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Abstract 

Vanadium dioxide (VO2) is a phase transition material with significant potential 

for applications in electrical and optical devices, owing to its remarkable 

properties such as a sharp change in resistivity and infrared transmittance during 

the phase transition. Lowering the transition temperature (Tc) while maintaining 

a high transition amplitude is crucial to many applications; however, 

conventional doping elements often compromise its transition amplitude. 

Recent simulations suggest that chalcogen doping, particularly with sulphur, 

could effectively tune Tc without diminishing the transition performance. 

Sulphur doping, however, poses challenges due to the tendency of sulphur to 

react with oxygen during VO2’s high-temperature deposition process, forming 

volatile sulphur oxides that are lost in the vacuum system. This study introduces 

a novel sulphur doping approach for VO2 by using pulsed-laser deposition 

(PLD) from a V2S3 target. By varying the laser repetition rate, sulphur 

incorporation was precisely controlled without inducing significant defects. 

Sulphur doping reduced Tc by up to 44.3 °C/at.%, one of the most efficient 

reductions reported. However, higher sulphur concentrations led to reduced 
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electrical and optical contrast, attributed to grain boundary strain and 

disorientation. Lower laser repetition rates facilitated uniform grain growth, 

sharpening phase transitions and narrowing hysteresis widths. This study 

underscores the importance of deposition parameters in optimising VO2 

properties and demonstrates the potential of PLD-based strategies for 

incorporating reactive elements into metal oxides. Future research should 

further investigate the distinct mechanisms of sulphur doping to refine material 

properties for advanced applications. 

Keywords: vanadium dioxide; pulsed-laser deposition; doping; semiconductor to 

metal transition; sulphur; thin films 

1 Introduction 

Vanadium dioxide (VO2), as a typical phase transition material, has attracted significant 

attention over the past decades owing to its relatively low phase transition temperature 

(Tc, ~68 °C) [1]–[6]. When heated above Tc, VO2 undergoes a structural change from a 

monoclinic semiconducting phase to a rutile metallic phase [7]. This phase transition is 

accompanied by a sharp drop in resistivity, typically by 3 to 4 orders of magnitude 

(OOM), depending on the VO2 quality [8]. In addition, the infrared transmittance of 

VO2 also decreases significantly, by about 50% [9]. Owing to these unique properties, 

VO2 has been widely applied in various fields [10]. In particular, VO2 thin films are 

extensively used in applications such as electrical switches [4], smart windows [11]–

[13], passive radiators [14]–[18], and memory devices [19], owing to their compatibility 

with diverse electrical and optical devices [20]. 

In addition to the electrical and optical changes during the phase transition, the transition 

temperature Tc is also critical to these applications [21]–[23]. Ideally, Tc should be 

adjustable while maintaining a high electrical and optical contrast [24], [25]. Various 

methods have been developed to tune Tc in VO2, including element doping [26], [27], 

strain engineering [28], [29], oxygen vacancy control [28], electric field stimulation 

[30], and ion implantation [31], [32]. However, these methods often lead to a reduction 

in electrical or optical contrast [24], [25]. Among these techniques is element doping, 

which is the most widely studied and convenient approach [28], [33]. Substitutional 

electron doping with high-valence elements such as W6+, Mo6+, and Nb5+ has been 

shown to effectively reduce Tc. For example, W doping decreases Tc by approximately 

20–28 K/at.% [34]–[40]. Conversely, substitutional hole doping using low-valence 

elements such as Mg2+, Al3+ and Cr3+ reduces Tc less effectively and, in some cases, 

even increases it, depending on the VO2 synthesis conditions and doping levels [41], 

[42]. For instance, Mg doping reduces Tc by only 2–3 K/at.% [43], [44], while Cr doping 

can increase Tc by about 1 K/at.% [45]. Neutral substitutional doping with elements such 

as Ti4+ typically increases Tc by 0.5–4 K/at.% [46], [47], although its impact diminishes 

at higher doping concentrations, such as 20 at.% [48]. On the other hand, insertional 

doping with small atoms such as boron has shown the most efficient reduction in Tc, 

with a decrease of 31.5 K/at.% [49]. 
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A recent study using density functional theory (DFT) simulations systematically 

explained how element doping modifies Tc of VO2 while reducing the performance of 

the phase transition [25]. For example, doping VO2 with 2.5 at.% W can lower Tc to 

room temperature because of dopant-induced lattice distortions. However, the electrical 

contrast drops to less than two OOM because of the additional charge carriers 

introduced by the W dopants [25], [50]. More recently, sulphur has been identified as a 

promising dopant for VO2 owing to its zero net charge transfer with the host material 

[24], [25]. According to DFT calculations, substituting oxygen with sulphur can reduce 

Tc by approximately 35 K/at.% without significantly affecting the optical contrast [24], 

[25]. Experimentally achieving S doping in VO2 is therefore critical to realising these 

advantages. 

