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Abstract: This study focuses on the optimization of the optical performance of 

thermochromic vanadium dioxide (VO2) films doped with tantalum. VxTa1-xO2 layers of 

nominal thickness 50 nm were deposited on glass by co-sputtering of V and Ta in 

glancing-angle geometry, and subsequent fast annealing in air. The impact of the 

deposition configuration, either a V0.973Ta0.027Oy monolayer or alternating 

VOy/V0.916Ta0.084Oy multilayers, and the optional coupling of reactive oxygen pulses (tON 

= 0, 4, 8 s) was studied for different Ta/V atomic ratios (1, 2.7, 3, and 5Ta). The longest 

oxygen injection times allow to achieve films with lower transition temperature (Tc). 

Although monolayers generally provided superior optical performance, multilayers 

deposited at higher Ta target currents enabled more effective and reproducible control of 

the doping level. The best performance for monolayers was achieved with 0.9 at.% Ta, 

yielding a Tc of 49.9°C at heating, a luminous transmittance (Tlum) near 50%, and solar 

modulation (ΔTsol) and infrared solar modulation (ΔTIR) capacities of 4.4% and 9.4%, 

respectively. For multilayers, the sample with 1.67 at.% Ta has Tc=51ºC, Tlum=47.3%, 



ΔTsol=4.3%, and ΔTIR=8.2%. With Tc values up to 16ºC lower than those of undoped 

films produced under comparable conditions, these results indicate that Ta doping 

presents a promising alternative to existing dopants, enabling significant Tc reduction 

without substantially compromising the properties required for VO2-based smart-window 

applications. 

Keywords: smart windows, vanadium dioxide, Ta-doping, glancing angle co-deposition, 

rapid thermal annealing, UV-Vis-NIR spectrophotometry, thermochromic behavior. 

 

  



1. Introduction 

Improving energy efficiency and reducing CO2 emissions have become key strategies for 

addressing climate change concerns [1,2]. Currently, building energy consumption 

accounts for more than 40% of global energy demand [3–5] and more than 50% of that 

energy goes to cooling, heating and indoor lighting [1,3–5]. Windows are the most 

vulnerable parts of the building with respect to heat gain and loss [6], thus being 

considered the least energy efficient component of the building [1,4,7]. This is why the 

development of smart windows, capable of dynamically controlling the transmission of 

solar radiation, is considered an effective means to reduce energy consumption [4,8]. 

Specifically, energy savings associated with the use of smart windows are estimated to 

be between 40 and 50% [8,9]. In this sense, although there are different types of smart 

windows, thermochromic glasses are assumed as the most suitable, since they are able to 

passively block IR radiation depending on the outside temperature without additional 

energy input [4]. 

Vanadium dioxide, VO2, is the most studied thermochromic material [10], since it 

presents a reversible transition at a relatively low temperature of 68 ºC [10–13]. This 

transition, known as metal-to-insulator (MIT), is accompanied by a structural phase 

transformation (SPT), which implies a change in the electrical, thermal and optical 

properties of the material as a function of temperature [14–17]. When the temperature 

increases until reaching the critical value, VO2(M) is transformed into VO2(R), i.e., the 

transformation from a monoclinic phase, transparent to IR radiation, to a rutile phase that 

mainly reflects this radiation [10,11,13,18]. However, in its pure form, this compound 

exhibits low luminous transmittance and poor solar modulation efficiency [18–22] with 

values typically around 40% and 10%, respectively [19,21]. This, coupled with a 



transition temperature (Tc) not low enough (hot is felt between 25 and 40oC), hinders its 

potential to be an ideal material for smart windows applications [18–22]. 

Nowadays, research is focusing on two main strategies: Improving luminous 

transmittance and solar modulation capacity by structure engineering and reducing the 

phase transition temperature by doping [21]. It has been observed that Tc can be reduced 

by doping with high-valence cations, including W6+, Mo6+, Nb5+, and Ta5+. On the 

contrary, it increases by doping with low-valence cations such as Ti2+, Ga3+, and Cr3+ 

[22,23]. In this context, it is known that the most promising cation for reducing the Tc 

value is tungsten [24–26], since it does so between 20 and 26°C per atomic percentage 

[24,26]. The use of W, however, sometimes leads to a reduction of both Tlum and ∆Tsol 

[27,28], i.e., W doping degrades the optical performance of VO2, thus making it difficult 

to be applied in smart windows [26]. It has been shown that Ta doping is not only able to 

reduce Tc, although to a lesser extent than W, but is also able to effectively enhance Tlum 

without significant loss of ∆Tsol [26,28]. 

