussed earlier, this phenomenon is explained by the electron doping 
of the VO2 layer, which will obviously reduce the resistivity. But for ZrN 
NPs, as they are semiconducting, their presence in the VO2 layer 

Fig. 12. (a) Transmittance spectra and (b) thermal hysteresis loop at 2500 nm for 200 nm thick VO2/NP/VO2 platforms when the NPs are Au (dotted line) or ZrN 
(dashed line). Data for bare VO2 film of identical thickness is also reported (solid line). For (a), the colors correspond to the temperature: 25 ◦C is blue and 100 ◦C is 
red. For (b), red and blue represent the increase and decrease in temperature, respectively.

Table 3 
Hysteresis parameters of platforms made of Au or ZrN NPs inside VO2 layers 
(200 nm total thickness). Bare VO2 film is also reported as reference.

Sample Critical temperature (◦C) Width 
(◦C)

Amplitude @ 
2500 nm(%)

Heating Cooling Average

VO2 70.0 57.4 63.7 12.6 18.4
VO2 / ZrN 

NPs / VO2

70.3 61.2 65.5 9.1 27.1

VO2 / Au 
NPs / VO2

41.2 29.2 35.5 12.0 22.5

Fig. 13. Temperature dependence of the resistivity for a 200 nm thick VO2/ 
NP/VO2 platforms when NPs are Au (dotted line) or ZrN (dashed line). Re
sistivity of 200 nm thick bare VO2 is also shown (solid line).
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decreases the concentration of the charge carriers, which leads to an 
increase in resistivity.

3.4. Stability and light modulation performance

Optical transmittance of all the VO2-based samples measurements at 
a wavelength of 2500 nm for temperature cycles provide a relevant 
appraisal of the stability of the materials. For this purpose, the tem
perature increases from 25 ◦C to 100 ◦C. Then, it comes back to the 
starting value of 25 ◦C. This cycle is repeated 10 times. Every sample 
previously characterized is submitted to this test (Fig. 14(a)). Apart from 
some slight variations due to the experimental manipulation, tempera
ture stability is demonstrated for each sample. Such stability is an 
important issue for many applications where it must be constant over 
time after many uses.

VO2-based coatings are candidates for smart, energy-saving, win
dows. In this respect, the energy modulation efficiency is a crucial 
aspect. Optical performance is primarily characterized by parameters 
such as light transmittance (Tlum in Eq. (4)) and solar energy modulation 
(ΔTsol in Eq. (1)). Solar transmittance, Tsol (Eq. (2)), quantifies the 
amount of solar energy that passes through a film. This measurement 

plays a role in the frame of the solar modulation efficiency. Solar 
modulation, ΔTsol, is derived from the difference in solar transmittance 
between hot and cold states and essentially represents the solar energy 
blocked by the thermochromic coating, which varies according to the 
ambient temperature. It is calculated as follows according to Eq. (1): 

ΔTsol = Tsol,100◦ C − Tsol,25◦ C (1) 

Tsol =

∫ 2500
280 T(λ)ϕsol(λ)dλ
∫ 2500

280 ϕsol(λ)
(2) 

where T(λ) is the transmittance at each wavelength value and ϕsol(λ) is 
the solar radiation spectrum at sea level.

Luminous transmittance, Tlum, is the V(λ)-weighted visible light 
transmission (380–780 nm) through a material, which quantifies visual 
transparency. To measure it, we use the transmittance, T(λ), and the 
luminous sensitivity of the human eye, ϕlum, obtained from the CIE 
(Commission Internationale de l’Éclairage). The variation of Tlum be
tween hot and cold states, called ΔTlum, can be calculated, but it would 
be negligible since the transmittance in the visible range changes weakly 
with temperature (see Fig. 3(a)). Therefore, only the value of Tlum at 
25 ◦C is given. Its expressions are defined in Eq. (4): 

ΔTlum = Tlum,100◦ C − Tlum,25◦ C (3) 

Tlum =

∫ 780
380 T(λ)ϕlum(λ)dλ
∫ 780

380 ϕlum(λ)
(4) 

However, an additional integral quantity can be calculated: The infrared 
transmittance, TIR, which has a similar definition to Tsol, but with a 
smaller integration range from 780 nm to 2500 nm: 

TIR =

∫ 2500
780 T(λ)ϕsol(λ)dλ
∫ 2500

780 ϕsol(λ)
(5) 

ΔTIR = TIR,100◦ C − TIR,25◦ C (6) 

This parameter quantifies the amount of infrared radiation trans
mitted, which mainly affects the temperature inside buildings. 
Furthermore, we have previously observed in Fig. 3(a) that the optical 
transmittance in this wavelength range varies enormously with tem
perature for VO2 thin films.

