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Abstract: To solve the contradiction between the low phase transition threshold and the infrared switching efficiency (r)
of VO2, a VO2/W-TiO2 n-n heterojunction was fabricated on the K9 glass substrate with the magnetron sputtering. The
effects of W doping for TiO2 layer on the heterojunction phase transition performance were investigated. An appropriate W

doping increases the carrier concentration (n) and its mobility (µ), thereby reducing both the thermotropic phase transition
threshold (Tc) and the laser-induced phase transition threshold (Pc) of the heterojunction. The heterojunction doped 1.37
at%W exhibits the optimal comprehensive performance. The r of the heterojunction is up to 56.8%, the Tc decreases to
54.3 ◦C, and the Pc to 51.8 W/cm2.
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1. Introduction

VO2 is a typical phase-transition metal oxide [1] that exhibits a reversible phase transition under the external stimuli

such as heat [1], electricity [2], and light [3], and has been widely investigated in the fields of materials science [4], physics

[5], and electronics [6]. Below the phase transition threshold, VO2 is in the monoclinic phase (M-phase), exhibiting the

insulator or semiconductor properties, including a high resistivity, a high visible and an infrared transmittance, and a low

reflectivity. Above the phase transition threshold, VO2 transitions to the rutile phase (R-phase), exhibiting the metallic

properties, including a low resistivity, a low infrared transmittance, and a high reflectivity [7]. This phenomenon is known

as the Insulator-to-Metal Transition (IMT) [8].

Despite the promising application prospects of VO2 film in many fields such as the smart windows and the infrared

detection [9], its high phase transition threshold still restricts its broader applications. In order to overcome this problem,

the researchers have explored various methods to modulate the phase transition threshold of VO2, such as the element

doping [10], the interfacial strain [11], and the carrier injection [12].

The elemental doping is one of the most effective and simplest strategies to modulate the phase transition threshold of

VO2 [13]. The high-valent metal ions doping such as W
6+, Mo6+ etc., typically reduces the phase transition threshold of

VO2 [14], while the low-valent metal ions doping such as Ca
2+, Mg2+ etc., may increase the phase transition threshold

[15]. However, generally the high-valent metal ions doping can inevitably degrade the optical properties of the VO2

film and reduce its infrared switching efficiency (r). Although the low-valent metal ions doping can improve the optical

Copyright ©2025 Weizheng Shi, et al.
DOI: https://doi.org/10.37256/jeee.4220257157
This is an open-access article distributed under a CC BY license
(Creative Commons Attribution 4.0 International License)
https://creativecommons.org/licenses/by/4.0/

Volume 4 Issue 2|2025| 595 Journal of Electronics and Electrical Engineering

https://ojs.wiserpub.com/index.php/JEEE
https://ojs.wiserpub.com/index.php/JEEE
https://www.wiserpub.com/
https://orcid.org/0000-0002-1479-6762
mailto:jchliu@tiangong.edu.cn
https://doi.org/10.37256/jeee.4220257157
https://creativecommons.org/licenses/by/4.0/


properties and the r, it tends to increase the phase transition threshold. Hu et al. [16] reduced the thermotropic phase

transition temperature (T c) of VO2 to 28
◦C with W doping, but the infrared transmittance before the IMT (tM) decreased

by approximately 20%.

The lattice strain is another effective method to modulate the phase transition threshold of VO2 [17]. The lattice

mismatch between the substrate and the VO2 film induces an internal stress within the film. Specifically, the application

of tensile strain along the a- or b-axis or the compressive strain along the c-axis of the rutile phase decreases the phase

transition threshold. Choi et al. [17] deposited the VO2 films on various sapphire substrates and achieved the lowest T c of

53.5 ◦C on the m-plane of sapphire. However, this method is still limited by the substrate materials and the film thickness.

As the film thickness increases, the lattice strain gradually relaxes, weakening its effect on the modulation of the phase

transition threshold.