Various techniques have been employed for the synthesis of VO2 thin films, such as 

magnetron sputtering, chemical vapor deposition, pulsed laser deposition, electron beam 

deposition, hydrothermal, and sol-gel synthesis, among others [10,29], Magnetron 

sputtering has received considerable attention due to the possibility of depositing large 

areas [30,31] at low temperature [23,30], its compatibility with a wide range of substrates, 

and its environmental friendliness [23]. Also, doping with chemical elements is easy to 

achieve during this process [32]. In this context, the research of our group have revealed 

that, thanks to the exhaustive control of the deposition and annealing parameters, the 

fabrication of highly efficient VO2-based films on glass substrates can be achieved by a 

simple two-step approach consisting of the rapid high-temperature oxidation of porous V 

or VOx films obtained by the glancing angle deposition technique (GLAD) [33–35]. 



Likewise, these authors designed an alternative route for the synthesis of W-doped VO2-

based coatings by combining the co-deposition of VOy/V0.85W0.15Oy multilayers, thanks 

to which it is possible to control the doping percentage during the deposition [36]. 

Based on these recent studies, the present work focuses on the synthesis of Ta-doped VO2 

thin films on glass substrates. The deposition of these films involves, on the one hand, 

the simultaneous sputtering of vanadium and tantalum single layers and, on the other hand, 

the deposition of alternating VOy/V0.916Ta0.084Oy multilayers. Both configurations allow 

to control the overall coating composition either by adjusting the Ta target current or the 

thickness of the multilayers, respectively. The effect of different oxygen injection times 

(tON) used during deposition is also investigated. These coatings are then subjected to 

rapid thermal annealing in air atmosphere to synthesize and stabilize the thermochromic 

VO2(M) phase. Eventually, the thermochromic behavior of films provided with different 

dopant ratios is examined by is-NIR spectrophotometry. The main objective is the study 

of an alternative dopant, different from W, which allows to obtain films with a more 

balanced optical performance. The analysis of the aforementioned variables allows, 

firstly, to examine how the deposition variants (monolayer and multilayer) as well as the 

effect of pulsed oxygen, affect the final optical behavior of the material and, secondly, to 

analyze the thermochromic behavior of samples with different amounts of dopant. 

 

2. Materials and Methods 

2.1. Deposition process 

Thin films were deposited at room temperature by direct current (DC) magnetron 

sputtering using two opposite metallic targets (51 mm of diameter and 99.9% purity): 

vanadium and tantalum. They were located inside a 40 L homemade vacuum chamber 

evacuated down to 10−5 Pa before each run by means of a turbomolecular pump backed 



by a primary pump. The distances between V and Ta target centers and the glass substrate 

(Menzel Gläser ® microscope slides) were fixed to 65 mm and 95 mm, respectively. On 

the basis of our previous studies [35], porous films with large surface-to-volume ratios 

and enhanced reactivity with oxygen were deposited by combining GLancing Angle 

Deposition (GLAD) and Reactive Gas Pulsing Process (RGPP) techniques. The 

deposition angles α (average angle of incoming particle flux) relative to the substrate 

normal were set at α = 85º and 75º for V and Ta, respectively, with no rotation of the 

substrate. Argon was injected at a mass flow rate of 2.40 sccm and the pumping speed 

was maintained at S = 13.5 L s−1, whereas the oxygen gas was periodically supplied into 

the sputtering chamber. A rectangular pulsed signal was employed for the O2 flow rate 

with respect to time evolution. The pulsing period was set at P = 16 s. The maximum 

oxygen flow rate was qO2Max = 0.40 sccm. It corresponds to the critical flow required to 

trigger the process in the compound sputtering mode. The minimum flow rate was qO2min 

= 0 sccm, while the oxygen injection time (tON) was set for times between 0 and 8 s. Based 

on these conditions, VxTa1-xOy films were obtained in monolayer and multilayer 

configurations of different compositions. For this purpose, a fixed current for the V target 

of 200 mA was used, while the current of the Ta was set at 5 mA (minimum current to 

generate a stable Ta plasma) for the monolayer deposition and at 20 mA for the multilayer. 

 

2.2.Thermal treatments 

After deposition, the samples were thermally treated in a lamp annealing system (MILA 

5000 from ULVAC). The sample was placed on a transparent quartz support held through 

a tube of the same material, which was cooled with water. During the process, it was 

possible to insert an air flow, which can be measured by means of a rotameter. In this 

case, the samples were heat treated at a temperature of 510ºC for a period of 10 s, for 



which a heating ramp of 40ºC s-1 was used. Finally, all the samples were left to cool at 

room temperature inside the furnace. An air flow rate of 10 l min-1 was used throughout 

the process. 