These four parameters (i.e., ΔTIR, ΔTsol, ΔTlum and Tlum) allow to 
study the modulation performance over the relevant light spectrum and 
the transparency of the material (with Tlum) and are all reported in 
Fig. 14(b). Firstly, we observe that for VO2 platforms with NPs grafted 
on the surface, the light modulation is improved thanks to the enhanced 
scattering effect created by the NPs layer, as explained in section 3.2. As 
a result, ΔTsol goes from 7.6 % to 10 % with Au NPs and up to 9.4 % with 
ZrN NPs. Regarding ΔTIR, it reaches 18.8 % and 17 % for Au and ZrN NPs 
coupling, respectively, while bare VO2 gives 13.5 %. However, when the 
Au NPs are incorporated inside the VO2 layer, these parameters decrease 
due to the NPs electronic doping effect reducing the transmittance 
spectra. For ZrN NPs, ΔTsol and ΔTIR remain almost unchanged, 
although in Fig. 12 the gap between the cold and hot states is larger, 
which would imply an increase in ΔTsol and ΔTIR. Unfortunately, this 
effect is offset by the presence of a dip between 500 nm and 900 nm, 
certainly caused by a plasmonic absorption band. This range has a sig
nificant impact on the performance, because the radiation spectra are at 
their maximum. In terms of transparency, expressed by Tlum and ΔTlum, 
Fig. 14(b) shows, as expected for VO2 films, a low ΔTlum performance. 
There is also a slight decrease in Tlum for all platforms due to the decrease 
in transmittance in the visible range caused by the plasmonic absorption 
of the NPs.

By comparing all those results, two platforms can be considered as 
the most promising candidates for smart windows applications. Indeed, 

Fig. 14. (a) Transmittance measured at 2500 nm, during 10 successive tem
perature cycles, for all platforms. (b) Values of ΔTsol (green), ΔTIR (blue), Tlum 
(red) and ΔTlum (dark) for each platform.
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for NPs/VO2 samples, either with ZrN or Au, ΔTsol and ΔTIR are both 
enhanced compared to bare VO2. These two parameters are the most 
important for this solar modulation application. Regarding Tlum and 
ΔTlum, no significant improvements are revealed for VO2 films decorated 
by NPs on the surface. For VO2/NPs/VO2 platforms, all parameters, 
except ΔTsol, are slightly improved when ZrN is incorporated. In 
contrast, when Au NPs are inside the layer, all parameters decrease due 
to the transmittance degradation. Overall, it should also be noted that, 
with the sole exception of what was reported for the VO2/Au NPs/VO2 
sample, the results of this study are consistent with recent state-of-the- 
art in this field. In this connection, the most recent scientific literature 
on VO2 single layer films without complex antireflective coatings or 
excessive doping (beyond what is needed for Tc adjustment) establishes 
that Tlum and ΔTsol values typically range from 30–50 % and 5–15 %, 
respectively [74–77].

Beyond smart window applications, the VO2/NP composite archi
tectures investigated in this work may also find relevance in other do
mains where thermally tunable optical properties are essential. Recent 
work by Alonzo-Zapata et al. [78] demonstrated that VO2 thin films 
exhibit significant emissivity modulation across the phase transition, 
enabling the design of radiative thermal diodes and transistors. The 
integration of plasmonic nanoparticles in such systems could further 
enhance their tunability, opening avenues in dynamic thermal emis
sivity control, or other application like plasmon-assisted photonic 
switching, optical limiting, and gas sensing. These perspectives suggest 
that VO2/NP hybrid platforms can serve as multifunctional components 
for advanced thermal and optoelectronic applications.

4. Conclusions

This study investigated the evolution of the optoelectrical properties 
of materials elaborated by coupling thermochromic VO2 thin films and 
NPs, specifically Au and ZrN. Different configurations were chosen 
depending on the position of the NPs: With NPs deposited on the VO2 
surface or embedded inside two VO2 layers.

The grafting of Au and ZrN NPs onto the surface of VO2 thin films 
resulted in significant improvements in infrared light modulation. This 
improvement is attributed to the scattering effects induced by the NPs 
layer, particularly pronounced for Au NPs, leading to a substantial in
crease in the hysteresis amplitude. In contrast, embedding Au NPs 
within the VO2 layer resulted in a significant decrease in transition 
temperature TMIT which comes close to room temperature (35 ◦C). This 
was attributed to an electron doping effect induced by the presence of 
Au NPs. On the other hand, the VO2/NP/VO2 platform exhibited similar 
hysteresis characteristics to those recorded when NPs are located on the 
surface, suggesting their potential to enhance light modulation without 
significantly affecting the TMIT. The observation of these samples by 
transmission electron microscopy techniques confirmed the presence of 
nanocrystalline gold particles distributed all over the VO2 layers, either 
at the surface or in the middle of the films, depending on the sample. On 
the other hand, the current analyses of the ZrN NPs in their respective 
samples revealed a more agglomerated character of the particles, which 
also have a generally smaller size. Moreover, their comprehensive 
characterization led to conclude that they are more likely not just pure 
ZrN, but rather a mixture of different nitrides, oxides and even oxy
nitrides compounds.

The preliminary stability tests showed consistent performance over 
multiple temperature cycles, suggesting a significant potential for the 
implementation of these composite platforms in practical applications. 
Furthermore, the detailed analyses of optical parameters such as solar 
energy modulation (ΔTsol), infrared transmittance (ΔTIR) and light 
transmittance (Tlum) provided valuable information on the overall per
formance of these materials for smart window applications. This work 
provides the first comprehensive demonstration of how nanoparticle 
type and placement within VO2 films can be leveraged to tailor both 
optical modulation and transition temperature, opening new pathways 

for functional thermochromic devices.

Credit authorship contribution statement

G. Savorianakis: Writing – original draft, Visualization, Validation, 
Methodology, Investigation, Formal analysis, Conceptualization. N. 
Martin: Writing – review & editing, Visualization, Supervision, Re
sources, Methodology, Investigation, Formal analysis. A.J. Santos: 
Writing – review & editing, Visualization, Validation, Methodology, 
Investigation, Formal analysis. J.J. Jiménez: Writing – review & edit
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