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a b s t r a c t 

Vanadium dioxide (VO 2 ) has drawn significant attention due to a unique band-structure and multifaceted 

optoelectronic properties. However, VO 2 -based photodetectors reported till date involve complex struc- 

tures and/or constrained wavelength response. Moreover, there is limited understanding of parameters 

which control the insulator-to-metal transition (IMT) and photoresponse in VO 2 . In this work, we present 

VO 2 based two-terminal planar devices and explore the size-dependency of IMT and photoresponse in 

VO 2 devices. We investigate the photoresponse of VO 2 devices at a broadband range from ultra-violet to 

near infrared at three temperature regions: room temperature, IMT slope, and beyond IMT slope. We fur- 

ther postulate the mechanism for photoresponse at all three temperature regions. A significant enhance- 

ment in photoresponse and figure of merit of photodetectors is achieved beyond IMT slope region. An 

intermediate state driven by deep level defects assists the broadband photoresponse which is supported 

by cathodoluminescence (CL) analysis. The ability to manipulate the IMT and the broadband photore- 

sponse opens opportunities for designing and controlling functional domains of VO 2 for scalable micro- 

and nano-scale devices and sensor applications. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Optoelectronics is one of the fastest growing fields due to the 

ompact and high-speed applications in sensing [1] , detection [2] , 

maging [3] , solar cells [4] , and telecommunication [5] . During in- 

egration with electronics miniaturization of device size is crucial 

n these applications due to increasing density, faster performance, 

ight weight, and lower power consumption requirements [6] . Cur- 

ently, silicon dominates the photodetector sector due to the ad- 

antage of high speed, low cost, high responsivity, maturity, and 

igh level of integration with electronics. However, silicon has an 

ndirect bandgap ( E g ) of ~1.1 eV that put limitations on its range

f optical absorption leading to the narrowband response [2 , 7] . In 

ontrast, group III–V compound semiconductors such as InGaAs, 
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nSb or heavy metal based HgCdTe photodetectors offer broader 

ear-infrared (NIR) and infrared (IR) spectra, but they are costly 

nd have complex fabrication processes [8–10] . This highlights the 

eed to investigate alternative materials for photodetectors. 

Multifaceted VO 2 has attracted considerable interest in opto- 

lectronics applications due to its reversible phase transition trig- 

ered by multiple stimuli including thermal [11] , electrical [12] , 

nd optical [13] . It undergoes an insulator-to-metal transition (IMT) 

t 68 °C [11 , 14] . However, the transition temperature of VO 2 de-

ends on film thickness [15] , substrates [14] , crystal grain size [16] ,

nd annealing atmosphere [17] . At a temperature lower than the 

MT temperature ( T c ), structure of VO 2 is monoclinic (M1) which 

s insulating. Above T c , VO 2 transforms into a tetragonal (R) struc- 

ure which is metallic [11 , 14] . This phase transitions involves dras- 

ic change in electrical conductivity and optical response by several 

rders of magnitude, making it a potential candidate for photode- 

ection applications. 

VO 2 absorbs light from visible to IR range due to a unique band 

tructure and an optical band-gap of ~0.6 eV [18] . It has been stud- 

ed for broadband photoresponse especially for NIR ranges for dif- 
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Fig. 1. Device structure and VO 2 thin film characterization. (a) Schematic of a planar VO 2 device structure. (b) Optical image showing different VO 2 devices. The inset 

showing one D4 and one D5 device with scale bar (c) Core level X-ray photoelectron spectroscopy spectra of crystalline vanadium oxide film. (d) X- ray diffractogram for 

crystalline VO 2 films deposited on SiO 2 /Si. The thin film characterizations confirm V 4 + (or VO 2 ) as a major contributor and presence of V 5 + or (V 2 O 5 ) is only on the film 

surface. 
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erent optoelectronic applications [19–22] . However, the number of 

hotogenerated carriers in VO 2 are negligible due to the high re- 

ombination rate [18 , 23] . This being the case, multiple studies have 

een presented to improve the performance of VO 2 -based pho- 

odetectors such as, fabrication of core-shell VO 2 /V 2 O 5 nanobeam 

eterostructure [18] , assembling VO 2 with Ag nanowire to form 

chottky junction [24 , 25] , and targeted doping [26 , 27] . However,

ost of the above studies have a narrowband operation and/or 

omplex device structure challenging from the mass-production 

oint of view. 

In this work, we present a simple, planar structure of VO 2 thin 

lms-based devices. We report two important aspects to improve 

he performance of VO 2 -based devices – size-dependency effects 

n IMT and broadband photoresponse of VO 2 from ultra-violet 

UV) to NIR at three regions during VO 2 transition. We explore and 

nalyze the photoresponse at three regions during VO 2 transition 

ncluding, room-temperature (25 °C) – insulating phase, IMT slope 

50–60 °C) – combination of insulating and metallic phases, and 

eyond IMT slope (65 °C) – metallic phase. Finally, we perform X- 

ay photoelectron spectroscopy (XPS) and CL spectroscopy to pro- 

ide insights into mechanism of the broadband photoresponse at 

hree regions. A CL emission peak at 1.9 eV highlights the presence 

f intermediate state due to deep level defects in our VO 2 thin film 

evices, this is a discovery. Further, this is the first report on the 

nvestigations of broadband photodetection at all the three regions 

uring the VO 2 transition, to the best of our knowledge. 

. Results and discussions 

We present two-terminal planar structure for photodetectors 

ased on ~150 nm thin film of VO 2 , as seen in Fig. 1 a and b. In this

ection, we provide in-depth investigations on material character- 

zations of VO 2 thin film, electrical, thermal, and optical charac- 

erizations of different device sizes. Further based on the achieved 

esults and analysis, we provide insights into the photoresponse 

echanism of VO at three regions during transition namely –
2 

2 
oom-temperature, IMT slope, and beyond IMT slope. Device pa- 

ameters for six sizes of device use here are enlisted in Table 1 . 

.1. Characterization of VO 2 thin films 

X-ray photoelectron spectroscopy (XPS) is performed to confirm 

he stoichiometry of crystalline vanadium oxide. Fig. 1 c shows the 

ore-level spectra for vanadium (V 2 p ) and oxygen (O 1 s ). The fit-

ed data shows V 2 p 3/2 peaks at 516.4 ± 0.2 eV corresponding to 

 

4 + and 517.5 ± 0.2 eV corresponding to V 

5 + . This confirms the 

unctional oxide is composed of V 

4 + and V 

5+ components that cor- 

espond to VO 2 and V 2 O 5 respectively. The V–O peak is resolved 

ith O 1 s spectrum at 530 ±0.2 eV. The core-level spectra of V 2 p

nd O 1 s presented here are identical to reported studies in the 

iterature [28 , 29] and are within the instrument error margin of 

0.2 eV. Further, we observed a peak at 532.3 ± 0.2 eV that is 

eferred as Si–O bonds from the substrate [30] . 