The carrier injection is also another effective method to modulate the phase transition threshold of VO2. The metal

nanoarrays or the metal interlayers embedded in the VO2 film provides extra free electrons, enhancing the conductivity

and reducing the phase transition threshold [18]. However, the addition of metallic components also reduces the optical

properties but provides a limited reduction of the phase transition threshold. Zhou et al. [12] embedded a periodic array of

Ag nanoparticles into the VO2 (M) film, reducing the T c of the film to 57.5 ◦C. However, the Ag nanoparticles not only

provided extra free electrons to the VO2 film, but also introduced additional light scattering and non-resonant absorption,

leading to a decrease of the transmittance.

Overall, each of these methods has certain limitations, although they can effectively decrease the phase transition

threshold of VO2 film. The reduction of the phase transition threshold is often accompanied by a decrease for both

the optical property and r. Therefore, it is crucial to develop a modulation method that can reduce the phase transition

threshold of the VO2 film while can maintain its optical property. To address this issue, the researchers have proposed the

heterojunction structures based on VO2 films [19]. Zhao et al. [19] fabricated the AZO layer on the VO2 layer to form an

n-AZO/n-VO2 heterojunction, successfully reduced the T c to 41.5
◦C, but also decreased the tM to 44.0%. This is because

the AZO layer provided additional free electrons to the VO2, which lowered its T c and infrared transmittance. However,

as an anti-reflection layer, the AZO matched the refractive index of the VO2 layer, thereby improved the visible light

transmittance of the heterojunction.

TiO2, a typical buffer layer, can enhance the transmittance of the insulator VO2 film across the visible and infrared

spectra through the interface strain [20]. Furthermore, as a wide-bandgap semiconductor, its free carriers concentration and

conductivity can be improved via a doping of high-valent elements, such as Nb etc. [21] , thus it can provide additional

carriers to the VO2 film through an ohmic contact [22]. Nb: TiO2 layer injected additional free electrons into the VO2

layer in the VO2/Nb: TiO2 junction, not only reduced the phase transition threshold, but also improved the optical property

of the VO2 film [23, 24]. However, the limited electron donation capacity of Nb5+ ions in the TiO2 lattice resulted in only

a modest reduction of the phase transition threshold in VO2.

As a high-valent metal element, W doping can more effectively introduce additional free electrons into the TiO2 film

than Nb or Mo. W has one more valence electron than Nb, and the same number of valence electrons as Mo. However,

the lower 5d orbital energy level of W compared with the that of 4d orbital of Nb or Mo drives the formation of strongly

ionic W–O bonds, promoting more electrons transfer to the TiO2 lattice fromW, showing a higher oxidation state for W

confirmed by Bader charge analysis. Concurrently, the ionic bonding significantly reduces the oxygen vacancy formation

energy, resulting in the formation of more oxygen vacancies and the release of more free electrons [25, 26]. Therefore,

W-doped TiO2 film will have a greater potential to modulate the phase transition threshold of VO2. Compared with the

direct W doping for VO2 film, the VO2/W-TiO2 heterojunction may not only effectively avoid the optical performance

degradation, but also may improve the crystallization quality of the upper VO2 layer via the TiO2 layer, thereby enhancing

its phase transition performance.

In this work, we constructed a VO2/W-TiO2 heterojunction via depositing a VO2 layer on the W-doped TiO2 layer

covering K9 glass with RF magnetron sputtering and post annealing, to address the long-standing contradiction between the

phase transition threshold and the optical property of VO2 film. The effects of W doping concentration in the TiO2 layer on

the optical properties, the electrical properties, and the phase transition threshold of the heterojunction were investigated.
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2. Experimental process

Fabrication: The W-doped TiO2 and VO2 layers were sequentially deposited on K9 glass with the high-purity V2O5

and TiO2 targets (99.99%, Nanchang Guocai Technology Co., Ltd.) via RF magnetron sputtering. The sputtering gas was

argon (Ar, 99.999%), and the reactive gas was oxygen (O2, 99.999%). W doping was performed through the placement of

W pieces of different sizes on the TiO2 target. For the TiO2 film deposition, the O2 and Ar flow rates were 4 sccm and 64

sccm, and the deposition thickness was 15 nm. For the V2O5 film deposition, the O2 and Ar flow rates were 1.5 sccm and

60 sccm, respectively, and the deposition thickness was 30 nm. The background vacuum was 9×10−4 Pa, the sputtering

pressure was 1 Pa, and the sputtering power was 200 W. The substrate temperature for the V2O5 film deposition was set to

500 ◦C, and the film thickness was controlled by the sputtering time. The V2O5/W-TiO2 film was annealed at 570 ◦C for

90 minutes in an Ar atmosphere, with a heating rate of 6 ◦C/min and a furnace cooling afterward. Finally, the VO2/W-TiO2

composite film, the heterojunction, was obtained.