 

2.3.Compositional and functional characterizations 

Topographic micrographs of the reference samples were acquired using a Thermo 

Scientific Scios 2 DualBeam analytical focused ion beam-scanning electron microscopy 

(FIB-SEM) system operating at 5 kV. This instrument was also used to prepare electron-

transparent cross-section lamellae for (scanning)-transmission electron microscopy 

((S)TEM) analyses. High-angle annular dark-field (HAADF) imaging and energy-

dispersive X-ray spectroscopy (EDX) analyses were performed in a Thermo Fisher 

Scientific TALOS F200X analytical microscope working at an accelerating voltage of 

200 kVand equipped with a Super-X detection system comprising four silicon drift 

detectors arranged around the sample. A Gatan Imaging Filter (GIF) Continuum system 

fitted to the Talos microscope was used for spatially resolved electron energy-loss 

spectroscopy (EELS) in scanning-transmission (STEM) mode. STEM-EELS 2D 

spectrum image (SI) datasets were acquired using a 2.5 mm diameter aperture and an 

energy dispersion 0.05 eV/channel. The camera length was 47 mm, yielding convergence 

and collection semi-angles of 10.5 and 20.0 mrad, respectively, and the probe current was 

150–175 pA depending on the experiment. To enable accurate chemical-shift 

measurements, the Dual EELS mode was employed to record nearly simultaneously both 

low-loss signal and the V-L2,3 and O-K high-loss edges at each pixel position. A dwell 

time of approximately 0.2 s per pixel was selected to optimize the signal-to-noise ratio. 

The thermochromic behavior of prepared Ta-doped VO2 films was determined via 

transmission spectroscopy using a PerkinElmer Lambda 900 UV/VIS/NIR Spectrometer 



equipped with a THMS600 Linkam stage for temperature control. UV-Vis-NIR 

transmittance spectra were recorded in the wavelength range of 300–2500 nm at selected 

temperatures in the range of 15–90ºC. For the dynamic monitoring of the thermally 

induced phase transition, the thermal evolution of the optical transmittance at a selected 

NIR wavelength (2000 nm) was recorded during consecutive heating-cooling cycles at a 

controlled heating rate of 5°C min−1 and cooling rate of 2°C min−1.  

 

3. Results and discussion 

3.1.Compositions of reference samples 

To determine the co-deposition conditions necessary to obtain the desired doping ratios, 

a total of four VxTa1-xOy reference samples with a nominal thickness of 300 nm were 

deposited. A constant target current was used: Two samples with currents applied to 

vanadium and tantalum targets of 200-5 mA, respectively, and two others with currents 

of 200-20 mA. Additionally, oxygen injection times of 0, 4, and 8 s were used. Analogous 

to a previous work [36], which showed that the W/V ratios of VxW1-xOy precursors are 

preserved in VxW1-xO2 films after heat treatments, samples with (1-x)/x ratios will be 

referred to as (1-x)Ta in this case (e.g., Ta/V=1/99 is referred to as 1Ta). This makes 

easier the aforementioned designation, comparison and interpretation of results 

[26,28,37].  

Figure 1 shows the (S)TEM-EDX studies carried out on a reference sample of 300 nm 

nominal thickness deposited with 200-20 mA currents and 8 s of oxygen pulse. The EDX 

analyses performed on this sample revealed that the introduction of oxygen does not 

significantly affect the deposited Ta ratio, yielding an average composition of 2.7Ta for 

the 200-5 mA currents and 8.4Ta for the 200-20 mA currents. The details of the process 



carried out to obtain these results can be found in the Supplementary Material. What is 

indeed observed in the integrated EDX spectrum is that, despite the fact that the spectra 

were acquired in V-rich and Ta-rich areas, signals belonging to different elements appear. 

The peaks corresponding to Na, Si, and Ca are due to the substrate. Mo is due to the 

support grid, while C corresponds to contamination derived from the handling, cleaning 

and probing of the sample. 

A literature analysis indicates that the optimal Ta doping level lies between 2–4Ta, with 

an upper limit of 6Ta. Specifically, B. Li et al. [28] identifies 4Ta as the optimal doping, 

achieving a reduction in the critical temperature to approximately 25ºC. However, they 

noted that, for the solar modulation ability to remain constant, the doping should be below 

3Ta. Consistent with this, Sun et al.'s work [37] suggests an optimal doping around 

4.35Ta, with a Tc of about 30ºC. In contrast, Xu et al. [38] achieved the best results with 

a lower Ta/V atomic ratio, at a doping level of 0.71 at.% (approximately 2.1Ta). Finally, 

Chen et al.'s study [26] revealed that the critical Ta content beyond which the optical 

behavior of the films deteriorates is 6.3Ta. 