The existence of the V 

5 + in the VO 2 samples indicates an over- 

xidation, mainly due to the existence of V 2 O 5 at the film surface 

rom air exposure. However, the higher percentage of V 

4 + compo- 

ent (V 

4 + = 32.63%, V 

5 + = 18.96%, and V–O = 48.41%) confirms that 

O 2 (or V 

4 + ) as the major contributor in our mixed-phase vana- 

ium oxide film. 

We further perform X-ray diffraction (XRD) of post-deposition 

nnealed VO 2 thin films on SiO 2 /Si substrate, as shown in Fig. 1 d.

he diffractogram of the crystalline films on SiO 2 /Si confirms a 

011) alignment at a 2 θ of ~27.2 corresponding to the monoclinic 

O 2 (M1) phase [31] . The peak corresponding to crystalline V 2 O 5 

s not observed in the XRD. This indicates the presence of V 2 O 5 is

nly on the surface. 

The full width at half maximum (FWHM) and average grain size 

 D ) are calculated from the XRD diffractogram as shown in Fig. S1. 

n FWHM of 0.27 and D of 31 nm are found for our annealed VO 2 

hin film. These are very close to the values previously reported by 
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Table 1 

Parameters of VO 2 devices . Device parameters for different sizes of VO 2 devices. 

Patterned VO 2 area 

(μm 

2 ) 

Distance between 

electrodes, d (μm) 

Width of 

electrodes, w (μm) 

Film thickness, t 

(nm) 

Cross-sectional 

area, A = wt (μm 

2 ) Device number 

5 × 5 3 5 150 0.75 D1 

15 × 15 11 5 150 0.75 D2 

40 × 40 36 20 150 3 D3 

200 × 200 196 100 150 15 D4 

300 × 300 296 100 150 15 D5 

80 × 80 76 5 150 0.75 D6 

Fig. 2. Insulator-to-metal transition in VO 2 devices . (a) Normalized resistance vs temperature curve of D1, D2, D3, D4, and D5 with increasing and decreasing thermal 

excitation. (b) Transition temperature and switching ratio of different VO 2 devices. The analysis proves that the transition temperature and switching ratio is size dependent. 

Table 2 

IMT in VO 2 devices . Switching ratio for different sizes of VO 2 devices. 

Device 

number 

R N = R × A ( Ω μm 

2 ) Switching ratio 

( R N( 25 ◦C ) / R N( 80 ◦C ) ) 

Switching ratio 

( R N( 50 ◦C ) / R N( 80 ◦C ) ) 25 0 C 50 0 C 80 0 C 

D1 495,000 324,000 1478 335 219 

D2 690,000 472,500 2333 296 202 

D3 4,080,000 2,184,000 2700 1511 809 

D4 37,800,000 14,100,000 13,080 2890 1078 

D5 33,750,000 12,210,000 10,455 3228 1168 
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ur group [11] . (See Supplementary Information, Fig. S1 for FWHM 

alculations). 

.2. Size dependency in IMT of VO 2 devices 

We select five devices to explore the effect of size on the 

MT of patterned VO 2 with thermal stimulus. Parameters of the 

mployed devices are listed in Table 1 . As seen in Table 1 ,

e have five VO 2 patch sizes with three cross-sectional areas –

1 and D2 (0.75 μm 

2 ), D3 (3 μm 

2 ), and D4 and D5 (15 μm 

2 ). 

The normalized resistance vs temperature or the IMT graph of 

ll five devices (D1–D5) is presented in Fig. 2 a. We normalized 

he device resistances to the cross-sectional area to enable the fair 

omparison of different sized devices. The T c and switching ratio 

f all devices is presented in Fig. 2 b. The normalized resistance of 

ll devices before and after transition, and the switching ratio of 

esistance as calculated from Fig. 2 are tabulated in Table 2 . 

From Fig. 2 a, the resistance of all five devices decreases from 

everal M Ω to k Ω due to IMT, highlighting a good quality VO 2 thin

lm throughout. It clearly shows that the resistance increases with 

he electrode-separation, which is expected according to resistance 

ormula, R = ρd/A . 

Hysteresis loops of different widths are formed in VO 2 thin film 

32] . We notice clear hysteresis loops in different sized devices be- 

ween heating and cooling cycle due to the retention properties of 

O 2 thin film. The width of the hysteresis loop is almost the same 

or D2, D3, D4, and D5, while it is approximately double for D1. 
3 
rom Fig. 2 b, the T c of D1, D2, D3, D4, and D5 are 73, 70, 68, 68,

nd 68 °C respectively, highlighting the size-dependency. We per- 

ormed electrical characterization of more than 20 VO 2 devices of 

ifferent sizes and observed the same trend of size dependency as 

emonstrated in Fig. S2 (See in supplementary information for size 

ependent IMT in different VO 2 devices). 

From previously reported literature, T c and width of hysteresis 

oop depend on doping, grain size, grain distribution, crystallinity, 

nd strain [16 , 33 , 34] . In this case, no dopant is used which is also

onfirmed by XPS and XRD analysis. The devices are then further 

nalyzed for grain size, grain boundary, and external stress. As the 

O 2 devices are patterned into different areas before annealing, 

here is a possibility that the size of grains might vary in differ- 

nt size VO 2 patches. To observe any variations in grain size in dif- 

erent VO 2 patches, scanning electron microscopy (SEM) images of 

ll the five size VO 2 devices are obtained. The SEM micrographs 

or D1–D5 devices are presented in Fig. 3 . From the micrographs, 

he difference in grain sizes in VO 2 patches patterned into different 

izes can be seen. The cylindrical shaped grains with grain bound- 

ries are evident in D3, D4, and D5 devices ( Fig. 3 c–e). On the

ther hand, in smaller devices specially in D1 the grains are not 

s prominent as other sized devices as shown in Fig. 3 a and b.

he VO 2 devices with larger grains experience IMT at 68 °C simi- 

ar to single crystal bulk VO 2 [11] . On the contrary, smaller devices 

ith smaller grains undergo transition at slightly higher and lower 

emperature during heating and cooling respectively and thus, the 

esulting hysteresis loop is wider than others which is also sup- 
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Fig. 3. Scanning electron micrographs (SEM) for different VO 2 device sizes . SEM micrographs for (a) D1 (5 × 5 μm 

2 ), (b) D2 (15 × 15 μm 

2 ), (c) D3 (40 × 40 μm 

2 ), 

(d) D4 (200 × 200 μm 

2 ) and (e) D5 (300 × 300 μm 

2 ) devices, respectively. The SEM analysis proves that the grain size and grain boundary density in VO 2 patches are size 

dependent. 
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orted by previously reported literature [35] . Therefore, this study 

oncludes that different size of patterned VO 2 patches leads to the 

ariation in VO 2 grain size, which leads to the size-dependent T c 
nd hysteresis. 