Characterization: The chemical composition of the filmwas analyzedwith the EDAX spectrometer (EDAX, Crossbeam

550, Carl Zeiss). The phase component of the film was analyzed with the X-ray diffractometer (XRD, D8 Discover, Bruker

AXS). The surface morphology of the film was observed with the FIB microscope (FIB, Crossbeam 550, Carl Zeiss).

The thickness of the film was measured with the spectroscopic ellipsometer (COSE-D-VN-D-C-AF-MR-T, Syscos). The

electrical property of the film was measured with the Hall effect measurement system (ezHEMS, Nanomagnetics). The

transmittance spectrum of the film in the wavelength range of 350–2500 nm and the transmittance-temperature hysteresis

curve at 2500 nm were recorded with a UV-Vis-NIR spectrophotometer (UH4150, Hitachi). The laser-induced phase

transition performance of the film at a wavelength of 1993 nm was tested with a Tm: YAP solid-state laser [27].

3. Results and discussion

3.1 The W doping concentration of W-TiO2 layer

The EDS spectra for the W-TiO2 layer of the heterojunction are shown in Figure 1. The W doping concentration was

analyzed through the EDS spectra, and the weight percentage (wt%) of W6⁺ doped in TiO2 was converted to the atomic

percentage (at%) with the Formula (1).

at%i =

wt%i
Mi

∑ j
wt% j

M j

×100 (1)

WhereM is the atomic mass of the element. The W doping concentrations were calculated as 1.01 at%, 1.37 at%,

1.66 at%, 2.05 at%, and 2.46 at%.

3.2 The effect of W doping concentration on the phase crystal structures of the VO2/W-TiO2 n-n

heterojunction

The effect of W doping concentration on the phase crystal structures of the heterojunction is shown in Figure 2. The

diffraction peaks corresponding to TiO2 and VO2 crystals appear at 2θ = 25.3◦ and 27.8◦, respectively. Compared with

the PDF cards 21-1272# for the TiO2 anatase phase and 43-1051# for the VO2 monoclinic phase, these peaks correspond

to the TiO2 (101) and the VO2 (011) crystal planes, respectively.

The absence of any additional peak in the pattern indicates the high purity of the prepared film. After a careful

observation, we can notice that as the W doping concentration increases, the diffraction peak of the TiO2 (101) crystal plane

shifts to the right a little. This is because the incorporation of W6⁺ enhances the covalency of W-O bonds and shortens

them through the hybridization with O2p orbitals, leading to a reduction of the interplanar spacing. Meanwhile, the charge

compensation through the oxygen vacancy formation during W6⁺ doping can induce local lattice contraction, which further
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shortens the W-O bonds. In addition, the ionic radius of W6+ is 0.60 Å, which is slightly smaller than that of Ti4+ (0.605 Å)

[28, 29].

Figure 1. The EDS spectra for the W-TiO2 layer of the heterojunction: (a) 1.01 at%; (b) 1.37 at%; (c) 1.66 at%; (d) 2.05 at%; (e) 2.46 at%

Figure 2. The XRD patterns of the VO2/W-TiO2 heterojunctions
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The displacement of the peak positions is strongly correlated with the change of the interplanar spacing. According to

the Bragg’s formula, 2d sinθ = nλ , where d is the interplanar spacing, θ is the diffraction angle, n is the diffraction order,

and λ is the X-ray wavelength. It can be seen that the W doping leads to a decrease in the interplanar spacing of TiO2, and

the diffraction peak shifts to the right slightly.