However, sulphur reacts easily with oxygen during the high-temperature deposition 

process of VO2 (typically approximately 500 °C [51]), and forms volatile sulphur oxides 

that are pumped out of the vacuum system. Consequently, it is challenging to dope such 

an active and gas-producing element in the deposition process of VO2. Despite these 

challenges, some success has been achieved with alternative doping approaches. For 

example, Wan et al. [52] successfully doped VO2 with nitrogen by annealing VO2 films 

in an NH3 atmosphere, but this approach cannot be directly applied to sulphur owing to 

the safety and toxicity concerns associated with H2S gas. Another approach, proposed 

by Chouteau et al. [53], used a VN ceramic target and reduced oxygen pressure during 

PLD to achieve N doping. However, this method introduces additional effects, such as 

oxygen vacancies, which also influence Tc [54]–[56]. A more effective and direct 

method to dope VO2 with elements that are highly reactive with oxygen and produce 

gaseous byproducts, without introducing additional factors that affect Tc, is therefore 

highly desirable. 

In this study, we propose a novel method for doping oxygen-reactive and gas-producing 

elements such as sulphur into metal oxides by using PLD. By using a V2S3 ceramic 

target and varying the laser repetition rate from 2 to 10 Hz, we demonstrate that a small 

amount of sulphur can be incorporated into VO2 films. To rule out the influence of 

repetition rate on Tc, both pure and S-doped VO2 samples deposited at different 

repetition rates were systematically compared with regard to structure, chemical 

composition, morphology and phase transition properties. The results show that sulphur 

doping effectively lowers Tc, but at the cost of a reduction in electrical and optical 

contrast depending on the doping concentration. 

2 Experimental Details 

Pure and S-doped VO2 samples were deposited by using PLD with V and V2S3 targets, 

respectively. A KrF excimer laser (248 nm wavelength) was employed with a fluence 

of 2 J·cm-2 and a spot size of 6 mm2. Before deposition, the chamber was evacuated to 

a base pressure of 10-6 torr. The substrates used were SiO2/Si (1 × 1 cm2), with a SiO2 

layer thickness of approximately 1 μm and a Si substrate thickness of 0.5 mm. During 
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deposition, the substrate temperature was maintained at 500 °C, and the oxygen pressure 

was controlled at 15 m torr by a gas flow rate of 5 SCCM. To prepare 150-nm thick 

pure VO2 films, three values of laser repetition rate were chosen, namely, 2 Hz, 6 Hz 

and 10 Hz, yielding samples denoted as V-2 Hz, V-6 Hz and V-10 Hz, respectively. 

Similarly, S-doped VO2 samples (VS-2 Hz, VS-6 Hz and VS-10 Hz) were deposited 

under the same conditions by using V2S3 targets. 

Deposition rates were determined by conducting test depositions on Si substrates under 

identical conditions. The film thicknesses were measured using cross-sectional scanning 

electron microscopy (SEM), and deposition rates were calculated based on the number 

of laser pulses and the measured thickness. The structural properties of the pure and S-

doped VO2 samples were analysed using grazing-incidence X-ray diffraction (GIXRD). 

The chemical compositions and valence states were investigated using X-ray 

photoelectron spectroscopy (XPS) with a Cr Kα radiation source (hν = 5414.8 eV) on a 

PHI Quantes system. The precise sulphur concentration in the doped VO2 films was 

measured using Rutherford backscattering spectrometry (RBS). To investigate the 

effects of S doping on the thin film morphology, SEM images were obtained after 

depositing a thin gold layer (~a few nanometres) on the samples. The temperature-

dependent sheet resistance was measured using a four-point probe station. Reflectance 

measurements for the pure and S-doped VO2 films on SiO2/Si substrates were performed 

with Fourier transform infrared spectroscopy (FTIR) , as the sample temperature was 

varied from −5 °C to 100 °C. 

