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a b s t r a c t
Vanadium dioxide (VO2 ) has drawn signiﬁcant attention due to a unique band-structure and multifaceted
optoelectronic properties. However, VO2 -based photodetectors reported till date involve complex structures and/or constrained wavelength response. Moreover, there is limited understanding of parameters
which control the insulator-to-metal transition (IMT) and photoresponse in VO2 . In this work, we present
VO2 based two-terminal planar devices and explore the size-dependency of IMT and photoresponse in
VO2 devices. We investigate the photoresponse of VO2 devices at a broadband range from ultra-violet to
near infrared at three temperature regions: room temperature, IMT slope, and beyond IMT slope. We further postulate the mechanism for photoresponse at all three temperature regions. A signiﬁcant enhancement 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 photoresponse opens opportunities for designing and controlling functional domains of VO2 for scalable microand nano-scale devices and sensor applications.
© 2020 Elsevier Ltd. All rights reserved.

1. Introduction
Optoelectronics is one of the fastest growing ﬁelds due to the
compact and high-speed applications in sensing [1], detection [2],
imaging [3], solar cells [4], and telecommunication [5]. During integration with electronics miniaturization of device size is crucial
in these applications due to increasing density, faster performance,
light weight, and lower power consumption requirements [6]. Currently, silicon dominates the photodetector sector due to the advantage of high speed, low cost, high responsivity, maturity, and
high level of integration with electronics. However, silicon has an
indirect bandgap (Eg ) of ~1.1 eV that put limitations on its range
of optical absorption leading to the narrowband response [2,7]. In
contrast, group III–V compound semiconductors such as InGaAs,
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InSb or heavy metal based HgCdTe photodetectors offer broader
near-infrared (NIR) and infrared (IR) spectra, but they are costly
and have complex fabrication processes [8–10]. This highlights the
need to investigate alternative materials for photodetectors.
Multifaceted VO2 has attracted considerable interest in optoelectronics applications due to its reversible phase transition triggered by multiple stimuli including thermal [11], electrical [12],
and optical [13]. It undergoes an insulator-to-metal transition (IMT)
at 68 °C [11,14]. However, the transition temperature of VO2 depends on ﬁlm thickness [15], substrates [14], crystal grain size [16],
and annealing atmosphere [17]. At a temperature lower than the
IMT temperature (Tc ), structure of VO2 is monoclinic (M1) which
is insulating. Above Tc , VO2 transforms into a tetragonal (R) structure which is metallic [11,14]. This phase transitions involves drastic change in electrical conductivity and optical response by several
orders of magnitude, making it a potential candidate for photodetection applications.
VO2 absorbs light from visible to IR range due to a unique band
structure and an optical band-gap of ~0.6 eV [18]. It has been studied for broadband photoresponse especially for NIR ranges for dif-
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Fig. 1. Device structure and VO2 thin ﬁlm characterization. (a) Schematic of a planar VO2 device structure. (b) Optical image showing different VO2 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 VO2 ﬁlms deposited on SiO2 /Si. The thin ﬁlm characterizations conﬁrm V4+ (or VO2 ) as a major contributor and presence of V5+ or (V2 O5 ) is only on the ﬁlm
surface.