For the switching ratio, it is highly dependent on the device 

ize as can be observed in Fig. 2 b and Table 2 . It shows an oppo-

ite trend as the T c , it increases with the device size. VO 2 thin films

ith lower grain boundary density (larger grain sizes) exhibit a 

igher switching ratio of resistances [36] . In larger size devices, the 

rain sizes are larger and so, the grain boundary density is lower. 

ence, a higher switching ratio of resistance in larger VO 2 devices 

s attributed to the lower density of grain boundaries (larger grain 

izes). 

Strain is another factor that could control the transition tem- 

erature and hysteresis in VO 2 [34 , 37 , 38] . It has been reported

hat the presence of tensile strain induces M2 phase, which in- 

reases both T c and width of hysteresis in VO 2 [37 , 38] . To check

f there are any strain effects on the size dependency of VO 2 

atches due to external stress, Raman spectra are obtained of VO 2 

evices of four sizes (D1–D4) as shown in Figs. 4 and S3 (See 

upplementary information, Fig. S3 for Raman spectra of VO 2 de- 

ices with 10, 25, and 50% laser intensities). Raman peaks are ob- 

ained by varying the laser intensity from 5% to 100%. A sharp 

eak at 521 cm 

−1 corresponds to SiO 2 /Si [39] . The Raman peaks 

n VO 2 devices at 195 ( A g ), 225 ( A g ), 264 ( B g ), 307 ( A g ), 385 ( A g ),

03 ( A g ), and 615 ( A g ) cm 

−1 confirms the presence of VO 2 (M1)
4 
11 , 38] . When the intensity of laser excitation is increased, VO 2 

ndergoes IMT due to highly localized laser heating and resulting 

O 2 (R) phase shows weaker and/or broader Raman peaks [11 , 38] . 

ence, the weaker Raman peaks with higher laser intensities in- 

icates the transition from VO 2 (M1) to VO 2 (R) phase in our de- 

ices. It is noted that no peaks corresponding to M2 phase (usually 

een at 432 and 645 cm 

−1 ) are observed during transition [40] . 

he absence of M2 phase confirms that the size dependency in 

O 2 patches is not due to strain effect. Besides, Raman peaks with 

eaker intensity and broadening support the presence of smaller 

ize grains in smaller size VO 2 patches. 

In short, the size dependency of VO 2 patches is related to the 

ize of grains which are formed in different sizes in VO 2 thin-film 

evices patterned into different areas. 

This section concludes that size of VO 2 patch affects the T c , hys- 

eresis, and switching ratio due to the variation in grain size and 

ensity of grain boundaries. VO 2 devices with smaller size grains 

nd higher grain boundary density have higher T c , while in con- 

rast they have lower switching ratio. 

.3. UV–Vis–NIR photoresponse of VO 2 devices 

We present the optical characterization of our VO 2 devices with 

ultiple (optical, electrical, and thermal) stimuli. To avoid pho- 

oinduced IMT due to the photothermal effect in VO 2 we select 

ED illuminations of different wavelengths 365, 455, 565, 660, and 
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Fig. 4. Raman spectrum of different size VO 2 devices . Raman spectrum with a laser intensity of (a) 5% and (b) 100% for D1 (5 × 5 μm 

2 ), D2 (15 × 15 μm 

2 ), D3 

(40 × 40 μm 

2 ), and D4 (200 × 200 μm 

2 ) devices respectively. The 100% intensity of excitation laser source of 532 nm corresponds to 9 mW. The variation in Raman 

intensities supports the size dependency of VO 2 patches on grain size. 

Fig. 5. Optical absorption of VO 2 thin films . (a) Absorbance spectra of VO 2 thin film on the glass substrate at different wavelengths. Tauc plot extracted from absorbance 

data presented in (a) for two different ener gy ranges are presented in (b) and (c), showing the electronic transition and optical bandgaps of VO 2 at 2.2 eV and 0.62 eV, 

respectively. 
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50 nm, from UV to NIR instead of high-power lasers. These LEDs 

ith a beam area 3.14 × 10 2 –3.80 × 10 2 mm 

2 prevent localized 

eat and IMT in our VO 2 devices. As the recombination rate is 

igh in VO 2 [18 , 23 , 25] , we select a power density of maximum

5 mW/cm 

2 to excite and move the photon-induced carriers from 

he valence band to the conduction band. Below 15 mW/cm 

2 we 

ound no noticeable photoresponse. Details on the model and type 

f used LEDs are provided in supplementary information (See sup- 

lementary information for Monochromaticity of LEDs). 

.3.1. With no excitation 

The absorption spectrum of crystalline VO 2 thin film without 

ny excitation is presented in Fig. 5 a. The VO 2 thin film here is de-

osited and annealed on the glass substrate using the same param- 

ters and conditions as the VO 2 -based devices on SiO 2 /Si substrate 

resented in this work. Our previous work reports a substrate in- 

ependent method for deposition and annealing of VO 2 with sim- 

lar optical and structural properties across both glass and Si sub- 
5 
trates [11] . The spectrum clearly shows the absorption at UV and 

lue light with peaks at 4.02 eV and 3.20 eV. Further, a broad ab- 

orption at NIR ranges with a peak centered at ~1.24 eV can be 

bserved in Fig. 5 a. 

The Tauc plots are generated using the absorption data to cal- 

ulate the optical band-gap energy, as seen in Fig. 5 b and c. From

he Tauc plots, two electronic transitions of our VO 2 thin films at 

2.2 eV and 0.62 eV can be concluded. Two electronic transitions 

bserved here are supported by the literature with peaks at ~2.1 eV 

nd 0.6 eV [41] . Electronic transition at ~2.2 eV ( Fig. 5 b) is corre-

ated to absorption edge E g1 as shown in Fig. 5 a. The optical band

ap of E g2 = 0.62 eV ( Fig. 5 c) is the energy corresponding to the

ndirect transition from the top of filled d ‖ bands to the bottom of 

mpty π ∗ band in insulator VO 2 . 

From the absorption spectra and calculated small optical E g , we 

xpect to get a broadband photoresponse from UV to NIR for our 

O 2 photodetector devices. 



