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A B S T R A C T   

On Si substrates, vanadium dioxide nanocrystalline thin films (VO2 NC-TH) were prepared using the radio fre-
quency magnetron sputtering (RF) method. The very small particles reference film was a very thin surface that 
appeared smooth like a coated Si wafer with the same spherical particle prominent and irregularly distributed in 
a thin film, according to XRD patterns with narrow peaks intensity and field emission scanning electron mi-
croscopy (FESEM) images. The current-voltage characteristic of metal-semiconductor-metal (M-S-M) VO2 NC-TH 
infrared photodetectors (IR-PD) in the dark and irradiated with 850 nm light and intensity was (0.17) mW/cm2. 
IR-PD exhibits 603, 3567, 10081, and 17751 sensitivity at 2, 3, 4, and 5 bise voltage, with increasing bias voltage 
increasing quantum efficiency, responsivity, and detectivity. The responsitivity and detectivity under 2, 3, 4, and 
5 V bias are (0.24, 1.58, 7.92, and 14.76) A/W and (0.176, 1.03, 3.81 and 6.98) x 1012 Jones, respectively.   

1. Introduction 

Because of their unique physical, chemical, and mechanical prop-
erties, nanomaterials have recently attracted a lot of attention. Con-
trolling the size, structural type, and surface states of nanocrystalline 
materials can be used to influence fundamental attributes of materials 
such as magnetic, optical, and electrical properties without changing 
their composition of chemicals [1]. Many nanomaterials have been 
incorporated into the installation of many devices and applications, such 
as photocatalysis [2,3], photosensor [4,5], gas sensor [6,7], solar cell 
[8], subercupastence [9], photodetector [10], etc. Vanadium dioxide 
(VO2) has long been regarded as a leading thermochromic material due 
to its good temperature-responsive behavior at a crucial transition 
temperature of 68 ◦C, which is close to room temperature, making it an 
ideal option for smart architectural glazing [11]. Because its electrical 
and optical properties can be controlled and tweaked by an external 
signal, vanadium dioxide (VO2) is one of the most disruptive options, 
and its development has been greatly accelerated in recent years [12]. At 
low temperatures, VO2 transitions from an infrared-transparent semi-
conductor state to an infrared-reflective metallic state at high temper-
atures, while preserving visible transmittance [11]. Below the transition 
temperature, VO2 has a monoclinic structure and is insulating, with VO2 

particle pairs having a high band gap of 0.6 eV [13]. The physical 
properties of VO2 were shown to be substantially influenced by its 
morphologies of nanostructured [14] such as nano pourose [15], 
nanorod [16], nanoparticles [17], etc. Therefore, synthesis was done by 
many methods, such as hydrothermal [18], chemical bath deposition 
[19], and RF magnetron sputtering [20]. This study is described as the 
synthesis of VO2 nanoparticles deposited onto a P-type Si (100) substrate 
and a study of its morphology, structure, and optical properties. In 
addition, using VO2 NC-TH prepared on a Si substrate for the fabrication 
of a fast response IR photodetector. 

2. Experimental details 

The VO2 nanocrystalline thin films (NC-TH) were generated by radio 
frequency (RF) reactive magnetron sputtering onto a p-type (100)-ori-
ented silicon wafer for 120 min, with a thickness of around 200 ± 10 nm. 
The VO2 disc of high purity (99.99%, 3 in diameter) was employed as a 
target. The target was pre-sputtered for 5 min before the deposition to 
clean the target surface. Prior to deposition, the silicon substrate was 
cleaned with a wet chemical etching utilizing the RCA cleaning pro-
cedure outlined in our prior work [21]. The chamber was evacuated 
below 2 × 10− 4 mbar with an RF power of 200 W. At a set ratio of 18%, 
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high-purity argon is employed as a sputtering gas. The deposition was 
then completed under a total pressure of 3 × 10− 2 mbar. At a deposition 
rate of 3.6 A/s, the sample was deposited onto a heated substrate at 
25 ◦C. The structure and morphology of the prepared VO2 NC-TH were 
characterized and analyzed using high-resolution XRD equipment 
(PANalytical X’Pert PRO MRD PW3040) with Cu Ka radiation 
(k = 1.541 Å) and FESEM (Leo Supra 50VP, Carl Zeiss, Germany) 
equipped with an energy-dispersive X-ray (EDX) system. (AFM) 
(Dimension edge, Bruker) was used to determine the surface roughness, 
under non-contact operation mode, and Nano Drive 
dimension-edge-tapping image-processing software was utilized to ac-
quire two-dimensional AFM images. This image was examined using the 
NanoScope III program. The thin films were optically measured using a 
Shimadzu UV–Vis 1800 spectrophotometer at wavelengths ranging from 
200 to 2000 nm [4,22]. 