Our results indicate that while a 2.7Ta composition falls within the optimal range for Ta 

doping of these coatings, it remains necessary to analyze the impact of varying 

proportions of this dopant on their optical properties. To achieve this, a complementary 

strategy based on the deposition of alternating multilayers of VOy/V0.916Ta0.084Oy, which 

allows to reach desired average dopant amounts, was adopted. For this purpose, the 

tantalum deposition times were determined and controlled by opening and closing its 

associated target shutter, allowing concentrations below 8.4Ta (excessive dopant 

concentration according to the literature). To obtain highly reproducible films, we 

followed these rules: (1) the minimum Ta deposition time in each individual layer could 



not be less than 5 s to avoid artifacts caused by shutter movement; (2) depending on the 

conditions, the largest possible number of sublayers of V0.916Ta0.084Oy would be deposited 

to favor greater diffusion of the dopant element, thus obtaining films whose behavior is 

analogous to a film deposited by monolayer.  

  

Figure 1. Scanning-transmission electron microscopy analysis performed on a nominally 

300 nm thick VxTa1-xOy film, deposited with vanadium and tantalum target currents of 

200 and 20 mA, respectively. (a) STEM-EDX net intensity maps obtained for V and Ta 

atoms. (b) EDX integrated spectra for the region defined by a green square in (a). 

 

Once the optimal co-deposition conditions were established, thin films of V0.973Ta0.027Oy, 

deposited as monolayers, and multilayers of VOy/V0.916Ta0.084Oy, with a nominal 

thickness of 50 nm and compositions of 1Ta, 2.7Ta, 3Ta, and 5Ta, were fabricated. All 

samples addressed in this study, along with their deposition conditions, are listed in Table 

1. Each sample was then subjected to a rapid thermal annealing (RTA) at 510 ºC during 

10 s to achieve VxTa1-xO2-based thermochromic coatings. 



 

Table 1. Deposition conditions for VxTa1-xOy samples of 50 nm nominal layer thickness. 

tON is the oxygen injection time. 

Sample 

Ta doping 

(at.%) in 

VxTa1-xOy 

Number of 

V0.916Ta0.084Oy 

multilayers 

tON (s) 

1Ta_8 0.33 16 8 

2.7Ta_0 

0.90 - 

0 

2.7Ta_4 4 

2.7Ta_8 8 

3Ta_0 

1.00 16 

0 

3Ta_4 4 

3Ta_8 8 

5Ta_8 1.67 16 8 

 

 

3.2.Compositional features of annealed samples 

Before presenting other results, Figure 2 provides an overview of the structure obtained 

of sample 3Ta_8 after thermal treatment. The low-magnification STEM-HAADF 

micrograph reveals a grain-like morphology and an average film thickness between 60 

and 70 nm, according to the available measurements. 

 

 

 

 



 

Figure 2. Low-magnification STEM-HAADF micrograph of sample 3Ta_8 indicating 

some exemplary thickness measurements of the resulting film. 

 

In order to confirm the main nature of the resulting layers after the thermal treatments, 

EELS analyses were carried out. Figure 3 summarizes the most representative findings. 

Fig. 3(a) is an HAADF micrograph where both the substrate and the VO2-based film can 

be distinguished. This region of the film was scanned with the STEM probe under specific 

conditions in order to retrieve EELS spectra which would allow to identify the resulting 

vanadium oxides after annealing. Fig. 3(b) is a compilation of the main EELS spectra 

obtained throughout regions like the ones marked in Fig. 3(a). All four spectra display 

the same characteristic features, confirming that the same vanadium oxide is present 

throughout these regions.  

Specifically, four distinct energy-loss features appear at comparable energy ranges: the 

L3 and L2 vanadium white lines (at about 516.3 eV and 522.8 eV, respectively) and the 

t2g and eg oxygen pre-edge (at about 518.2 eV and 530.5 eV, respectively). In addition, 

both V white lines exhibit small low-energy shoulders, also consistently observed across 

spectra. These elements closely match the fingerprints reported in previous studies [39,40] 



for vanadium dioxide (VO₂), supporting that the applied thermal treatment successfully 

produces VO₂ in the Ta-doped layers. 

 

 

Figure 3. STEM-HAADF micrograph of sample 3Ta_8 showing areas where EELS 

spectra were gathered (a) and resulting EELS spectra indicating the main features of 

VxTa1-xOy compounds (b). 

 

 

3.3. Analysis of samples with different arrangement and composition 

3.3.1. Influence of multilayers on the optical behaviour 

To determine and characterize the thermochromic effect, the transmittance spectra of the 

fabricated samples were recorded in the 300–2500 nm range at 15 °C and 90 °C, i.e., 

below and above the critical temperature of VO2 (Figure 4). 

The spectra shown correspond to samples of similar Ta content (2.7Ta and 3Ta) deposited 

using monolayers and multilayers, respectively. As mentioned in the first section, the aim 

is to determine the differences observed according to the type of deposition and to 



evaluate how the injection of an oxygen pulse during deposition affects the 

thermochromic properties. 