The diffraction peak of the VO2 (011) shows no significant shift, because the VO2 (R) crystal tends to grow

preferentially along the (110) crystal plane, which has a lower surface energy, during the growth process. During

the annealing process, the VO2 nanoparticles undergo surface migration, allowing some VO2 lattices to break free from

the constraint of the underlying TiO2. They preferentially grow along the direction that minimizes the sum of the surface

energy, the interface energy, and the strain energy, which is the VO2(R) (110) crystal plane. After being cooled to room

temperature, it transforms into the VO2(M ) (011) crystal plane.

The grain sizes D for both the TiO2 and the VO2 layers were calculated according to the Scherrer formula: D =

kλ/β cosθ (where k is the Scherrer constant (0.89), and β is the full width at half maximum of the diffraction peak). The

characteristic parameters of the diffraction peaks and the grain sizes for the VO2/W-TiO2 heterojunction are listed in Table

1.

Table 1. The characteristic parameters of the diffraction peaks and grain sizes of the VO2/W-TiO2 heterojunctions

W doping (at%)
TiO2 VO2

β (◦) 2θ (◦) D (nm) β (◦) 2θ (◦) D (nm)

0 0.155 25.27 51.92 0.243 27.79 33.41

1.01 0.158 25.27 50.94 0.241 27.80 33.57

1.37 0.160 25.28 50.30 0.222 27.80 36.44

1.66 0.162 25.29 49.68 0.238 27.81 33.99

2.05 0.168 25.30 47.91 0.245 27.81 33.02

2.46 0.180 25.31 44.71 0.246 27.81 32.89

3.3 The effect of W doping concentration on the surface morphology of the VO2/W-TiO2 n-n

heterojunction

The effect of W doping concentration on the surface morphology of the VO2/W-TiO2 heterojunction is shown in

Figure 3.

Figure 3. The effect of W doping concentration on the surface morphology of the VO2/W-TiO2 n-n heterojunction: (a) 0 at%; (b) 1.01 at%; (c) 1.37 at%;
(d) 1.66 at%; (e) 2.05 at%; (f) 2.46 at%
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When the W doping concentration is 0, the VO2 particles are relatively large, and their irregular shapes lead to a

loosely packed arrangement with noticeable gaps and some holes, as shown in Figure 3a. As the W doping concentration

increases to 1.01 at%, the VO2 particles become more compact, the gaps gradually decrease, but some cracks still remain

in the film, as shown in Figure 3b. When the W doping concentration further increases to 1.37 at%, the film presents a

uniform particle distribution and a smooth surface as shown in Figure 3c. That is, the film is rather uniform and compact.

However, with the excessive W doping, the surface of the VO2 film becomes uneven and increasingly rough, and the

strong agglomeration occurs, please see Figure 3d to f.

3.4 The effect of W doping concentration on the electrical properties of the VO2/W-TiO2 n-n

heterojunction

The effect of W doping concentration on the electrical properties of the VO2/W-TiO2 heterojunction is shown in

Figure 4. As the W doping concentration increases, the carrier concentration (n) rises from 2.5 × 1019 cm−3 to 2.2 × 1021

cm−3, increasing by about two orders of magnitude. This phenomenon is attributed to the introduction of a large number

of additional free electrons with W doping. The n gradient at the heterojunction interface drives electrons to migrate from

the W-TiO2 layer to the VO2 layer, significantly increasing the n of the VO2 layer.

Figure 4. The effect of W doping concentration on the electrical properties of the VO2/W-TiO2 n-n heterojunction

The carrier mobility (µ) first increases and then decreases, with a relatively minor variation compared with the n,

which increases from 0.212 cm2·v−1·s−1 to 0.255 cm2·v−1·s−1, and then decreases to 0.191 cm2·v−1·s−1. When the W

doping concentration is 1.37 at%, the µ reaches its maximum value. This is attributed to the largest grain size, and the

densest surface of the film, both of which effectively reduce the carrier scattering of the heterojunction. As the W doping

concentration continues to increase, the µ gradually decreases. This is because that the excessive W doping increases the

grain boundaries of the TiO2 layer, making the film surface rougher and generating more defects and scattering centers,

ultimately restricting the free movement of carriers [30].