S. Kabir, S. Nirantar, L. Zhu et al. Applied Materials Today 21 (2020) 100833 

2

f

a

d

d  

t

a

z

2

3

v

p

h

t

t

t

a

d

D  

i

l

l

i

t

t

h

o

b

d

P

a  

s

d

t  

i

t

f

t

l

s

t

w

l

4  

s

2

v

p

V

s

e

r

t

s

t

w

t

F

c

S

a

o  

2

8

t

t

t

a

c

V

a

r

o

5

i

l

b  

l

s

a

V

t

r

1

b

2

t  

i  

fi

a

e

a

a

v

e

t

A

a

t

T

k

T

a

e

s

m

a

F

c

V  

m

m

r  

~

.3.2. With photo-excitation 

For the photo-excitation, we use LEDs of different wavelengths 

rom UV to NIR to optically excite our VO 2 devices. The LEDs 

re set at a 1 cm distance to illuminate the devices. The time- 

ependent photoresponse is studied by periodically subjecting the 

evice to LED irradiation (from UV to NIR) at 10 s on and off in-

ervals with a power density of 25 mW/cm 

2 . We do not observe 

ny photoresponse for photo-excitation for any wavelength under 

ero-bias condition. 

.3.3. With photo and electrical excitation 

After the photo-excitation, VO 2 devices are illuminated with 

65, 455, 565, 660, and 850 nm wavelengths of LEDs along with 

oltage bias of 5 V at room temperature. Below 5 V the amount of 

hotoresponse is not significant. The possible reason for this is a 

igh recombination rate of VO 2 , due to which the number of pho- 

ogenerated carriers is negligible [18 , 23] . 

Photocurrent ( �I ) is the electric current through a photodetec- 

or device due to exposure of light. Our VO 2 thin-film based pho- 

odetectors show two distinct states: a low �I off-state (dark) and 

 high �I on-state (illuminated). We investigate three sizes of VO 2 

evices with three cross-sectional area for photoresponse namely 

3 (3 μm 

2 ), D5 (15 μm 

2 ), and D6 (0.75 μm 

2 ) as shown in Fig. S4

n the Supplementary Information. Among them, the highest and 

owest �I are found for D3 and D5, respectively. Therefore, we be- 

ieve that photoresponse is not dependent on device size rather 

t depends on electrodes separation. The longer the distance be- 

ween electrodes, the lesser the amount of photocarriers reach to 

he electrode with positive voltage. Responsivity is an indication of 

ow much photocurrent the detector can generate per unit power 

f incident light on the effective area of a photoconductor and can 

e calculated by using the formula R λ = �I/P S, where �I is the 

ifference between the photoexcited current and the dark current, 

 is the incident light power density, S is the effective irradiated 

rea on the individual VO 2 devices [42 , 43] . From the calculated re-

ults, we found the highest R λ for D3 sized devices, which will be 

iscussed later in the performance of the VO 2 photodetectors sec- 

ion. Thus, we select D3 device size with highest �I and R λ for the

nvestigation of photoresponse in all the three temperature regions. 

The photoresponse of D3 is presented in Fig. 6 a. Apart from 

hat, this device is used for the calculations of photodetector per- 

ormance parameters including switching speed, responsivity, ex- 

ernal quantum efficiency (EQE), and detectivity which is discussed 

ater in the paper. 

With together photo and electrical excitation, our device re- 

ponds to a wide range of wavelengths from UV to NIR. We found 

he highest �I due to illumination of 660 nm wavelength light 

ith ~153 nA followed by 565 nm at ~135 nA. On the contrary, 

ower sensitivity is observed for other wavelengths such as 850, 

55 and 365 nm with �I of approximately 105, 87, and 49 nA, re-

pectively. 

.3.4. With photo, electrical and thermal excitation 

The photoresponse and performance parameters of our VO 2 de- 

ices are insufficient at room temperature. To further enhance the 

hotogenerated carriers we investigate the photoresponse of our 

O 2 device at the IMT slope region (50–60 °C) and after the tran- 

ition (65 °C), along with photo and electrical stimuli. When we 

levated temperature along the IMT slope and beyond IMT slope 

egion, temperature was allowed to stabilize at a fixed value. Once 

he carriers at that temperature were in equilibrium (indicated by 

table current measurement), then the light was switched on. As 

here are optical and electrical stimuli accompanying temperature, 

e expect to achieve IMT lower than 68 °C. Therefore, we inves- 

igate the after transition photoresponse at 65 °C, as shown in 

ig. 6 b. 
6 
The IMT slope region photoresponse shows a significant in- 

rease in �I for all the wavelengths irradiation, as shown in Fig. S5, 

upplementary Information and Fig. 6 d. 

Enhanced photoresponse at 65 °C after the transition region for 

ll the wavelengths is presented in Fig. 6 b and the 3D graph for 

ne cycle at 65 °C in Fig. 6 c. At 65 °C the highest �I values of 273,

36, 372, 350, and 198 nA are achieved for 365, 455, 565, 660 and 

50 nm wavelengths respectively. In this region, photocurrent due 

o 565 nm outperforms 660 nm at 65 °C in contrast to the room 

emperature and IMT slope response. 

The enhancement of photoresponse in IMT slope and beyond 

he slope is due to the transition materials being very sensitive 

t transition-edge due to increased conductance [44] and signifi- 

ant increase of the number of free carriers after the transition to 

O 2 (R) [45] . 

We notice that �I due to visible wavelengths namely 455, 565, 

nd 660 nm increases from room temperature region to IMT slope 

egion to the after-transition region with consistent trend. On the 

ther hand, for UV (365 nm) �I first increases up to 188 nA at 

0 °C, then decreases to 168 nA at 55 °C, and finally again starts 

ncreasing up to 273 nA at 65 °C. Similarly, at NIR (850 nm) wave- 

ength, we observe an exception in the trend. Here, �I increases 

etween 50 and 55 °C region and between 60 and 65 °C . We be-

ieve, the reason for this is the change of band-gap energy or band- 

hift due to the presence of intermediate meta-stable states [46 , 47] 

nd/or change in proportion of the insulator and metallic phases of 

O 2 co-existing at the IMT slope region [4 8 , 4 9] . 

However, we note that at wavelengths of 455, 565, and 660 nm, 

he magnitude of �I after the 180 s mark tends to decrease. The 

eduction affects only these wavelengths and �I reduces less than 

0% from its nominal maximum indicating possible fatigue at visi- 

le wavelengths. 

.4. Mechanism of UV–Vis–NIR photoresponse of VO 2 devices 

The possible mechanism of photoresponse in our VO 2 photode- 

ectors is shown in Fig. 7 . At room temperature, VO 2 (M1) is an

nsulator with a resistance of several M Ω shown in Fig. 7 a. In the

rst case of photo-excitation, due to the illumination of light with 

 photo-energy close to or higher than the optical band-gap en- 

rgy ( ≥ 0.6 eV), photons are absorbed by VO 2 (M1) and excitons 

re formed. As a result, electrons are excited in the valence band 

nd electron-hole pairs are generated, as shown in Fig. 7 b. 