 

Figure 4. UV-Vis-NIR transmittance measurements performed at low (15 ºC) and high 

(90 ºC) temperatures on samples deposited in monolayers (a) and multilayers (b). 

 

At low temperature, it is worth noticing that the transmittance of the samples increases 

sharply upon reaching the visible range after UV absorption and then decreases to a 

minimum above 1000 nm, at which point it begins to increase to transmittances of 50–

70% at 2500 nm. However, when the temperature of the samples is 90 °C, the 

transmittance decreases from 750 nm, the beginning of the infrared radiation range, which 



is characteristic of the thermochromic behavior of material, thus demonstrating the 

formation of vanadium dioxide.  

In particular, the samples deposited without oxygen injection (tON = 0 s) show a slightly 

higher transmittance in the visible range than the samples with tON = 4 s. This observation 

does not apply to the samples with tON = 8 s, as it is only valid for the sample deposited 

in multilayers. Furthermore, the transmittance in the near-infrared (NIR) is similar for all 

samples, with the exception of the sample with tON = 8 s deposited in a monolayer and 

the sample with tON = 4 s deposited in a multilayer. These exceptions exhibit 

transmittances, implying lower radiation absorption, which would be detrimental for their 

application compared to other samples. 

Thermochromic parameters, including luminous transmittance (Tlum), solar modulation 

(ΔTsol), and solar infrared modulation (ΔTIR), which were determined from the above 

spectra, are shown in Table 2. These parameters allow a quantitative comparison of the 

samples and, therefore, their potential applicability in smart windows. The definition and 

detailed explanation of the calculation of all these parameters can be found in the work 

of Outón et al. (Appendix A)[41]. 

Table 2. Photometric (Tlum) and radiometric (Tsol, TIR) parameters and their variation with 

temperature, Ta concentration and tON time. The accuracy of these values is ±0.1%. 

Sample 
Tlum,avg. 

(%) 

∆Tlum 

(%) 

∆Tsol 

(%) 

∆TIR 

(%) 

2.7Ta_0 45.6 2.8 5.3 10.2 

2.7Ta_4 45.0 2.0 4.1 8.5 

2.7Ta_8 48.4 1.0 4.4 9.4 

3Ta_0 49.2 3.0 5.2 9.5 

3Ta_4 43.4 0.7 3.8 8.7 

3Ta_8 43.1 1.5 4.2 9.1 

 



 

As expected from the spectra, the luminous transmittances are relatively positive, 

between 40-50%, especially considering the thickness of these samples as well as the 

doping level [42,43]. At this stage, it can be seen that, for the monolayers, the highest 

luminous transmittance corresponds to the sample with tON = 8 s, being lower but similar 

for the samples with tON = 0 and 4 s. Conversely, the highest value associated with the 

multilayers corresponds to the sample deposited with tON = 0 s, this being significantly 

higher than that of the samples with tON = 4 and 8 s. Regarding solar modulation capacity, 

moderate values are obtained in all cases, these being higher for solar infrared modulation 

and higher for the samples with tON = 0 s. Having analyzed these parameters, it appears 

that the deposited samples, both in monolayers and multilayers, with oxygen injection 

times of 0 s, are the optimal ones for this study. Finally, it has been shown that the 

coexistence of VO2(M) and V2O5 phases usually leads to high ΔTlum values [33], which 

positively impacts the solar modulation ability of the films. This would explain why the 

2.7Ta_0 and 3Ta_0 samples exhibit the highest ΔTlum and ΔTsol values. 

For a more in-depth analysis, experiments on the kinetics of the transmittance evolution 

of the samples at 2000 nm during heating and cooling cycles are examined (Figure 5). It 

is observed that the transmittance decreases as the temperature increases until it reaches 

Tc, which indicates that the transformation from the monoclinic phase, VO2(M), to the 

rutile phase, VO2(R), is taking place. Moreover, when the temperature decreases, the 

transmittance recovers its initial values, describing the typical hysteresis cycle common 

to all physical properties of this type of material (Fig. 5(a–b)). 

The behavior described is common to all the samples, although we can observe that as 

tON increases, the hysteresis cycles shift to the left, which indicates that the transition 



temperatures, both in the heating and cooling branches, decrease. This implies that, for 

the same Ta content, as the oxygen injection time increases, the critical temperature of 

the samples decreases, while the total transmittance drop seems to be unaffected, 

remaining in the range of 30–35% in all cases. 

 

 

Figure 5. (a–b) Kinetics of the evolution of the infrared transmittance at 2000 nm of 

samples subjected to consecutive heating and cooling cycles. (c–d) Derivative curves 

from the infrared transmittance kinetics as a function of temperature. For a better 

overview, the cooling derivatives are represented in absolute values. 

 

For a more precise analysis of the characteristic parameters of the kinetic curves, the 

respective derivative curves have been obtained, both during heating and cooling (Fig. 