ferent optoelectronic applications [19–22]. However, the number of
photogenerated carriers in VO2 are negligible due to the high recombination rate [18,23]. This being the case, multiple studies have
been presented to improve the performance of VO2 -based photodetectors such as, fabrication of core-shell VO2 /V2 O5 nanobeam
heterostructure [18], assembling VO2 with Ag nanowire to form
Schottky junction [24,25], and targeted doping [26,27]. However,
most of the above studies have a narrowband operation and/or
complex device structure challenging from the mass-production
point of view.
In this work, we present a simple, planar structure of VO2 thin
ﬁlms-based devices. We report two important aspects to improve
the performance of VO2 -based devices – size-dependency effects
on IMT and broadband photoresponse of VO2 from ultra-violet
(UV) to NIR at three regions during VO2 transition. We explore and
analyze the photoresponse at three regions during VO2 transition
including, room-temperature (25 °C) – insulating phase, IMT slope
(50–60 °C) – combination of insulating and metallic phases, and
beyond IMT slope (65 °C) – metallic phase. Finally, we perform Xray photoelectron spectroscopy (XPS) and CL spectroscopy to provide insights into mechanism of the broadband photoresponse at
three regions. A CL emission peak at 1.9 eV highlights the presence
of intermediate state due to deep level defects in our VO2 thin ﬁlm
devices, this is a discovery. Further, this is the ﬁrst report on the
investigations of broadband photodetection at all the three regions
during the VO2 transition, to the best of our knowledge.

room-temperature, IMT slope, and beyond IMT slope. Device parameters for six sizes of device use here are enlisted in Table 1.

2.1. Characterization of VO2 thin ﬁlms
X-ray photoelectron spectroscopy (XPS) is performed to conﬁrm
the stoichiometry of crystalline vanadium oxide. Fig. 1c shows the
core-level spectra for vanadium (V 2p) and oxygen (O 1s). The ﬁtted data shows V 2p3/2 peaks at 516.4 ± 0.2 eV corresponding to
V4+ and 517.5 ± 0.2 eV corresponding to V5+ . This conﬁrms the
functional oxide is composed of V4+ and V5+ components that correspond to VO2 and V2 O5 respectively. The V–O peak is resolved
with O 1s spectrum at 530±0.2 eV. The core-level spectra of V 2p
and O 1s presented here are identical to reported studies in the
literature [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
referred as Si–O bonds from the substrate [30].
The existence of the V5+ in the VO2 samples indicates an overoxidation, mainly due to the existence of V2 O5 at the ﬁlm surface
from air exposure. However, the higher percentage of V4+ component (V4+ = 32.63%, V5+ = 18.96%, and V–O = 48.41%) conﬁrms that
VO2 (or V4+ ) as the major contributor in our mixed-phase vanadium oxide ﬁlm.
We further perform X-ray diffraction (XRD) of post-deposition
annealed VO2 thin ﬁlms on SiO2 /Si substrate, as shown in Fig. 1d.
The diffractogram of the crystalline ﬁlms on SiO2 /Si conﬁrms a
(011) alignment at a 2θ of ~27.2 corresponding to the monoclinic
VO2 (M1) phase [31]. The peak corresponding to crystalline V2 O5
is not observed in the XRD. This indicates the presence of V2 O5 is
only 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.
An FWHM of 0.27 and D of 31 nm are found for our annealed VO2
thin ﬁlm. These are very close to the values previously reported by

2. Results and discussions
We present two-terminal planar structure for photodetectors
based on ~150 nm thin ﬁlm of VO2 , as seen in Fig. 1a and b. In this
section, we provide in-depth investigations on material characterizations of VO2 thin ﬁlm, electrical, thermal, and optical characterizations of different device sizes. Further based on the achieved
results and analysis, we provide insights into the photoresponse
mechanism of VO2 at three regions during transition namely –
2
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Table 1
Parameters of VO2 devices. Device parameters for different sizes of VO2 devices.
Patterned VO2 area
(μm2 )

Distance between
electrodes, d (μm)

Width of
electrodes, w (μm)

Film thickness, t
(nm)

Cross-sectional
area, A = wt (μm2 )

Device number

5×5
15 × 15
40 × 40
200 × 200
300 × 300
80 × 80

3
11
36
196
296
76

5
5
20
100
100
5

150
150
150
150
150
150

0.75
0.75
3
15
15
0.75

D1
D2
D3
D4
D5
D6

Fig. 2. Insulator-to-metal transition in VO2 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 VO2 devices. The analysis proves that the transition temperature and switching ratio is size dependent.
Table 2
IMT in VO2 devices. Switching ratio for different sizes of VO2 devices.
Device
number