In the second case of photo-electric excitation, when a bias 

oltage is applied, a potential difference is created between the 

lectrodes which moves electrons towards the electrode with posi- 

ive potential as shown in Fig. 7 c. Thus, we achieve photoresponse. 

s the recombination rate in VO 2 is high, we apply a bias volt- 

ge of 5 V. This 5 V voltage drives the photogenerated electrons to 

he external circuit effectively before the recombination with holes. 

hus, �I enhancement is achieved. The electrical bias voltage is 

ept constant throughout (during both on and off time of LEDs). 

his strongly suggests that the variation observed in photoresponse 

t different wavelengths is due to photo-generated carriers. 

In the third case of photo-electric-thermal excitation, thermal 

xcitation is added to further increase the photoresponse, as the 

tudies show that the conductance and sensitivity of VO 2 rises dra- 

atically close to transition edge [50] . The photoresponse mech- 

nism at the IMT slope region and after transition is shown in 

ig. 7 d. In IMT slope region, the amount of carriers significantly in- 

reases which is believed to be contributed by the co-existence of 

O 2 insulator and metallic phases [4 8 , 4 9] . Lattice strain induced in

icro/nano-sized devices is the reason for the co-existence of both 

etallic and insulator phases in strongly correlated electron mate- 

ials like VO 2 [49 , 51] . In this case, the thin film turns to VO 2 (R) at

65 °C – lower than the reported transition temperature. We be- 
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Fig. 6. Photoresponse of a VO 2 device. Photoresponse in a D3 VO 2 device with cross-sectional area 3 μm 

2 at all the three regions with a biasing voltage of 5 V during 10 s 

on and 10 s off switching under different wavelengths of LED illumination with a light intensity of 25 mW/cm 

2 . (a) Photocurrent before transition (25 °C) (b) photocurrent 

after transition (65 °C). (c) 3D representation of photocurrent of one-cycle at different wavelengths at 65 °C (d) photocurrent at room temperature, IMT slope, and beyond 

transition slope temperature for different wavelengths. Photoresponse enhanced significantly in the IMT slope and is the highest beyond transition slope temperature. 

Fig. 7. The photoresponse mechanism of VO 2 photodetector . (a) With no excitation, no free electrons are present in crystalline VO 2 (M1) phase. (b) With photo-excitation, 

electron-hole are generated due to LED illumination. The recombination rate of electron-hole in the crystalline VO 2 (M1) phase is high. (c) With photo and electric excitation, 

the electron population increases and photo-excited electrons flow with the DC bias application in crystalline VO 2 (M1). (d) With photo, electric, and thermal excitation, 

increased photoresponse is achieved due to co-existence of VO 2 (M1) and VO 2 (R) phases at the IMT slope and beyond IMT slope region at applied temperature 50–65 °C 
and due to the contribution of additional free carriers by VO 2 (R). 

7 
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ieve it is due to the presence of three stimuli simultaneously. The 

ighest photoresponse is achieved due to the presence of free car- 

iers contributed by the metallic phase at 65 °C. Thus, we achieve 

 notable enhancement of photocurrent in our VO 2 photodetector 

evices contributed by insulator and metallic phases in the IMT 

egion and metallic phases after transition as shown in Fig. 6 a–d. 

ince, the LEDs were turned on and photoresponse was recorded 

nce the carriers were in equilibrium at a fixed temperature, the 

hotoresponse at IMT slope and beyond IMT slope region is be- 

ieved to be mostly contributed by the photo-induced carriers gen- 

rated from both VO 2 insulator and metallic phases. From the I –V 

urves of VO 2 for all wavelengths shown in Fig. S6, Supplementary 

nformation, we can say that the mechanism of photoresponse is 

he same for all the wavelengths as all of them follow the same 

rend. 

We notice different trends of changing photoresponse at all 

hree regions with different wavelengths of light due to band shift- 

ng as we mentioned earlier in the photoresponse section. To have 

n insight about the shifting of valence band with temperature, 

e perform valence band XPS of our VO 2 thin film. The valence 

and XPS spectra at 25, 50, 65, 10 0, 20 0, and 30 0 °C are shown

n Fig. 8 a. The valence band which consists of a broad O 2 p – de-

ived band from ~2.5 to 10 eV and a distinct V 3 d feature near

he fermi level ( E F ), is confirmed as VO 2 (M1) from previous lit-

rature [52] . At room temperature, the edge of valence band V 3 d 

s at 0.76 eV. With temperature, V 3 d band shifts towards E F with

dges at ~0.12 eV and ~−0.20 eV at 50 °C and 65 °C respectively

s highlighted in the Fig. 8 b. The shift of V 3 d valence band with

emperatures towards the E F confirms the co-existence of VO 2 (R) 

hase with VO 2 (M1) phase in the IMT slope region. At 65 °C, the

lm turns metallic as the valence band is not shifted anymore with 

he further increase of temperature. 

It is presented earlier that the highest photoresponse is 

chieved for 660 nm wavelength and second highest for 565 nm 

avelength ( Fig. 6 a), which corresponds to 1.87 eV and 2.19 eV 

espectively. As the energy of 565 nm – 2.19 eV is very close to 

he electronic transition state of VO 2 corresponding to ~2.2 eV, the 

ighest photoresponse was expected at 565 nm. Additionally, in 

he UV–Vis–NIR absorption spectroscopy ( Fig. 5 a), the absorbance 

f VO 2 at 660 nm is not very prominent at room temperature. De- 

pite this being the case, we achieve the highest photoresponse at 

60 nm wavelength. We believe that the reason behind getting the 

ighest photoresponse at 660 nm is due to the presence of an in- 

ermediate energy state between occupied O 2 p and V 3 d close 

o 1.88 eV in our patterned microscale devices. The intermediate 

tate is possibly related to deep level defect states due to oxygen 

acancies or occupied trap states during crystal growth. To prove 

he presence of defect states in our VO 2 devices we carried out CL 

pectroscopy at different temperatures as shown in Fig. 8 c and d. 

After considering all the results, we present a schematic of the 

lectronic band structure of VO 2 showing valence band, conduc- 

ion band, and intermediate band at room temperature, 50 °C, and 

5 °C in Fig. 8 e. The band energies presented are obtained from the 

ptical absorbance ( Fig. 5 ), valence band XPS spectroscopy ( Fig. 8 a

nd b), and CL spectroscopy ( Fig. 8 c and d). 