5(c–d). The parameter values associated with these curves are shown in Table 3. This 

shift of the hysteresis loops towards lower transition temperatures with increasing oxygen 

injection time is reflected in the respective derivative curves. A decrease in Tc, associated 

with the displacement of the minimum and maximum of the curves corresponding to the 

heating and cooling of the samples, respectively, is observed. It is also observed that, for 

the samples deposited in monolayers, this displacement is more gradual than in the case 

of multilayers, where the curves for the samples with tON 0 s and 4 s are similar.  

Table 3. Values obtained from the differential analysis of the kinetic curves of the 

transmittance evolution as a function of temperature. Tc,h and Tc,c indicate the MIT 

transition temperature on heating and cooling, respectively. Tc,prom is defined as the 

average of Tc,h and Tc,c. WH is the hysteresis width and is given by the difference between 

Tc,h and Tc,c. The accuracy of temperature and transmittance values are ±0.5ºC and ±0.1%, 

respectively. 

Sample Tc,h (ºC) Tc,c (ºC) Tc,avg. (ºC) WH (ºC) 

2.7Ta_0 63.9 48.2 56.1 15.7 

2.7Ta_4 56.4 43.1 49.8 13.3 

2.7Ta_8 49.9 39.8 44.9 10.1 

3Ta_0 59.8 47.5 53.7 12.3 

3Ta_4 58.6 43.9 51.3 14.7 

3Ta_8 52.7 40.6 46.7 12.1 

 

The samples with tON 0 s exhibit higher critical temperatures, as shown in the previous 

curves, both during heating and cooling, being close to the typical Tc of pure VO2 (68 

°C), especially for the sample deposited in a monolayer (2.7Ta_0). One can notice a 

greater decrease in Tc for the samples deposited in monolayers, both for the heating and 

cooling branches. However, assuming the average of these values, the trend is even 

clearer in both cases. Taking into account the Tc value of pure VO2, we can state that a 



decrease of up to 18 °C has been achieved if we consider the Tc of heating, which is the 

temperature typically used as a reference, and even up to 21 °C if considered the obtained 

average. 

Finally, it is observed relatively broad hysteresis widths. For monolayer deposited 

samples, it is found a clear trend: As the oxygen injection time increases, the hysteresis 

width becomes narrow. Conversely, for multilayer deposited samples, no clear trend was 

apparent, with the largest width corresponding to the tON = 4 s sample. As reported in the 

literature, the hysteresis width of Ta-doped samples is smaller, decreasing in all cases as 

the Ta content increases, which could stem from different deposition conditions. 

As a result, we can say that the synthesis of these films via monolayers or multilayers, 

and adjusting the Ta current for getting the same dopant content, leads to films with good 

optical performance, especially for a monolayered structure. The difference between the 

two configurations, considering that the Ta content is similar, could be due to the Ta 

diffusion in the single layers compared to the multilayers, where some Ta (either metallic 

or Ta5+) might remain unincorporated into the VO2 structure. 

On the other hand, increasing tON affects the optical performance of the samples to some 

extent. The solar infrared modulation capacity is greater for those samples deposited with 

tON = 0 s, in both configurations, while the luminous transmittance decreases with 

increasing tON for multilayers and increases for monolayers. Furthermore, loger tON 

implies a decrease of the critical temperature, which could be due to the formation of 

some mixed oxide during deposition that favors both the incorporation of Ta into the VO2 

structure and a lattice distortion that promotes the monoclinic-to-rutile transition. This 

increase in tON, which only slightly affects the Tlum and ΔTsol values, does allow a 



significant reduction in Tc, in both single layers and multilayers. For this reason, the study 

will focus on those samples deposited with oxygen injection times of 8 s. 

Figure 6 presents the SEM micrographs of the 2.7Ta_8 and 3Ta_8 samples to analyze, 

in depth, the variation of the thermochromic parameters of the samples with ton 8 s. The 

objective is to verify whether the surface morphology of these samples is affected by the 

deposition configuration and how this might affect their optical performance. Fig. 6(a) 

shows a surface characterized by a small grain size and high porosity, while Fig. 6(b), 

corresponding to the 3Ta_8 sample, exhibits a completely different morphology, with 

large elongated grains. This difference in morphology between the two samples could 

explain the difference in their luminous transmittance values, with the 3Ta_8 sample 

yielding a much lower value as a result of this grain growth and its lower porosity (more 

light scattering due to its roughness and voided structure). 

 

 



 

Figure 6. SEM micrographs of the surface morphology of samples (a) 2.7Ta_8, (b) 

3Ta_8. 

 

In this specific case, considering that the dopant concentration is nearly the same, we 

cannot rule out that the surface change is due to a particularity of one of the samples, 

since the growth of the films, and therefore the grain size, does not follow a preferential 

direction. 