RN = R × A (Ω μm2 )
25 0 C

50 0 C

80 0 C

Switching ratio
(RN (25◦ C) /RN (80◦ C) )

Switching ratio
(RN (50◦ C) /RN (80◦ C) )

D1
D2
D3
D4
D5

495,000
690,000
4,080,000
37,800,000
33,750,000

324,000
472,500
2,184,000
14,100,000
12,210,000

1478
2333
2700
13,080
10,455

335
296
1511
2890
3228

219
202
809
1078
1168

our group [11]. (See Supplementary Information, Fig. S1 for FWHM
calculations).

From Fig. 2b, the Tc of D1, D2, D3, D4, and D5 are 73, 70, 68, 68,
and 68 °C respectively, highlighting the size-dependency. We performed electrical characterization of more than 20 VO2 devices of
different sizes and observed the same trend of size dependency as
demonstrated in Fig. S2 (See in supplementary information for size
dependent IMT in different VO2 devices).
From previously reported literature, Tc and width of hysteresis
loop depend on doping, grain size, grain distribution, crystallinity,
and strain [16,33,34]. In this case, no dopant is used which is also
conﬁrmed by XPS and XRD analysis. The devices are then further
analyzed for grain size, grain boundary, and external stress. As the
VO2 devices are patterned into different areas before annealing,
there is a possibility that the size of grains might vary in different size VO2 patches. To observe any variations in grain size in different VO2 patches, scanning electron microscopy (SEM) images of
all the ﬁve size VO2 devices are obtained. The SEM micrographs
for D1–D5 devices are presented in Fig. 3. From the micrographs,
the difference in grain sizes in VO2 patches patterned into different
sizes can be seen. The cylindrical shaped grains with grain boundaries are evident in D3, D4, and D5 devices (Fig. 3c–e). On the
other hand, in smaller devices specially in D1 the grains are not
as prominent as other sized devices as shown in Fig. 3a and b.
The VO2 devices with larger grains experience IMT at 68 °C similar to single crystal bulk VO2 [11]. On the contrary, smaller devices
with smaller grains undergo transition at slightly higher and lower
temperature during heating and cooling respectively and thus, the
resulting hysteresis loop is wider than others which is also sup-

2.2. Size dependency in IMT of VO2 devices
We select ﬁve devices to explore the effect of size on the
IMT of patterned VO2 with thermal stimulus. Parameters of the
employed devices are listed in Table 1. As seen in Table 1,
we have ﬁve VO2 patch sizes with three cross-sectional areas –
D1 and D2 (0.75 μm2 ), D3 (3 μm2 ), and D4 and D5 (15 μm2 ).
The normalized resistance vs temperature or the IMT graph of
all ﬁve devices (D1–D5) is presented in Fig. 2a. We normalized
the device resistances to the cross-sectional area to enable the fair
comparison of different sized devices. The Tc and switching ratio
of all devices is presented in Fig. 2b. The normalized resistance of
all devices before and after transition, and the switching ratio of
resistance as calculated from Fig. 2 are tabulated in Table 2.
From Fig. 2a, the resistance of all ﬁve devices decreases from
several MΩ to kΩ due to IMT, highlighting a good quality VO2 thin
ﬁlm throughout. It clearly shows that the resistance increases with
the electrode-separation, which is expected according to resistance
formula, R = ρ d/A.
Hysteresis loops of different widths are formed in VO2 thin ﬁlm
[32]. We notice clear hysteresis loops in different sized devices between heating and cooling cycle due to the retention properties of
VO2 thin ﬁlm. The width of the hysteresis loop is almost the same
for D2, D3, D4, and D5, while it is approximately double for D1.
3
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Fig. 3. Scanning electron micrographs (SEM) for different VO2 device sizes. SEM micrographs for (a) D1 (5 × 5 μm2 ), (b) D2 (15 × 15 μm2 ), (c) D3 (40 × 40 μm2 ),
(d) D4 (200 × 200 μm2 ) and (e) D5 (300 × 300 μm2 ) devices, respectively. The SEM analysis proves that the grain size and grain boundary density in VO2 patches are size
dependent.