3 Results and Discussion 

3.1 Structural and Crystallographic Properties 

Figure 1 shows the XRD results of the 150 nm pure and S-doped VO2 samples deposited 

at various laser repetition rates. The GIXRD spectrum for the pure and S-doped VO2 

samples are displayed in Figure 1(a). All six samples exhibit the typical M1 phase VO2 

pattern (JCPDS 72-0514) [57], with the (011) orientation as the dominant peak. Notably, 

despite using a V2S3 target with a high sulphur content for the deposition of the S-doped 

samples, no peaks corresponding to V2S3 are observed. This indicates that only the M1 

phase VO2 was obtained. This suggests that most of the sulphur was consumed by the 

oxygen-rich atmosphere during the high-temperature deposition process. 
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The magnified and Gaussian-fitted (011) peak spectra are shown in Figure 1(b). For the 

pure VO2 samples, the (011) peak positions remain relatively unchanged, ranging from 

27.97° to 27.95° as the laser repetition rate increases from 2 Hz to 10 Hz. However, a 

slight rightward shift compared to bulk VO2 at 27.877° is observed, likely due to defects 

in the thin films, such as grain boundaries and vacancies, which cause local distortions 

in the lattice structure [58]. This indicates that the laser repetition rate has minimal 

influence on the lattice parameters of the pure VO2 samples. Conversely, the (011) peak 

positions of the S-doped VO2 samples show more significant variation with increasing 

Figure 1: GIXRD spectra of (a) pure and S-doped VO2 films deposited on 

SiO2/Si substrates at laser repetition rates of 2, 6 and 10 Hz, (b) magnified view 

of the (011) peak for both pure and S-doped VO2 films, with circles representing 

experimental XRD data and lines showing Gaussian peak fitting results 
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laser repetition rates, shifting from 27.89° to 27.79°. The decrease in the Bragg angle 

suggests an expansion of the lattice parameters in the S-doped samples [59]. This 

expansion can be attributed to sulphur atoms (atomic radius ~100 pm) replacing oxygen 

atoms (~73 pm) in the lattice. Since sulphur is significantly larger than oxygen and still 

considerably smaller than vanadium (~134 pm), its substitution leads to an increase in 

the V–S bond length compared to V–O, thereby expanding the lattice. Among the S-

doped samples, the VS-10 Hz sample exhibits the largest lattice expansion, likely 

because higher laser repetition rates allow for more sulphur to be retained in the films, 

as less sulphur is consumed by the ambient oxygen. 

3.2 Chemical Composition and Surface Morphology 

The XPS deconvolution results of the V 2p3/2 peak for the pure and S-doped VO2 

samples are shown in Figures 2(a) to 2(c) and 2(d) to 2(f), respectively. All samples 

exhibit mixed valence states of V5+ and V4+, with a significant proportion of V4+, which 

indicates good stoichiometry of VO2. The presence of V5+ is commonly observed in 

VO2 thin films due to surface oxidation in air [60]. In addition, the variation in the V5+/ 

V4+ ratio reflects the oxidation state of the VO2 film. For example, the V-2 Hz sample 

exhibits the highest V5+ ratio (31%) among the pure VO2 samples. As the laser repetition 

rate increases, the V5+ ratio decreases, reaching 25% for the V-10 Hz sample. 

A similar trend is observed in the S-doped samples: the V5+ ratio decreases from 36% 

for the VS-2 Hz sample to 25% for the VS-10Hz sample. At lower laser repetition rates, 

the longer interval between pulses can enhance surface diffusion and allow more time 

for oxidation reactions to occur at the substrate, which contribute to a slightly higher 

V5+ proportion. Interestingly, the S-doped VO2 samples show a higher V5+ ratio at lower 

repetition rates compared to the pure VO2 samples. For instance, the V5+ ratios for the 

VS-2 Hz and V-2 Hz samples are 36% and 31%, respectively. This difference becomes 

less pronounced at 6 Hz and disappears entirely at 10 Hz, where both V-10 Hz and 

VS‑10 Hz samples exhibit identical V5+ ratios of 25%. This discrepancy likely arises 

from the differing doping mechanisms of S at various laser repetition rates. It is possible 

that lower repetition rates promote substitutional doping with V or O, while higher rates 

favour interstitial incorporation. This assumption will be further discussed in relation to 

transition performance and relevant simulation results [24]. 