 

3.3.2. Variation of the Ta/V ratio and its effect on the optical behavior  



In the previous section, it was demonstrated that the samples deposited as monolayers 

offered better results with respect to their optical behavior. Nevertheless, the adoption of 

this monolayer configuration presents a distinct limitation in terms of compositional 

adjustability. In fact, working with currents below 5 mA can result in plasma instability, 

leading to conditions lacking in reproducibility. Employing a current of 20 mA enables 

greater control over the composition, thereby allowing us to examine the correlation 

between varying dopant concentrations and optical properties. Therefore, to focus on the 

study of Ta doping, a current of 20 mA will be used for the dopant target. Selecting 

samples with oxygen injection times of 8 s and Ta contents of 1Ta, 3Ta, and 5Ta will be 

done. This involves including two additional samples with lower and higher Ta 

concentrations, respectively. 

It can be observed in Figure 7 that the samples with Ta contents of 1Ta_8 and 5Ta_8 

present similar transmittances in the visible range, with the exception of the 3Ta_8 

sample, which is noticeably lower. Regarding NIR transmittances, samples 3Ta_8 and 

5Ta_8 show quite similar behavior, while sample 1Ta_8 exhibit higher transmittance at 

both low and high temperatures. In any case, the reported NIR transmittance drops are 

equivalent for all these samples, which does not denote, at least preliminarily, a 

progressive deterioration of the solar modulation ability as the dopant concentration 

increases.  



 

Figure 7. UV-vis-NIR transmittance spectra measured in the range 300–2500 nm for 

different Ta contents, at 15°C and 90°C. 

 

Table 4 shows the thermochromic parameters determined from the spectra shown in Fig. 

7. As can be seen, the luminous transmittance obtained is quite worthy for the 1Ta_8 and 

5Ta_8 samples, being close to 50%, while the 3Ta_8 sample presents a somewhat lower 

value (Tlum = 43.1%). With respect to the solar modulation, moderate values (ΔTsol = 4.2–

4.3%) are obtained in all cases, which confirms that the increase in dopant concentration, 

at least within the chosen concentrations, does not significantly affect the solar 

modulation. Finally, with respect to the infrared modulation, we observe that the values 

are slightly higher, as expected, with the highest value obtained for the 3Ta_8 sample.  

Table 4. Luminous transmittance and solar and infrared modulation capacity values for 

the different samples. The accuracy of these values is ±0.1%. 

Sample 
Tlum (%) Tsol (%) TIR (%) 

Tlum,avg. ∆Tlum ∆Tsol ∆TIR 

1Ta_8 50.4 1.8 4.2 8.0 

3Ta_8 43.1 1.5 4.2 9.1 

5Ta_8 47.3 2.4 4.3 8.2 



 

For further analysis, experiments on the kinetics of transmittance evolution at 2000 nm 

were performed as the samples were subjected to consecutive heating and cooling cycles 

(Figure 8). According to Fig. 8(a), the samples again exhibit the typical hysteresis loop, 

although this time with one key difference: As the Ta content increases, the transmittance 

at 2000 nm decreases. This observation would initially suggest a decrease in ΔTsol. 

However, we note that the solar modulation ability remains nearly constant, which could 

be attributed to the ΔTlum, with its highest value observed for the 5Ta_8 sample. Likewise, 

this shift towards lower transmittances is not the only change: It is also evidenced a shift 

of these hysteresis loops toward lower temperatures. This implies that the transformation 

from the monoclinic phase to the rutile phase occurs at lower Tc when increasing Ta 

concentration, indicating an effective doping. 

 

 



 

Figure 8. (a) Kinetics of transmittance evolution at 2000 nm when the samples are 

subjected to consecutive heating (solid lines) and cooling (dashed dot lines) cycles. (b) 

Differential analysis of the transmittance kinetics curves versus temperature. For a better 

overview, the cooling derivatives are represented in absolute values. 

 

For a more precise analysis of the characteristic parameters of the kinetics curves, the 

respective derivative curves were obtained for both heating and cooling cycles (Fig. 8(b)). 

The progressive shift of the hysteresis loops towards lower temperatures with increasing 

doping concentration is again reflected in the respective derivative curves. A decrease in 

Tc associated with this shift is observed, especially in the heating branch, where the 

positions of the minimum of the curves are shifted slightly to the left. Surprisingly, the 



Tc temperatures for the cooling branch, where the position of the maximum peaks is 

always located, remain practically unchanged, eventually resulting in narrower hysteresis 

as Ta doping increases, in fine agreement with the study by Xue et al. [32].   

Additionally, it is also observed that the absolute values of the maxima and minima 

decrease with increasing Ta content, suggesting a more gradual transition that enhances 

comfort. Notably, increasing the Ta/V ratio in our samples yields a smoother 

transformation, and this, together with the lowered Tc, highlights the value of our results. 