ported by previously reported literature [35]. Therefore, this study
concludes that different size of patterned VO2 patches leads to the
variation in VO2 grain size, which leads to the size-dependent Tc
and hysteresis.
For the switching ratio, it is highly dependent on the device
size as can be observed in Fig. 2b and Table 2. It shows an opposite trend as the Tc , it increases with the device size. VO2 thin ﬁlms
with lower grain boundary density (larger grain sizes) exhibit a
higher switching ratio of resistances [36]. In larger size devices, the
grain sizes are larger and so, the grain boundary density is lower.
Hence, a higher switching ratio of resistance in larger VO2 devices
is attributed to the lower density of grain boundaries (larger grain
sizes).
Strain is another factor that could control the transition temperature and hysteresis in VO2 [34,37,38]. It has been reported
that the presence of tensile strain induces M2 phase, which increases both Tc and width of hysteresis in VO2 [37,38]. To check
if there are any strain effects on the size dependency of VO2
patches due to external stress, Raman spectra are obtained of VO2
devices of four sizes (D1–D4) as shown in Figs. 4 and S3 (See
Supplementary information, Fig. S3 for Raman spectra of VO2 devices with 10, 25, and 50% laser intensities). Raman peaks are obtained by varying the laser intensity from 5% to 100%. A sharp
peak at 521 cm−1 corresponds to SiO2 /Si [39]. The Raman peaks
in VO2 devices at 195 (Ag ), 225 (Ag ), 264 (Bg ), 307 (Ag ), 385 (Ag ),
503 (Ag ), and 615 (Ag ) cm−1 conﬁrms the presence of VO2 (M1)

[11,38]. When the intensity of laser excitation is increased, VO2
undergoes IMT due to highly localized laser heating and resulting
VO2 (R) phase shows weaker and/or broader Raman peaks [11,38].
Hence, the weaker Raman peaks with higher laser intensities indicates the transition from VO2 (M1) to VO2 (R) phase in our devices. It is noted that no peaks corresponding to M2 phase (usually
seen at 432 and 645 cm−1 ) are observed during transition [40].
The absence of M2 phase conﬁrms that the size dependency in
VO2 patches is not due to strain effect. Besides, Raman peaks with
weaker intensity and broadening support the presence of smaller
size grains in smaller size VO2 patches.
In short, the size dependency of VO2 patches is related to the
size of grains which are formed in different sizes in VO2 thin-ﬁlm
devices patterned into different areas.
This section concludes that size of VO2 patch affects the Tc , hysteresis, and switching ratio due to the variation in grain size and
density of grain boundaries. VO2 devices with smaller size grains
and higher grain boundary density have higher Tc , while in contrast they have lower switching ratio.
2.3. UV–Vis–NIR photoresponse of VO2 devices
We present the optical characterization of our VO2 devices with
multiple (optical, electrical, and thermal) stimuli. To avoid photoinduced IMT due to the photothermal effect in VO2 we select
LED illuminations of different wavelengths 365, 455, 565, 660, and
4
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Fig. 4. Raman spectrum of different size VO2 devices. Raman spectrum with a laser intensity of (a) 5% and (b) 100% for D1 (5 × 5 μm2 ), D2 (15 × 15 μm2 ), D3
(40 × 40 μm2 ), and D4 (200 × 200 μm2 ) 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 VO2 patches on grain size.

Fig. 5. Optical absorption of VO2 thin ﬁlms. (a) Absorbance spectra of VO2 thin ﬁlm on the glass substrate at different wavelengths. Tauc plot extracted from absorbance
data presented in (a) for two different energy ranges are presented in (b) and (c), showing the electronic transition and optical bandgaps of VO2 at 2.2 eV and 0.62 eV,
respectively.