3. Results and discussion 

3.1. Morphological and structural characterizations of VO2 NC-TH 

Fig. 1a and b depicted the FESEM, noting the very small particles of 
the reference film were on a very thin surface that appeared smooth on 
the Si wafer. Fig. 2 depicts EDX, which confirms the presence of vana-
dium and oxygen in the sample while the morphology of the surface was 
studied. The AFM measure was depicted in Fig. 3 and shows an RMS 
value of 33.6 nm of VO2 NC-TH. Otherwise, Tadeo et al. [23] show the 
value of RMS is 207 nm of VO2 deposited on quartz. 

Fig. 4 depicts the XRD patterns of the prepared VO2 NC-TH and refers 
to the scanning Bragg angle that ranged from 20◦ to 80◦. The diffraction 
peaks were noted at 26.6◦, 51.8◦, and 62.9◦ returned to the Si substrate 
and corresponding plans (200), (321), and (420), respectively, accord-
ing to JCPDS card No.01-072-1426. However, the four noted diffraction 
peaks returned VO2 at 33.8◦, 37.9◦, 61.8◦, and 59.9◦, corresponding to 
plans (130), (210), (151), and (301), respectively. The VO2 peaks indi-
cated are indexed to the different planes of the orthorhombic crystal 
system. According to the Debye-Scherer formula, the crystallite size (C. 
S) calculated high peck of VO2 is 36.789 nm [22]: 

C.S=
Kλ

βcosθ
(1)  

where K, β, λ, and θ are the incident Scherer constant, the FWHM 
diffraction peak, X-ray wavelength, and the angle between the incident 
beam and crystal plane respectively. The value of C.S (36.789 nm) is 
consistent with the conclusion that the described surface appears 
smooth in the FESEM image. Rajeswaran and Umarji [24] reported that 
the grain size of VO2 synthesized by chemical vapor deposition is about 
200 nm. 

3.2. Optical properties 

Fig. 5a depicts the reflectance spectrum of the VO2 NC-TH as 
measured in the I-R visible range. The inset explains how to use the 
spectrum to estimate the optical band gap. By fitting the absorption edge 
of the spectrum using the Kubelka Munk equation [25,26]: 

(F(r)hν)2
=A(hν − Eg) (2)  

where F(r), A, hν, and Eg are Kubelka Munk Function, the proportion-
ality constant, photon and band gap energy, respectively. The optical 
band gap of the orthorhombic VO2 was estimated to be 0.6 eV as shown 
in Fig. 5b, which corresponds to the value of 0.6 eV reported for the 
monoclinic VO2 [13]. Because of the small energy gap value where I-R 
photons will be absorbed, the electron will be excited from the valence 
band into the conduction band, leaving the hole in the valence band. The 
charge carrier will then be further separated by adding voltage to the 
interdigital electrode’s terminal, resulting in increased current and the 
formation of a low resistance state. For this reason, the irradiation in-
tensity rises, and more electrons are excited, resulting in a higher 
photocurrent and reduced resistance. While the electron transport in 
solid crystals is constantly influenced by the crystal grain boundaries, 
especially at the nanoscale, it is worth noting [27]. 

3.3. Device fabrication 

The MSM-structured IR-PD device was produced by depositing an Ag 
grid (100 nm thickness) on top of VO2 NC-TH using a metal mask. Early 
studies [28] show the design and dimensions of the shadow mask. The 
electrodes were deposited by RF reactive magnetron sputtering, wherein 
the chamber was evacuated below 3 × 10− 5 mbar with an RF power of 
120 W. High-purity Ar was employed as a sputtering gas at a constant 
ratio of 17%. The deposition was then done under a total pressure of 
3 × 10− 3 mbar. The contacts were prepared at room temperature. Fig. 6 
depicts a schematic of the device structure. The active area of the 
(Ag/VO2 NC-TH/Ag) MSM-structured IR-PD was 0.1634 cm2 [29,30]. 
Previous work [28] shows the dimensions, interelectrode spacing, and 
shadow mask design. 