Table 5 compiles the values of Tc for both heating and cooling, the average Tc, and WH, 

as determined by differential analysis. It should be noted that, when referenced against 

previous studies involving undoped samples [35], Ta doping induces a Tc,h reduction of 

up to 16 ºC relative to comparable undoped films fabricated through similar procedures 

and layer thicknesses (62–66 ºC). However, when compared with the optimal W-doped 

VO2 films previously reported [36] —which exhibit transition temperatures of 43–44 ºC 

along with slightly higher luminous transmittance and comparable solar modulation 

performance—the Tc values achieved here (down to 51 ºC) are more modest, despite the 

overall similar optical behavior. 

Table 5. Critical temperatures and hysteresis widths obtained from the differential 

analysis of the kinetic curves of transmittance evolution as a function of temperature. The 

accuracy of temperature and transmittance values are ±0.5ºC and ±0.1%, respectively. 

Sample 
Tc,h  

(ºC) 

Tc,c  

(ºC) 
Tc,avg. (ºC) 

WH  

(ºC) 

1Ta_8 53.9 40.3 47.1 13.6 

3Ta_8 52.7 40.6 46.7 12.1 

5Ta_8 51.0 40.6 45.8 10.4 

 



To analyze the variation of the thermochromic parameters of the samples in depth, SEM 

micrographs of each sample are presented in Figure 9. The aim now is to understand how 

the surface morphology of these samples varies with doping and its effect on the optical 

performance. 

 

Figure 9.SEM micrographs of the surface morphology of samples (a) 1Ta_8, (b) 3Ta_8 

and (c) 5Ta_8.  

 

From the top view of the samples, shown in Fig. 9, we can say that sample 5Ta_8 exhibits 

a bigger grain size compared to sample 1Ta_8, which explains the slight reduction in 

luminous transmittance. However, this difference is not so significant (about 3%). 

Generally, an increase in dopant concentration implies a reduction in grain size [32], 

which, in this case and for the selected Ta/V ratios, does not occur. Sample 3Ta_8 

presents a different surface morphology, with large and elongated grains, that explains 

the lower light transmittance of the sample, at only 43.8%. On the other hand, according 

to the literature [28], the solar modulation remains almost constant with increasing dopant 

concentration, although, in this case, so does the solar infrared modulation. Moreover, we 

have observed that Ta doping can be considered effective, since it causes a reduction in 

Tc. However, the decrease in Tc is higher than expected (> 8°C per at.%), according to 

the study by Li et al. [28]. This decrease in Tc was observed in the kinetic curves of the 



transmittance evolution at 2000 nm, where the hysteresis cycles shifted towards lower 

temperatures as the amount of Ta increased. Similarly, this increase in dopant 

concentration results in a reduction of the hysteresis width, whose behavior versus 

temperature is slightly different. 

 

4. Conclusions 

VxTa1−xO2 films were synthesized by direct-current magnetron co-sputtering of vanadium 

and tantalum under glancing-angle deposition (GLAD) conditions with reactive gas 

pulsing (RGPP), followed by rapid thermal annealing (RTA) in air at 510 °C for 10 s. 

Two Ta target currents (5 and 20 mA) were used, resulting in dopant concentrations of 

2.7Ta (0.9 at.%) and 8.4Ta (2.8 at.%), enabling the study of monolayers and alternating 

VOy/V0.916Ta0.084Oy multilayers with Ta/V ratios of 1, 3, and 5. Oxygen injection times 

of 0, 4, and 8 s were also investigated. 

Monolayer films exhibited superior optical performance, whereas multilayers allowed the 

preparation of films with different Ta concentrations by using purely metallic targets. 

Increasing the oxygen injection time resulted in a systematic reduction of the transition 

temperature. The thermochromic behavior of the samples showed that higher Ta contents 

decrease Tc without significantly compromising luminous transmittance, solar 

modulation capacity, or infrared solar modulation capacity, while slightly narrowing the 

hysteresis, a desirable feature for switching applications. 

The best-performing monolayer in this study (2.7Ta_8) achieved Tc = 49.9 °C (44.9 °C 

average), Tlum ≈ 50 %, ΔTsol = 4.4 %, and ΔTIR = 9.4 %. The best multilayer (5Ta_8) 



exhibited Tc = 51 °C (45.8 °C average), Tlum = 47.3 %, ΔTsol = 4.3 %, and ΔTIR = 8.2 %. 

Tc reductions of up to 16 °C relative to undoped VO2 were observed. 

Although W doping produces a larger Tc decrease, Ta-doped films preserve optical 

properties close to those of undoped VO2 counterparts, highlighting Ta as a promising 

alternative for tuning the thermochromic response of VO2-based in smart-window 

applications. 
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