To determine the sulphur concentration in the S-doped VO2 films, RBS analysis was 

performed on all S-doped VO2 samples deposited on SiO2/Si substrates. The 

stoichiometries of the VS-2 Hz, VS-6 Hz and VS-10 Hz samples were determined to be 

V0.32O0.6765S0.0025Ar0.001, V0.34O0.6545S0.004Ar0.0015, and V0.335O0.6585S0.005Ar0.0015, 

respectively. Although it is unclear whether sulphur substitutes vanadium or oxygen, 

the doping concentration χ was calculated using the formula: 

𝜒 =
𝐶𝐷

𝐶𝑉+𝐶𝐷
 (1) 
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where CD and CV represent the atomic concentrations of sulphur and vanadium, 

respectively. 

Based on this calculation, the sulphur doping concentrations for the VS-2 Hz, VS-6 Hz 

and VS-10Hz samples are 0.8, 1.2 and 1.5 at.%, respectively. The argon concentrations 

in these samples are approximately 0.3, 0.4 and 0.4 at.%, likely originating from 

contamination in the V2S3 target during fabrication. Given argon’s inert nature and low 

concentration (< 0.5 at.%), it is unlikely to affect the transition properties of the VO2 

films. The gradual increase in sulphur concentration from 0.8 to 1.5 at.% with higher 

laser repetition rates confirms that more sulphur atoms from the V2S3 target are 

incorporated into the VO2 films during PLD. 

Figure 2: Deconvoluted results of V 2P3/2 peak of pure VO2 samples deposited 

with laser repetition rate of (a) 2, (b) 6, and (c)10 Hz, and S-doped VO2 samples 

deposited at (d) 2, (e) 6, and (f) 10 Hz, respectively. The ratio of V valence state 

(V4+ and V5+) in (g) pure VO2 samples and (h) S-doped VO2 samples deposited 

with different laser repetition rates. (i) The S concentration in the S-doped 

samples with respect to the corresponding laser repetition rate determined by 

Rutherford backscattering spectrometry 



Xiang et al. 

8 

The surface morphology of pure and S-doped VO2 samples prepared at various laser 

repetition rates is shown in Figure 3, with their respective grain size distributions 

illustrated in the inset. Among the pure VO2 samples, the V-2Hz sample exhibits the 

largest grain size, approximately 94 nm, which gradually decreases to ~82 nm for the 

V-10 Hz sample. This reduction in average grain size can be attributed to two possible 

factors. First, at lower repetition rates, the longer interval between laser pulses allows 

more time for atomic diffusion and rearrangement in the film, facilitating the growth of 

larger grains. Second, according to the Movchan-Demchishin structural zone model, the 

growth mechanism for VO2 is predominantly surface diffusion [61]. XPS analysis 

reveals that the V-2 Hz sample contains a higher proportion of V5+, which indicates an 

increased presence of V2nO5n−2 Wadsley phases [62]. These phases have lower melting 

points compared to VO2, and their dominant growth mechanism is bulk diffusion [63]. 

Consequently, during the coalescence step, selective orientation becomes more 

pronounced, driven by a reduction in total grain boundary area and minimisation of 

surface and interface energies [64]. This results in the formation of larger grains with 

lower surface and interface energies, as observed in the V-2 Hz sample. In contrast, the 

impact of repetition rate on grain size is less pronounced for the S-doped samples. For 

example, the VS-2 Hz (~98 nm) and VS-6 Hz (~97 nm) samples exhibit similar grain 

sizes. This suggests that sulphur dopants may act as additional nucleation centres during 

film growth, mitigating the influence of Wadsley phases on the grain size of VO2. 

However, a relatively smaller grain size (~82 nm) is also observed for the VS-10 Hz 

sample, similar to the V-10 Hz sample. 