According to the formula ρ = 1/nqµ (where q is the charge of the carriers, 1.6 × 10−19 C), the resistivity (ρ) first

decreases and then increases, and finally stabilizes. The n at 0 at% W doping is two orders of magnitude lower than that at

other doping levels, resulting in a two-order-magnitude difference of ρ, which decreases from a maximum value of 1.18

Ω·cm to a minimum value of 1.44 ×10−2 Ω·cm. This significant change indicates that W doping can effectively improve

the conductivity of the TiO2 layer, thereby enhancing the conductivity of the VO2/W-TiO2 heterojunction.
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3.5 The effect of W doping concentration on the phase transition performance of the VO2/W-TiO2

n-n heterojunction

The effect of W doping concentration on the thermotropic phase transition performance of the VO2/W-TiO2

heterojunction is shown in Figure 5. As shown in Figure 5a, all the transmittance spectra for theVO2/W-TiO2 heterojunctions

in the wavelength range of 350-2,500 nm show a distinct IMT characteristic. As the W doping concentration increases,

the transmittance of the heterojunction at 2,500 nm gradually decreases before the phase transition, and the decreasing

amplitude gradually increases, as shown by the blue polyline in Figure 5d.

Figure 5. The effect ofW doping concentration on the thermotropic phase transition performance of the VO2/W-TiO2 heterojunction: (a) The transmittance
spectra of the VO2/W-TiO2 heterojunction in the wavelength range of 350-2,500 nm. (b) The hysteresis curves of the transmittance at 2,500 nm of the
VO2/W-TiO2 heterojunction during heating and cooling processes. (c) The first-order derivative curves of the hysteresis curves in Figure 5b. (d) The
effect of W doping concentration on the T c and tM of the VO2/W-TiO2 heterojunction

The hysteresis curve and its first-order derivative curve at 2,500 nm for the heterojunction are shown in Figures 5b

and 5c, respectively, and the phase transition performance parameters are summarized in Table 2.

Table 2. The thermotropic phase transition performance parameters of the VO2/W-TiO2 n-n heterojunction

W doping (at%) T c (℃) ∆T (℃) tM (%) tR (%) r (%) tvis-max (%)

0 67.9 12.0 79.9 37.1 53.6 51.5

1.01 58.9 11.8 79.3 36.1 54.5 53.5

1.37 54.3 10.8 78.7 34.0 56.8 56.2

1.66 58.4 10.5 76.3 32.1 57.9 54.0

2.05 58.1 9.8 74.0 30.7 58.5 52.6

2.46 57.9 9.5 66.3 29.0 56.3 50.2
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VO2 film exhibits a pronounced thermal hysteresis during the phase transition, in which two distinct transition

thresholds are observed during the heating and cooling processes, respectively, forming a characteristic hysteresis loop.

Therefore, to more accurately characterize the phase transition behavior, the T c in this work is defined as the midpoint

between the minimum points of the curves during heating and cooling, as shown in Formula (2). And the positions for T c

were marked with the straight lines in Figure 5b, respectively.

Tc =
Theat +Tcool

2
(2)

The results indicate that as the W doping concentration rises from 0 to 1.37 at%, the T c significantly decreases from

67.9℃ to 54.3℃. As theW doping concentration continues to increase, the T c instead rises and stabilizes at approximately

58◦C. When the W doping concentration reaches 1.37 at%, the heterojunction exhibits the lowest T c, as shown by the red

polyline in Figure 5d.

When the W doping concentration increases from 0 to 1.37 at%, both the tM and the infrared transmittance after the

phase transition (tR) slightly decrease. The value of r, calculated as r = (tM − tR)/tM, increases from 53.6% to 56.8%, with

a corresponding increase of 3.2%. The width of the hysteresis curve (∆ T ) is 10.8 ℃. With a further increase of the W

doping concentration, both the tM and the tR exhibit a significant decrease, the r first rises to a peak value of 58.5% and

then declines, while the tM stabilizes at around 58 ℃.

In Figure 5a, the solid lines represent the curves of the heterojunction before the phase transition, and the dashed lines

represent the curves after the phase transition; in Figures 5b and 5c, the solid and dashed lines correspond to the heating

and cooling processes, respectively.