850 nm, from UV to NIR instead of high-power lasers. These LEDs
with a beam area 3.14 × 102 –3.80 × 102 mm2 prevent localized
heat and IMT in our VO2 devices. As the recombination rate is
high in VO2 [18,23,25], we select a power density of maximum
25 mW/cm2 to excite and move the photon-induced carriers from
the valence band to the conduction band. Below 15 mW/cm2 we
found no noticeable photoresponse. Details on the model and type
of used LEDs are provided in supplementary information (See supplementary information for Monochromaticity of LEDs).

strates [11]. The spectrum clearly shows the absorption at UV and
blue light with peaks at 4.02 eV and 3.20 eV. Further, a broad absorption at NIR ranges with a peak centered at ~1.24 eV can be
observed in Fig. 5a.
The Tauc plots are generated using the absorption data to calculate the optical band-gap energy, as seen in Fig. 5b and c. From
the Tauc plots, two electronic transitions of our VO2 thin ﬁlms at
~2.2 eV and 0.62 eV can be concluded. Two electronic transitions
observed here are supported by the literature with peaks at ~2.1 eV
and 0.6 eV [41]. Electronic transition at ~2.2 eV (Fig. 5b) is correlated to absorption edge Eg1 as shown in Fig. 5a. The optical band
gap of Eg2 = 0.62 eV (Fig. 5c) is the energy corresponding to the
indirect transition from the top of ﬁlled d bands to the bottom of
empty π ∗ band in insulator VO2 .
From the absorption spectra and calculated small optical Eg , we
expect to get a broadband photoresponse from UV to NIR for our
VO2 photodetector devices.

2.3.1. With no excitation
The absorption spectrum of crystalline VO2 thin ﬁlm without
any excitation is presented in Fig. 5a. The VO2 thin ﬁlm here is deposited and annealed on the glass substrate using the same parameters and conditions as the VO2 -based devices on SiO2 /Si substrate
presented in this work. Our previous work reports a substrate independent method for deposition and annealing of VO2 with similar optical and structural properties across both glass and Si sub5
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2.3.2. With photo-excitation
For the photo-excitation, we use LEDs of different wavelengths
from UV to NIR to optically excite our VO2 devices. The LEDs
are set at a 1 cm distance to illuminate the devices. The timedependent photoresponse is studied by periodically subjecting the
device to LED irradiation (from UV to NIR) at 10 s on and off intervals with a power density of 25 mW/cm2 . We do not observe
any photoresponse for photo-excitation for any wavelength under
zero-bias condition.

The IMT slope region photoresponse shows a signiﬁcant increase in ࢞I for all the wavelengths irradiation, as shown in Fig. S5,
Supplementary Information and Fig. 6d.
Enhanced photoresponse at 65 °C after the transition region for
all the wavelengths is presented in Fig. 6b and the 3D graph for
one cycle at 65 °C in Fig. 6c. At 65 °C the highest ࢞I values of 273,
236, 372, 350, and 198 nA are achieved for 365, 455, 565, 660 and
850 nm wavelengths respectively. In this region, photocurrent due
to 565 nm outperforms 660 nm at 65 °C in contrast to the room
temperature and IMT slope response.
The enhancement of photoresponse in IMT slope and beyond
the slope is due to the transition materials being very sensitive
at transition-edge due to increased conductance [44] and signiﬁcant increase of the number of free carriers after the transition to
VO2 (R) [45].
We notice that ࢞I due to visible wavelengths namely 455, 565,
and 660 nm increases from room temperature region to IMT slope
region to the after-transition region with consistent trend. On the
other hand, for UV (365 nm) ࢞I ﬁrst increases up to 188 nA at
50 °C, then decreases to 168 nA at 55 °C, and ﬁnally again starts
increasing up to 273 nA at 65 °C. Similarly, at NIR (850 nm) wavelength, we observe an exception in the trend. Here, ࢞I increases
between 50 and 55 °C region and between 60 and 65 °C. We believe, the reason for this is the change of band-gap energy or bandshift due to the presence of intermediate meta-stable states [46,47]
and/or change in proportion of the insulator and metallic phases of
VO2 co-existing at the IMT slope region [48,49].
However, we note that at wavelengths of 455, 565, and 660 nm,
the magnitude of ࢞I after the 180 s mark tends to decrease. The
reduction affects only these wavelengths and ࢞I reduces less than
10% from its nominal maximum indicating possible fatigue at visible wavelengths.