The luminescence properties of individual VO 2 devices were in- 

estigated by CL spectroscopy. Representative spectra, displayed in 

ig. 8 c, show a main emission peak at 1.9 eV and a weak band at

.6 eV. These are to be compared with emission at 1.9 and 2.1 eV 

eported in photoluminescence measurements [53] . Two transi- 

ions originating from the O 2 p and V 3d electrons of VO 2 based

n DFT calculations: d ‖ → d ∗‖ at 1.5 eV and O 2 p → π ∗ at 3.6 eV

re reported [54] , as illustrated the band diagram in Fig. 8 e. In this

ork, the direct transition d ‖ → d ∗‖ has an energy of 2.2 eV as re-

ealed by the Tauc analysis ( Fig. 5 b). The formation of mid-gap de-

l

8 
ect states due to oxygen vacancy in V 2 O 5 nanostructures [55] and 

xygen vacancy related defect state induced enhanced visible pho- 

oresponse in ZnO has been demonstrated before [56] . However, as 

resented earlier in compositional analysis, we do not notice any 

vidence of the presence of impurities in our VO 2 thin film. This 

eing the case, it could be possible that the CL peak at 1.9 eV in-

icates the occupancy of intermediate states due to oxygen-related 

efects (VO 2 ±∂ ) or deep level occupied trap states. However, it has 

een presented that the concentration of oxygen vacancies in the 

nO decreases when the samples are annealed at a higher temper- 

ture in air [56] . As we also anneal VO 2 thin films at 550 °C in air,

he possibility of the presence of defect states due to oxygen va- 

ancies is low. This leads to the explanation that the CL emission 

t 1.9 eV is due to the presence of defect states other than oxygen 

acancy. From the above discussion, we strongly believe that this 

efect state is due to the formation of VO 2 + ∂ and/or deep level 

rap state. However, further investigations are required to affirm 

his claim. Fig. 8 d shows the thermally driven modulation of the 

.9 eV CL emission around the T IMT ~ 67 °C, further supporting the 

O 2 phase transition. Remarkably, the 1.9 eV emission increases in 

ntensity with rising temperature from room temperature to T IMT ~

7 °C; this negative thermal quenching behavior might be due to 

he d ∗‖ conduction level being progressively filled with electrons. 

bove T IMT the 1.9 eV peak drops rapidly with increasing temper- 

ture, which supports the electronic correlation in VO 2 as the film 

ndergoes a phase transition. Thus, the thermal behavior of the 

.9 eV peak suggests that it is associated with the intermediate 

tate, which is believed to be related to defects, is formed between 

wo V 3 d split bands in VO 2 , as shown in Fig. 8 e. This result is con-

istent with the highest photoresponse of the device at 660 nm 

xcitation, which closely matches the energy of the dominant CL 

ransition. 

In CL spectra, the emission with a peak at 2.6 eV has weak in- 

ensity ( Fig. 8 c) which corresponds to the absorption of VO 2 in the

lue region. No significant change in this peak is observed at dif- 

erent temperatures. Optical absorption for VO 2 in the visible range 

 2.5 eV energy has been reported due to interband transitions be- 

ween occupied O 2 p to unoccupied V 3 d states [57–59] . This when

ombined with our absorption spectrum in Fig. 5 a, which shows 

he absorption of both UV and blue light, concludes that the pho- 

oresponse at 365 nm and 455 nm is related to interband transi- 

ions between occupied O 2 p to unoccupied V 3 d states. The pho- 

oresponse of our VO 2 device when it is illuminated with 850 nm 

avelength of LED is due to the indirect transition from the top 

f filled d ‖ bands to the bottom of the empty π ∗ band. When we 

dd the temperature stimulus, the photoresponse increases signif- 

cantly due to the increment of free carriers contributed by the 

etallic phase. 

As the optical band gap of VO 2 (M1) thin film is ~0.6 eV, it ab-

orbs IR wavelengths [18 , 25] . The IR absorption of VO 2 increases 

ith temperature due to the contributions of free carriers [60] . 

igh mid-infrared absorption in VO 2 has been reported recently 

61] . In future, VO 2 photodetectors can be investigated for detec- 

ion in the mid-infrared and beyond ranges. 

This section summarizes that broadband photoresponse in VO 2 

onsiderably increases with thermal excitation along with optical 

nd electrical stimuli and is the highest after transition due to the 

resence of free carriers from VO 2 (R) phase. 

.5. Performance of VO 2 photodetector devices 

We calculate performance parameters including speed, respon- 

ivity, external quantum efficiency (% EQE), and specific detectiv- 

ty ( D 

∗) using the experimental results. The speed is an impor- 

ant photodetector characteristic, indicating how fast the high- and 

ow- current states can be switched and can be presented in terms 
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Fig. 8. Valence band structure of VO 2 in the photodetector device structure. (a) Valence band X-ray photoemission spectra of VO 2 thin film at 25, 50, 65, 100, 200, and 

300 °C (b) Zoomed version in inset showing shifting of V 3 d band at 25, 50, and 65 °C showing valence band shifting towards the fermi-level. (c) Cathodoluminescence 

spectra at different temperatures including 27, 47, 57, 67, 87, 97, and 107 °C with a peak at 1.9 eV indicating the presence of an intermediate band due to defect state (d) The 

effect of temperature on the CL 1.9 eV emission. (e) Schematic of the electronic band structure of VO 2 with the intermediate band due to defects showing valence band, 

conduction band, and intermediate band at room temperature and IMT slope. 
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Table 3 

Response time of VO 2 devices. Rise time and fall time of VO 2 devices at room 

temperature and beyond IMT slope. 

Wavelength 

(nm) 

Rise time, t r (s) Fall time, t f (s) 

25 0 C 65 0 C 25 0 C 65 0 C 

365 2.48 2.45 0.94 2.09 

455 2.25 2.22 2.01 1.65 

565 2.46 2.12 2.15 2.20 

660 2.17 2.03 2.12 2.06 

850 2.27 2.08 2.06 2.09 
f rise time ( t r ) and fall time ( t f ). As the light turns on and off in

resence of bias voltage, the photocurrent increases up to several 

undred nA and then drops back to the original state quickly. The 

 r and t f of �I for all wavelengths at room temperature and beyond 

ransition are presented in Table 3 . The t r and t f when subjected to

eriodic illumination of 660 nm illumination at room temperature 

re 2.17 s and 2.12 s respectively as shown in Fig. S7. 