In particular, when the W doping concentration is 1.37 at%, the thermotropic phase transition performance of the

heterojunction is the best. The T c reaches its minimum value of 54.3 ℃, the maximum visible light transmittance (infrared

transmittance) reaches its highest value of 56.2%, the tM is 78.7%, and the r is 56.8%.

The effect of laser power density on the transmittance of the VO2/W-TiO2 heterojunction at 1,993 nm, along with

its first-order derivative curve, is shown in Figure 6. As the W doping concentration increases, the laser-induced and the

thermotropic phase transition performances of the heterojunction exhibit similar trends. It is worth noting that during

the laser-induced phase transition process, the hysteresis curve of VO2 is steeper. This implies that the response time

of the laser-induced phase transition is shorter, the phase transition is faster, more stable, and can be regarded as nearly

instantaneous.

In order to analyze the effect of W doping on the laser-induced phase transition of the heterojunction, the relevant

data from Figure 6 are summarized in Table 3. As the W doping concentration increases, the laser-induced phase transition

threshold (Pc) of the heterojunction first decreases, and then increases and remains relatively stable, which is similar to T c.

When the W doping concentration is 1.37 at%, the Pc reaches its lowest value of 51.8 W/cm2, the tM is 73.0%, and the r is

50.8%. Compared with the undoped heterojunction, the Pc decreased by 19.5 W/cm2, and the r increased by 2.5%.

To explain the above experimental results, the optical bandgap (Eg) of the heterojunction was calculated based on the

Tauc formula (3) and the absorption coefficient formula (4), based on the curves in the Figure 7:

αhv = A(hv−Eg)
2

(3)

α =−1
d

lnT (4)

Here, the α is the absorption coefficient, the d is the thickness of the heterojunction, the T is the transmittance, the

hv is the photon energy, the h is Planck’s constant, and the A is a constant. The optical bandgap (Eg) of the material is

determined by the intersection of the extrapolated linear region of the curve in the figure with the X-axis.

From the Figure 7, it can be observed that the optical bandgap can be divided into a high-energy bandgap Eg1 and

a low-energy bandgap Eg2, which correspond to the direct bandgap and the indirect bandgap of VO2, respectively [31].
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Based on the molecular orbital and crystal field theory model of VO2 proposed by Goodenough, as well as the subsequent

researches, the electronic transitions related to these bandgaps are further differentiated [32]. Among them, Eg1 dominates

the transmittance characteristic of the visible light range, while Eg2 is related to the IMT [33].

Figure 6. The effect of W doping concentration on the laser-induced phase transition performance of the VO2/W-TiO2 n-n heterojunction: (a) The
variation of the transmittance of the VO2/W-TiO2 heterojunction at 1993 nm. (b) The first-order derivative curves of the Figure 6a

Figure 7. The Tauc plot of the VO2/W-TiO2 n-n heterojunction: (a) 0 at%; (b) 1.01 at%; (c) 1.37 at%; (d) 1.66 at%; (e) 2.05 at%; (f) 2.46 at%

Volume 4 Issue 2|2025| 603 Journal of Electronics and Electrical Engineering



As the W doping concentration increases, it can be observed that the trend of Eg1 of the heterojunction is similar to

that of the tvis-max, The Eg1 reaches its maximum when the W doping concentration is 1.37 at%. Meanwhile, as the doping

concentration increases, the Eg2 gradually decreases, which is consistent with the trend of the tM of the heterojunction.

Comparing with the change of the n shown in Figure 4, it can be observed that the increase of the n reduces the Eg2 bandgap.

The decrease of the bandgap lowers the energy required for the electronic transitions, which in turn reduces the phase

transition threshold of the heterojunction [34].

Table 3. The laser-induced phase transition performance parameters of the VO2/W-TiO2 n-n heterojunction

W doping (at%) Pc (W/cm2) tM (%) tR (%) r (%)

0 71.3 75.0 38.8 48.3

1.01 58.3 73.3 37.5 48.8

1.37 51.8 73.0 35.9 50.8

1.66 58.8 71.4 37.5 47.5

2.05 57.8 68.8 33.3 51.6

2.46 57.2 63.6 31.6 50.3

During the laser-induced phase transition, the laser excitation promotes the electrons from the valence band to the

conduction band, generating a large number of free electrons, which leads to an increase of the n. When the n reaches a

critical value, VO2 undergoes the IMT, and the process can be regarded as an instantaneous phase transition. Based on

Mott theory [19, 35], the n is the key parameter to control the IMT. When n exceeds the Mott critical value, the Coulomb

interaction between the electrons is effectively screened, the localization effect disappears, and the system transitions from

an insulating state to a metallic state.