Figure 3: Surface SEM images and grain size distributions of (a) to (c) pure VO2 

samples deposited at laser repetition rates of 2 Hz, 6 Hz and 10 Hz, respectively, 

and (d) to (f) S-doped VO2 samples deposited at 2 Hz, 6 Hz and 10 Hz, 

respectively 
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3.3 Electrical and Optical Transition Performance 

The temperature-dependent sheet resistance of the pure and S-doped VO2 films is shown 

in Figures 4(a) and 4(b), and their corresponding transition properties are summarised 

in Table 1. For the pure VO2 samples, the transition temperatures (Tc1) remain 

unaffected by variations in laser repetition rates. Interestingly, the electrical contrast 

(ΔA) exhibits a noticeable improvement as the laser repetition rate decreases. 

Specifically, as the repetition rate is reduced from 10 Hz to 2 Hz, ΔA increases from 3.1 

to 3.6 OOM. This enhancement in electrical transition performance can be attributed to 

the larger grain size of VO2 films deposited at lower repetition rates, as observed in the 

SEM results. Smaller grain sizes result in increased grain boundary density, where the 

VO2 films near the grain boundaries are more disoriented and strained [65]. 

Figure 4: Temperature-dependent sheet resistance results for (a) pure VO2 

samples deposited at laser repetition rates of 2 Hz, 6 Hz and 10 Hz, and (b) a 

comparison of pure (V-2 Hz) and S-doped VO2 samples (VS-2 Hz, VS-6 Hz and 

VS-10 Hz). Temperature-dependent reflectance at 3.4 μm for (c) pure VO2 

samples deposited at 2 Hz, 6 Hz and 10 Hz, and (d) a comparison of pure 

(V‑2 Hz) and S-doped VO2 samples (VS-2 Hz, VS-6 Hz and VS-10 Hz). Solid 

lines and dashed lines correspond to heating and cooling branches, respectively 
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Consequently, the phase transition behaviour of VO2 in these regions deviates from that 

of the bulk, leading to a reduction in transition amplitude for films with smaller grains 

[66]. As shown in Figure 4(b), switching the target material from V to V2S3 while 

maintaining all other deposition parameters results in an 8 °C reduction in Tc1 for the 

VS-2 Hz sample compared to the V-2 Hz sample. This reduction in Tc1 is attributed to 

S doping, with a concentration determined to be 0.8 at.% via RBS. At higher laser 

repetition rates, Tc1 decreases further, from 54 °C to room temperature (23 °C), as 

increased repetition rates preserve and incorporate more S into the VO2 films. However, 

the electrical contrast decreases from 2.7 to 1.3 OOM as the S concentration rises from 

0.8 at.% (VS-2 Hz) to 1.5 at.% (VS-10 Hz). Regarding optical properties, the pure VO2 

samples also show an improvement in reflectance change (ΔR) with decreasing laser 

repetition rates, exhibiting a similar trend to the electrical properties. However, as the S 

concentration increases from 0.8 at.% to 1.5 at.% for the VS-2 Hz and VS-10 Hz 

samples, ΔR decreases significantly from 65% to 32%. 

Table 1: Electrical and optical transition properties for pure and S-doped VO2 samples 

deposited at 2 Hz, 6 Hz and 10 Hz (electrical contrast (ΔA), optical contrast at 3.4 μm 

(ΔR), order of magnitude (OOM), electrical transition temperature (Tc1), optical 

transition temperature (Tc2), electrical hysteresis width (ΔH1), optical hysteresis width 

(ΔH2) 

Samples 
Electrical transition properties Optical transition properties 
ΔA Tc1 ΔH1 ΔR Tc2 ΔH2 
(OOM) (°C) (°C) (%) (°C) (°C) 

V-2 Hz 3.6 62 15 67 69 21 

V-6 Hz 3.3 61 13 65 71 18 

V-10 Hz 3.1 61 12 64 72 15 

VS-2 Hz 2.7 54 10 65 65 13 

VS-6 Hz 2.2 38 9 53 48 13 

VS-10 Hz 1.3 23 12 38 32 15 

 

The modulation of VO2 transition behaviour via doping is summarised in Figure 5, 

which illustrates how different doping levels affect both (a) electrical and (b) optical 

phase transition properties. Interestingly, the reduction in Tc1 is not proportional to the 

increase in S doping concentration. For doping levels below 0.8 at.%, Tc1 decreases by 

approximately 10.0 °C/at.%, while at higher doping levels, the reduction is nearly three 

times greater, reaching ~44.3 °C/at.%. The corresponding reduction rates for the optical 

transition temperature (Tc2) are lower, at ~5.0 °C/at.% for low S doping levels and 

~38.5 °C/at.% for higher levels. To the best of our knowledge, the rates of 44.3 °C and 

38.5 °C per at.% are among the most efficient reported for lowering the transition 

temperature of VO2, surpassing the ~31.5 °C per at.% achieved with boron doping [49]. 