From Table 3 we found that the t r is slightly higher than the 

 f for all the wavelengths at room temperature. After transition, t r 
educes by several milli-seconds (ms) for all wavelengths, while t f 
9 
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Fig. 9. Performance of VO 2 photodetectors . (a) Responsivity, R λ of D3 in different wavelengths namely 365 nm, 455 nm, 565 nm, 660 nm and 850 nm with 25 mW/cm 

2 

power density at room temperature (25 °C) and beyond transition (65 °C) under biasing voltage of 5 V. (b) The R λ of D3, D5, and D6 sized devices at a wavelength of 565 nm 

under a biasing voltage of 5 V and at room temperature (25 °C). (c) The R λ of D3 at 565 nm and 660 nm of wavelengths with 15 mW/cm 

2 , 20 mW/cm 

2 , and 25 mW/cm 

2 

power densities measured at biasing voltage 5 V and temperature of 25 °C and 65 °C. (d) The external quantum efficiency (% EQE) and specific detectivity ( D ∗) of a D3 device 

due to 365 nm, 455 nm, 565 nm, 660 nm and 850 nm wavelengths with a power density of 25 mW/cm 

2 , at a temperature of 25 °C and 65 °C under biasing voltage of 5 V. 
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ncreases slightly (several ms) with an exception in case of 455 nm. 

he reason of decreased t r is the lesser time required by photogen- 

rated carriers to travel to conduction band due to reduced band 

ap after transition and increased t f which is believed to be related 

o the presence of from VO 2 (R) that stays in conduction band even 

fter light being switched off, needs further investigation. 

The performance parameters of our VO 2 photodetector is shown 

n Fig. 9 . In Fig. 9 a, we present R λ of a D3 sized VO 2 device as

 function of wavelength at room temperature and beyond tran- 

ition. It clearly shows the higher R λ for visible light including 

60 nm and 565 nm than other wavelengths. We found that R λ
ncreases 454, 170, 176, 128, and 90% after transition for 365, 455, 

65, 660, and 850 nm respectively due to enhanced �I contributed 

y the free carriers from VO 2 (R) phase. The reason of this varia- 

ion in the increase of R λ is the trend of change of �I which is re-

ated to shifting of band-gap energy as discussed earlier. In Fig. 9 b, 

 λ for three sizes of devices such as D3, D5, and D6 are shown

ue to 660 nm of wavelength at room temperature. Among the 

hree sizes of devices, D3 offers the highest R λ of 850 mA/W at a

avelength of 660 nm due to lowest electrode separation as we 

iscussed in previous photoresponse section. Further, we present 

 λ as a function of 565 nm and 660 nm wavelengths of light with

ower densities of 15, 20, and 25 mW/cm 

2 at 25 °C and 65 °C as

hown in Fig. 9 c. We notice that in both temperatures R λ increases

ith increased power densities. At room temperature, the values 

f R λ for 660 nm are higher than that of 565 nm, while, beyond 

ransition, the trend is opposite due to enhanced �I . 

EQE which is related to photodetector’s electrical sensitivity to 

ight and is used to determine the number of photoinduced carri- 
10 
rs per incident photons is calculated using EQE = R λhc/λe . Here, 

 λ is the responsivity of the photodetector, h is the Plank’s con- 

tant, c is the velocity of light, λ is the wavelength of light illu- 

ination, and e is the charge of electrons [72] . The specific detec- 

ivity, D 

∗ describes the smallest detectable signal and can be cal- 

ulated using D 

∗ = R λS 1 / 2 / ( 2 e 
I dark 

) 1 / 2 where S is the effective area 

f photodetector under illumination and I dark is the dark current 

42 , 73] . Fig. 9 d shows the calculated values of % EQE (left y -axis)

nd D 

∗ (right y -axis) at different wavelengths. We clearly see that 

ike R λ, the % EQE increases notably beyond transition. D 

∗ depends 

n I dark which increases with thermal noise at higher temperature 

ue to movement of free carriers [74] . In our VO 2 devices no sig- 

ificant reduction of D 

∗ is noticed after transition with the pres- 

nce of free carriers from VO 2 (R) phase due to two reasons –

rst, I dark does not change much in both temperature regions (from 

0 −11 to 10 −10 A) and second, R λ is enhanced significantly beyond 

ransition. This kind of consistency in specific detectivity with el- 

vated temperature is desired in practical application of photode- 

ector devices. In terms of speed, responsivity and specific detectiv- 

ty of our fabricated VO 2 photodetector exhibit respectable perfor- 

ance, if benchmarked with prior demonstrations ( Table 4 ). The 

 λ, % EQE, and D 

∗ of our VO 2 photodetector devices are compa- 

able to other commercial photodetectors. On the other hand, re- 

ponse time (1–2 s) which is slower than commercial silicon-based 

hotodetectors, is still comparable to other oxide and chalcogenide 

ased broadband photodetectors [63 , 67 , 70 , 71] . 

We achieve more than double �I after transition region than at 

oom temperature. The on/off states of currents remained almost 

nchanged for 10 cycles, which demonstrates high reversibility. Af- 
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Table 4 

Performance of photodetectors. Key performance parameters of different photodetectors. 

Photodetector material Spectral range Response time t r / t f (s) R λ (mA/W) %EQE D ∗ (Jones) Ref. 

Graphene IR _ 6.1 _ _ [62] 

Reduced Graphene oxide IR 26/29 4 _ _ [63] 

Single layer MoS 2 UV–Vis–IR _ 0.09 _ 10 7 [64] 

Monolayer MoS 2 Visible _ 1.1 _ _ [65] 

Monolayer WS 2 Visible ~4.5 × 10 −3 /4.5 × 10 −3 18.8 _ _ [66] 

Multi-layer WS 2 UV–Vis–IR 9.9/8.7 700 1.01 × 10 2 2.7 × 10 9 [67] 

GaSe nanosheet Visible _ 17 _ _ [68] 

In 2 Te 3 nanowire UV–Vis–IR _ 300 _ _ [69] 

VO 2 (B) NRs IR 4.6/2.8 _ _ _ [70] 

CuO nanofilm Visible 0.68/1.77 1530 _ 1.08 × 10 11 [71] 

VO 2 (M1) UV 2.48/0.94 273 0.93 × 10 2 2.72 × 10 9 Present 

work Visible 2.17/2.12 850 1.65 × 10 2 9.44 × 10 9 

NIR 2.27/2.06 580 0.84 × 10 2 1.20 × 10 9 

VO 2 (R) UV 2.45/2.09 1516 5.15 × 10 2 1.69 × 10 9 Present 

work Visible 2.03/2.11 2067 4.54 × 10 2 4.55 × 10 9 

NIR 2.08–2.09 1100 1.60 × 10 2 6.45 × 10 8 

t

n

D

s

(

p

s

s

t

3

V

t

w

c

F

b

w

s

s

a

d

e

y

i

d  

w

i

i

f

b

i

d

l

4

4

p

c

V

i

i

p

A

a

w

i

q

4

v

t

e

c

(

t

p

s

e

u

4

t

d

m

T

t

w

4

s

t

A

s

s

t

u

f

D

a

a

t

er 10 cycles we notice fatigability for visible wavelengths that 

eeds further investigation. In this work, we observe instability in 

1 and D2 during photoresponse. Similarly, instability in photore- 

ponse for all other device sizes is observed at higher temperature 

 > 65 °C), probably due to the carrier saturations at higher tem- 

erature after transition of VO 2 . In future, we aim to examine the 

tability of photoresponse of VO 2 devices thoroughly for smaller 

izes in micro and nano scales and at higher temperatures after 

he transition of VO 2 thin films. 