As the W doping concentration increases from 0 to 1.37 at%, both the n and µ of the TiO2 layer are significantly

improved. More carriers are injected into the VO2 layer, driven by the carrier concentration gradient, thereby increasing

the n of VO2. Therefore, the increase of W doping concentration of the TiO2 layer leads to a decrease of both the T c and

Pc of VO2. In addition, the increase of n rises the Fermi level, narrowing the Eg2 and consequently reducing the optical

transmittance [19].

As the W doping concentration increases, the n continues to rise, but the excessive doping can induce the lattice

distortion of the TiO2 layer, leading to the formation of defects. Furthermore, the defects serve as the additional electron

scattering centers, restricting the migration of carriers from the TiO2 layer to the VO2 layer, leading to the increase of both

T c and Pc, as shown in Figure 4.

Meanwhile, the continued rise of n further narrows the optical bandgap. Moreover, the deterioration of the surface

morphology of the film increases the grain boundary scattering, leading to a significant drop of both tM and tR.

To better highlight the novelty of this work, the heterojunction with a W doping concentration of 1.37 at% is compared

with W-doped VO2 film, as shown in Figure 8. To avoid the influence of other factors, the W-doped VO2 film was prepared

under the same conditions. We precisely controlled the W doping concentration in W-doped VO2 film, regulated its T c to

approximately 54 ◦C, very close to that of the heterojunction. We can see that, both the tM and tR of the heterojunction

exhibit approximately an 8% enhancement compared with the W-doped VO2 film.

3.6 The quality factor of the VO2/W-TiO2 n-n heterojunction

In order to comprehensively evaluate the phase transition performance of the VO2/W-TiO2 heterojunction, this work

refers to the laser protection performance quality factor (QOLP) established by Zhao et al. [36], with the following

formulas:
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QOLP =
tlow−p

a

Pc
b ·Pe

c ×10n (5)

Where the tlow-p is the transmittance of the M phase heterojunction at the low-power laser, the Pc is the critical laser

power density for the heterojunction to complete the IMT, and the Pe is the output power density of the laser passing

through the R-phase heterojunction. The exponents a, b, c, and n are 1, 2, 2, and 6, respectively.

According to the formula (5), the QOLP of the VO2/W-TiO2 heterojunction was calculated, and the result are shown

in the Figure 9. It can be seen that the QOLP reaches its maximum value when the W doping concentration is 1.37 at%,

which is 0.79 (W/cm2)−4, more than four times of that of the undoped one, 0.19(W/cm2)−4. This heterojunction exhibits

the best comprehensive laser protection performance.

Figure 8. The comparison of phase transition performance between the VO2/W-TiO2 heterojunction and W-doped VO2 film: (a) The transmittance
spectra within 350-2,500 nm. (b) The hysteresis curves of the transmittance at 2,500 nm during heating and cooling processes. (c) The variation of the
transmittance at 1,993 nm

Figure 9. The QOLP of the VO2/W-TiO2 n-n heterojunction
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4. Conclusion

This work prepared VO2/W-TiO2 n-n heterojunctions on K9 glass substrates with magnetron sputtering, and focused

on the effects of the W doping for the TiO2 layer on the phase transition properties of the heterojunction.

As the W doping concentration increases, T c of the heterojunction first decreases and then increases a little, while

its Pc first increases and then decreases. When the W doping concentration is 1.37 at%, the heterojunction exhibits the

best comprehensive performance, its r is up to 56.8%, while its T c decreases to 67.9
◦C, its Pc 51.8 W/cm2. And its

laser protection performance quality factor reaches 0.79 (W/cm2)−4, which is 4 times that of the undoped heterojunction.

This improvement is mainly due to the injection of carriers from the W-TiO2 layer into the VO2 layer, weakening the

electron-electron interactions.
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