2.3.3. With photo and electrical excitation
After the photo-excitation, VO2 devices are illuminated with
365, 455, 565, 660, and 850 nm wavelengths of LEDs along with
voltage bias of 5 V at room temperature. Below 5 V the amount of
photoresponse is not signiﬁcant. The possible reason for this is a
high recombination rate of VO2 , due to which the number of photogenerated carriers is negligible [18,23].
Photocurrent (࢞I) is the electric current through a photodetector device due to exposure of light. Our VO2 thin-ﬁlm based photodetectors show two distinct states: a low I off-state (dark) and
a high ࢞I on-state (illuminated). We investigate three sizes of VO2
devices with three cross-sectional area for photoresponse namely
D3 (3 μm2 ), D5 (15 μm2 ), and D6 (0.75 μm2 ) as shown in Fig. S4
in the Supplementary Information. Among them, the highest and
lowest ࢞I are found for D3 and D5, respectively. Therefore, we believe that photoresponse is not dependent on device size rather
it depends on electrodes separation. The longer the distance between electrodes, the lesser the amount of photocarriers reach to
the electrode with positive voltage. Responsivity is an indication of
how much photocurrent the detector can generate per unit power
of incident light on the effective area of a photoconductor and can
be calculated by using the formula Rλ = I/P S, where ࢞I is the
difference between the photoexcited current and the dark current,
P is the incident light power density, S is the effective irradiated
area on the individual VO2 devices [42,43]. From the calculated results, we found the highest Rλ for D3 sized devices, which will be
discussed later in the performance of the VO2 photodetectors section. Thus, we select D3 device size with highest ࢞I and Rλ for the
investigation of photoresponse in all the three temperature regions.
The photoresponse of D3 is presented in Fig. 6a. Apart from
that, this device is used for the calculations of photodetector performance parameters including switching speed, responsivity, external quantum eﬃciency (EQE), and detectivity which is discussed
later in the paper.
With together photo and electrical excitation, our device responds to a wide range of wavelengths from UV to NIR. We found
the highest ࢞I due to illumination of 660 nm wavelength light
with ~153 nA followed by 565 nm at ~135 nA. On the contrary,
lower sensitivity is observed for other wavelengths such as 850,
455 and 365 nm with ࢞I of approximately 105, 87, and 49 nA, respectively.