3.4. Current-voltage characteristics 

Fig. 7 depicts the I–V characteristics of VO2 NC-TH MSM IR-PD 
fabricated under dark and light by 0.17 mW/cm2 intensity of 850 nm 
light. The photodetector-produced current was measured with bias 
voltages ranging from -1V to 3V applied to the contacts. With increasing 
applied voltage, the photodetector exhibits nonlinear behavior and in-
creases current. The photocurrent is produced when the photodetector is 
exposed to light, which raises the overall amount of current by forming 

Fig. 1. FESEM images of the VO2 NC-TH prepared on Si substrate at (a) 500 nm and (b) 300 nm.  
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charge carrier pairs. Because most detectors are designed to detect a 
specific wavelength or range of wavelengths, researching the photo-
sensor’s photoresponse can assist in determining the sensor’s response 
peak [22]. The applied electric field produces photogenerated charge 
carrier pairs when the device is illuminated. As a result, the photocur-
rent generated by the charges added to the bias current effectively in-
creases device conductivity. Also noticed high vlue dark current may be 
the reason for the combined impacts of residual impurities, surface as-
perities, and asperities, which have a noticeable influence on electronic 
contact characteristics, were blamed for the high value of dark current. 

As a result, the barrier thins out enough for carriers to tunnel through 
[28,31]. 

Fig. 8 depicts the response time of VO2 NC-TH MSM IR-PD and 
chopped irradiation of 850 nm UV light with 0.17 mW/cm2 under 2 to 5 
bias voltages. It is shown that when the sample was lit, the photocurrent 
surged to saturation, and when the light was turned off, the photocur-
rent declined. Consequently, the photodetector’s average rise time speed 
was calculated as about 0.5 ms when increasing the current from 10% to 
90% of its value of saturation. In other words, the average fall time is 
0.1 ms when the current decreases from 90% to 10% of its value of 
saturation. The rise time under (2, 3, 4, and 5) V bais is 0.2, 0.4, 0.7, and 
0.8 ms, respectively. Over time, fall times under the above bias voltage 
are 0.12 ms for the 2 V and 0.11 ms for the rest of the bias voltages. The 
detector’s quicker recovery time under 2V was observed in the return 
data. The photocurrent is produced when the photodetector is exposed 
to light, which raises the overall amount of current by forming electron- 
hole pairs. Because most detectors are designed to detect a specific 
wavelength or range of wavelengths, researching the photosensor’s 
photoresponse can aid in determining the sensor’s response peak [22]. 
Hence, the power-law agrees with the faster reaction and decay times 
found at increased bias, which can be attributed to efficient charge 
carrier separation [32]. On the other hand, recombination kinetics are 
influenced by trap states and interactions between photogenerated 
charge carriers at reduced bias voltage [33]. The photosensitivity (S) is a 
parameter that affects how much more photocurrent goes through the 
photodetector when compared to the dark current. The equation can be 
used to evaluate the photosensitivity of the produced VO2 NC-TH MSM 
IR-PD at various applied biases [34]: 

S%=
Iph − Id

Id
× 100 (3)  

where Iph and Id are photocurrents under irradiation and dark, respec-
tively. The photosensitivity of VO2 NC-TH MSM IR-PD under 2, 3, 4, and 
5 V bias is 603%, 3567%, 10081%, and 17751%, respectively. However, 
responsitivity (R) was evaluated in MSM IR-PD, which is represented by 
the relation [35]: 

R=
Iph(A)

E(w/cm2)A(cm2)
(4)  

where E and A indicate the ratio of photocurrent to incident light power 
density on the MSM IR-PD effective active area. The responsitivity of 
VO2 NC-TH MSM IR-PD under 2, 3, 4, and 5 V bias are (0.24, 1.58, 7.92, 
and 14.76) A/W, respectively. While Rajeswaran et al. [32] reported 
R-value is 3.67 × 10− 2 A/W at a 5 V bias. Quantum efficiency (η) is one 
of the most important elements in determining a photosensitive device’s 
performance. It is calculated using eq. (4) and is proportional to the 
number of charge carrier pairs activated by absorbed photons [36]: 

η= hCR
eλ

(5) 

Fig. 2. The EDX spectra results of VO2 NC-TH prepared on Si substrate.  

Fig. 3. AFM 3D micrograph of VO2 NC-TH prepared on Si substrate.  