. Conclusions 

We investigate the size-dependency of IMT for VO 2 and present 

O 2 thin film-based broad-band photodetectors that are sensitive 

o light in the UV, visible and NIR wavelength regions. Further, 

e calculate and demonstrate the performance parameters in- 

luding response time, responsivity, %EQE, and specific detectivity. 

rom experimental data, it is found that the grain size and grain 

oundary density in different VO 2 patches impact the T c , hysteresis 

idth, and switching ratio of VO 2 . On the other hand, the photore- 

ponse is not grain size dependent, rather depends on electrode 

eparation, with a trend of higher photoresponse with lesser sep- 

ration. As broadband photodetectors, the fabricated devices can 

etect from UV to NIR light at room temperature and demonstrate 

nhanced performance when operated on the IMT slope and be- 

ond IMT slope. A mechanism for this behavior in all three regions 

s presented based on spectroscopic analysis. Presence of interme- 

iate state between two V 3 d split bands due to deep level defects

hich is responsible for the highest photoresponse in red region 

s confirmed by CL spectroscopy. The consistent specific detectiv- 

ty beyond transition temperature and high reversibility make our 

abricated VO 2 photodetector devices a prospective candidate for 

roadband light sensing and imaging array applications. The find- 

ngs provide insights into the size-dependent performance of VO 2 

evices, which is relevant for improving integration density and 

owering power consumption. 

. Materials and methods 

.1. VO 2 thin films deposition 

VO 2 thin films with approximately 150 nm thickness were de- 

osited on a thermally grown silicon dioxide (300 nm) on sili- 

on (SiO 2 /Si) substrate using pulsed direct current (DC) sputtering. 

anadium metal target (99.999% pure) was used for the sputter- 

ng of VO 2 . The deposition was carried out for 45 min in 30% O 2 

n an Ar and O gas mixture at room temperature. The sputtering 
2 

11 
ressure was 4 m Torr from the base pressure of 4.8 × 10 −7 Torr. 

s-deposited VO 2 film was annealed using standard air mixture in 

 tube vacuum furnace at 550 °C for 90 min. Annealing pressure 

as maintained at ~250 m Torr. Sputtering parameters for deposit- 

ng VO 2 thin films using pulsed DC magnetron sputtering and film 

uality have been reported prior in Taha et al. [11] . 

.2. X-ray photoelectron spectroscopy 

XPS data for post-annealed VO 2 thin film based planar de- 

ices were collected using Kratos AXIS Supra X-ray photoelec- 

ron spectrometer. Aluminum K-alpha X-rays with excitation en- 

rgy 1486.7 eV is used as a radiation source. The spectra were 

ollected under high vacuum pressure in constant analyzer energy 

CAE) mode with a collection area of 110 μm 

2 . We collected both 

he core level and valence band spectra from a 300 × 300 μm 

2 

atterned crystalline VO 2 planar device deposited on SiO 2 /Si sub- 

trate. For peak correction, adventitious carbon is taken as a refer- 

nce at 284.8 eV. Peak fitting and analysis of VO 2 were performed 

sing casaXPS software. 

.3. X-ray diffraction 

To investigate the crystallinity of post-deposited annealed VO 2 

hin films the XRD was studied by using an X-ray diffraction pow- 

er analyzer (D2 Phaser, Bruker). The peaks were detected using a 

onochromatic X-ray diffractometer with Cu-K α radiation (1.54 Å). 

he operating voltage and current were 40 kV and 40 mA, respec- 

ively. We scanned the samples in a range of 2 θ from 20 ° to 40 °
ith a scanning rate of 0.05 °/min. 

.4. VO 2 device fabrication 

Devices were fabricated on a pre-cleaned SiO 2 /Si wafer with 

tandard image reversal photolithography and lift-off process in 

wo steps. In the first step, metal electrodes were patterned using 

Z5214E photoresist. Patterning was followed by 25 nm Pt depo- 

ition with 5 nm Ti adhesion using an electron beam evaporator 

ystem (Kurt J. Lesker PVD 75) and a lift-off. In the second step, 

he oxide layer was patterned and 150 nm VO 2 film was sputtered 

sing the Lesker PVD 75 Magnetron Sputterer system. It was then 

ollowed by the lift-off process. To prevent the washing-off of VO 2 , 

I water is avoided during the lift-off process [75 , 76] . Finally, the 

s-deposited VO 2 thin film was annealed at 550 °C for 90 min in 

 vacuum furnace (VBF-1200X-MTI Corporation) for crystallization 

o complete the device fabrication. 
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.5. Electrical and optical characterization 

Electrical characterization was carried out using a source me- 

er (Agilent, 2901) and a digital multimeter (Agilent, 34450A). 

e used a temperature-controlled stage (Linkam, T95-HS) for 

emperature-dependent measurements. Light sensing was con- 

ucted using commercial high-power light-emitting diodes (Thor- 

abs, Inc.) with wavelengths including 365, 455, 565, 660 and 

50 nm. The illumination power was measured using a thermally 

solated thermal absorber photodetector (THORLABS, S302C). Dur- 

ng light-sensing measurements, the devices were supplied with 

xternal voltages using the source meter. The temperature increase 

nd decrease in the Linkam stage were controlled at a rate of 5 

C/min. Switching on and off of LEDs was automated using an em- 

edded control board (Arduino UNO). UV–Vis–IR absorption at dif- 

erent wavelengths were collected using a 20/30 microspectropho- 

ometer (CRAIC). The band-gap energy is calculated from the ab- 

orption data using Tauc Plot. The patterned VO 2 patches were im- 

ged using the high-vacuum scanning electron microscopy (SEM) 

n FEI Verios 460 L system to observe the patch size-effect on the 

rain size and grain boundaries. Raman spectra were collected us- 

ng a Horiba Scientific LabRAM HR evolution Raman spectrometer 

acilitated with a 9 mW, 532 nm laser. The measurements were 

onducted using a 100 × objective with a spatial resolution of 

321 nm and 1800 lines per mm grating. 

.6. Cathodoluminescence spectroscopy 

The VO 2 film was characterized by scanning Cathodolumines- 

ence (CL) spectroscopy using a FEI Quanta 200 scanning elec- 

ron microscope (SEM) equipped with a parabolic mirror collec- 

or and an Ocean Optics QE650 0 0 spectrometer. For temperature- 

ependent measurements, the device was mounted on a hot stage 

n the SEM and heated in high vacuum ( < 1 × 10 −6 Torr). CL spec-

ra of the VO 2 film were taken at 10 kV and 40 nA. All spectral

ata were corrected for the wavelength-dependent detection sen- 

itivity of the system. 
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