This two-stage behaviour in the reduction of Tc1 and Tc2 may result from a mixed doping 

mechanism for S in VO2. For low doping levels (~0.8 at.%), as seen in the VS-2 Hz 
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sample, the optical contrast remains largely unaffected, with Tc2 decreasing at 

~5 °C/at.%. This aligns with our simulation results for V- or O-substitutional doping 

previously reported [24], where optical contrast is minimally affected, but the transition 

temperature is reduced. At higher doping levels, as in the VS-10 Hz sample, the optical 

contrast decreases to approximately 56% of that of pure VO2, consistent with 

simulations of interstitial doping [24]. These simulations predict a reduction of 

~75 °C/at.% in transition temperature, with optical contrast reduced to approximately 

54% of the value for pure VO2. Based on the agreement between our experimental 

results and these simulations, we infer that low-level S doping (~0.8 at.%) is dominated 

by V- or O-substitutional mechanisms, while interstitial doping becomes predominant 

at higher concentrations. 

 

In addition to transition temperatures and electrical/optical contrast, the hysteresis width 

is also crucial to evaluating VO2 transition performance [67]. As presented in Table 1, 

the optical hysteresis width ΔH2 is consistently 3–6 °C wider than the electrical 

hysteresis width ΔH1. This can be attributed to percolation effects in the electrical 

transition, where resistance depends on the percolation threshold of metallic domains, 

resulting in a sharper transition compared to the gradual optical evolution of mixed-

phase domains [68]. Furthermore, the VS-2 Hz and VS-6 Hz samples exhibit narrower 

hysteresis widths compared to their pure VO2 counterparts at the same repetition rates 

for both electrical and optical transitions. This can be explained by the substitution of 

vanadium or oxygen with sulphur during doping, which slightly increases the grain size 

by reducing defects or strain at grain boundaries. A similar effect has been observed 

with low concentrations of Gd doping (~ 1.1 at.%), where the dopants increased the 

grain size of VO2 [69]. Conversely, at higher repetition rates, where interstitial doping 

dominates, the S dopants act as nucleation centres during film growth, resulting in 

Figure 5: Transition temperature and corresponding phase transition 

performance of VO2 at various S doping levels, with regard to (a) electrical and 

(b) optical properties 
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smaller grain sizes for the VS-10 Hz sample [70]. Consequently, higher hysteresis 

widths are observed for both electrical and optical transitions, due to increased 

disorientation and strain near grain boundaries [71]. 

4 Conclusions 

This study presents a novel sulphur doping strategy for VO2 thin films using PLD with 

a V2S3 target. By varying the laser repetition rate, we achieved controlled sulphur 

incorporation into VO2 films, demonstrating the feasibility of doping reactive elements 

without introducing excessive defects. Structural and compositional analyses confirmed 

sulphur incorporation, with the observed trends aligning with previous simulation 

results suggesting substitutional doping at low concentrations and interstitial doping at 

higher concentrations. 

Sulphur doping significantly reduced the phase transition temperature of VO2, with 

reductions of up to 44.3 °C/at.% for electrical transitions – among the most efficient 

reported for VO2 dopants. However, higher sulphur concentrations led to decreased 

electrical and optical contrast, attributed to increased grain boundary strain and 

disorientation. Lower laser repetition rates promoted uniform grain growth, improving 

phase transition sharpness and narrowing hysteresis widths. These findings emphasise 

the critical role of deposition conditions in tailoring the phase transition properties of 

VO2. 

This study underscores the potential of PLD-based doping strategies for VO2 and other 

metal oxides to incorporate elements that readily react with oxygen and produce gaseous 

byproducts during deposition of VO2 and other metal oxides. Future research should 

focus on understanding the distinct doping mechanisms at low and high sulphur 

concentrations to further optimise the material’s properties for advanced applications. 
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