Fig. 4. XRD spectra of VO2 NC-TH prepared on Si substrate.  
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where h, e, c, and λ are the electric charge, Plank’s constant, speed of 
light, and wavelength of IR light, respectively. The quantum efficiency 
of IR-PD under 2, 3, 4, and 5 V bias is 0.35, 2.31, 11.56, and 21.54, 
respectively. At a bias voltage of 5 V, the quantum efficiency more than 
doubled, indicating that charge carriers are separated better at higher 
voltages. These results are higher than those reported by Jude et al. [33] 
and Tadeo et al. [23] under 5 and 10 V bias. A photodetector’s 

detectivity (D) is defined as the lowest level at which it may respond, as 
shown in the following equation [37]: 

D=
R

̅̅̅
A

√

̅̅̅̅̅̅̅̅̅
2eId

√ (6) 

A comparison of the key parameters of PD for the present VO2 NC-TH 
MSM IR-PD and other characteristic semiconducting-based VO2 IR de-
tectors is represented in Table 1. The table noted that the detector in the 
study has excellent results compared to other researchers, as they ob-
tained high results after modifying the surface or adding another com-
pound that contributed to raising the physical parameters of the 
detector. 

4. Conclusions 

VO2 NC-TH prepared on the Si substrate was synthesized by the RF 
method. XRD patterns show that the synthesis of thin films is poly-
crystalline. Hence, the XRD diffraction peaks were noted at 26.6◦, 51.8◦, 
and 62.9◦ returned to the Si substrate and corresponding plans (200), 
(321), and (420), respectively, according to (JCPDS card No.01-072- 
1426). However, the four noted diffraction peaks returned VO2 at 
33.8◦, 37.9◦, 61.8◦, and 59.9◦ corresponding to plans (130), (210), 
(151), and (301), respectively. On the other hand, the reflectance 
spectrum of the VO2 NC-TH as measured in the I-R visible range and the 
optical band gap of the orthorhombic VO2 was estimated to be 0.6 eV. 
The IR-PD appears to result in responsivity increases with increasing 
voltage bias under 850 nm of irradiation of (0.17) mW/cm2 light in-
tensity, which indicates results that the VO2 NC-TH IR-PD shows 
excellent stability over time, good sensitivity, and high photocurrent, 
and it is low cost. Therefore VO2 NC-TH IR-PD on a large scale for use in 
optoelectronic devices as well as a variety of energy conservation and 
harvesting applications. 
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Fig. 5. (a) Reflectance spectrum of VO2 NC-TH prepared on Si substrate (b) A plot of F(r) hν2 versus (hν).  

Fig. 6. The schematic diagram of the device (VO2 NC-TH MSM IR-PD).  

Fig. 7. I–V characteristic of M-S-M VO2 NC-TH MSM IR-PD in dark and 
irradiation. 
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Fig. 8. Response time of M-S-M VO2 NC-TH MSM IR-PD irradiation by chopped 850 nm of 2, 3, 4, and 5 V bias.  

Table 1 
Comparison of the key parameters for the present VO2 NC-TH MSM IR-PD and other characteristic semiconducting based VO2 IR detectors.  

Bias Voltage Materials Illumination source S% R (A/W) D (Jones) η Ref. 

1 Au/VO2 I-R 808 nm – 502.1 × 10− 3 1.83 × 1011 – [38] 
3 n-VO2/p-GaAs 980 nm – 0.0025 2.64 × 1010 – [39] 
0 – 0.013 5.07 × 109 – 
3 1310 nm – 0.0048 4.42 × 1010 – 
0 – 0.022 9.63 × 109 – 
2 VO2(M)/V2O5 core/shell nanobeam heterostructures 990 nm 

0.2 mW/cm2 
– 2873.7 9.23 × 1012 – [40] 

20 H doped VO2 nanoparticle 780 nm 
88 mW/cm2 

– 3.6 × 104 1.1 × 1013 6 × 106 [41] 

5 VO2 (M1) thin films 1550 nm 250 mW/cm2 654.5 3.67 × 10− 2 5.47 × 1010 2.93 × 10− 3 [32] 
10 1272.7 7.13 × 10− 2 1.06 × 1011 5.71 × 10− 3 

10 VO2(M1) thin films 1064 nm – 1.54 3.53 × 1010 0.18 [23] 
5 VO2(M1) thin films 1064 nm 

250 mW/cm2 
– 40.09 7.07 × 1011 4.67 [33] 

2 VO2 NC-TH MSM IR-PD 850 nm 
0.17 mW/cm2 

603 0.241 1.76 × 1011 0.35 This work 
3 3567 1.584 1.03 × 1012 2.31 This work 
4 10081 7.919 3.81 × 1012 11.56 This work 
5 17751 14.759 6.98 × 1012 21.54 This work  
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