2.4. Mechanism of UV–Vis–NIR photoresponse of VO2 devices
The possible mechanism of photoresponse in our VO2 photodetectors is shown in Fig. 7. At room temperature, VO2 (M1) is an
insulator with a resistance of several MΩ shown in Fig. 7a. In the
ﬁrst case of photo-excitation, due to the illumination of light with
a photo-energy close to or higher than the optical band-gap energy ( ≥ 0.6 eV), photons are absorbed by VO2 (M1) and excitons
are formed. As a result, electrons are excited in the valence band
and electron-hole pairs are generated, as shown in Fig. 7b.
In the second case of photo-electric excitation, when a bias
voltage is applied, a potential difference is created between the
electrodes which moves electrons towards the electrode with positive potential as shown in Fig. 7c. Thus, we achieve photoresponse.
As the recombination rate in VO2 is high, we apply a bias voltage of 5 V. This 5 V voltage drives the photogenerated electrons to
the external circuit effectively before the recombination with holes.
Thus, ࢞I enhancement is achieved. The electrical bias voltage is
kept constant throughout (during both on and off time of LEDs).
This strongly suggests that the variation observed in photoresponse
at different wavelengths is due to photo-generated carriers.
In the third case of photo-electric-thermal excitation, thermal
excitation is added to further increase the photoresponse, as the
studies show that the conductance and sensitivity of VO2 rises dramatically close to transition edge [50]. The photoresponse mechanism at the IMT slope region and after transition is shown in
Fig. 7d. In IMT slope region, the amount of carriers signiﬁcantly increases which is believed to be contributed by the co-existence of
VO2 insulator and metallic phases [48,49]. Lattice strain induced in
micro/nano-sized devices is the reason for the co-existence of both
metallic and insulator phases in strongly correlated electron materials like VO2 [49,51]. In this case, the thin ﬁlm turns to VO2 (R) at
~65 °C – lower than the reported transition temperature. We be-

2.3.4. With photo, electrical and thermal excitation
The photoresponse and performance parameters of our VO2 devices are insuﬃcient at room temperature. To further enhance the
photogenerated carriers we investigate the photoresponse of our
VO2 device at the IMT slope region (50–60 °C) and after the transition (65 °C), along with photo and electrical stimuli. When we
elevated temperature along the IMT slope and beyond IMT slope
region, temperature was allowed to stabilize at a ﬁxed value. Once
the carriers at that temperature were in equilibrium (indicated by
stable current measurement), then the light was switched on. As
there are optical and electrical stimuli accompanying temperature,
we expect to achieve IMT lower than 68 °C. Therefore, we investigate the after transition photoresponse at 65 °C, as shown in
Fig. 6b.
6
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Fig. 6. Photoresponse of a VO2 device. Photoresponse in a D3 VO2 device with cross-sectional area 3 μm2 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/cm2 . (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 VO2 photodetector. (a) With no excitation, no free electrons are present in crystalline VO2 (M1) phase. (b) With photo-excitation,
electron-hole are generated due to LED illumination. The recombination rate of electron-hole in the crystalline VO2 (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 VO2 (M1). (d) With photo, electric, and thermal excitation,
increased photoresponse is achieved due to co-existence of VO2 (M1) and VO2 (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 VO2 (R).

7
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lieve it is due to the presence of three stimuli simultaneously. The
highest photoresponse is achieved due to the presence of free carriers contributed by the metallic phase at 65 °C. Thus, we achieve
a notable enhancement of photocurrent in our VO2 photodetector
devices contributed by insulator and metallic phases in the IMT
region and metallic phases after transition as shown in Fig. 6a–d.
Since, the LEDs were turned on and photoresponse was recorded
once the carriers were in equilibrium at a ﬁxed temperature, the
photoresponse at IMT slope and beyond IMT slope region is believed to be mostly contributed by the photo-induced carriers generated from both VO2 insulator and metallic phases. From the I–V
curves of VO2 for all wavelengths shown in Fig. S6, Supplementary
Information, we can say that the mechanism of photoresponse is
the same for all the wavelengths as all of them follow the same
trend.
We notice different trends of changing photoresponse at all
three regions with different wavelengths of light due to band shifting as we mentioned earlier in the photoresponse section. To have
an insight about the shifting of valence band with temperature,
we perform valence band XPS of our VO2 thin ﬁlm. The valence
band XPS spectra at 25, 50, 65, 10 0, 20 0, and 30 0 °C are shown
in Fig. 8a. The valence band which consists of a broad O 2p – derived band from ~2.5 to 10 eV and a distinct V 3d feature near
the fermi level (EF ), is conﬁrmed as VO2 (M1) from previous literature [52]. At room temperature, the edge of valence band V 3d
is at 0.76 eV. With temperature, V 3d band shifts towards EF with
edges at ~0.12 eV and ~−0.20 eV at 50 °C and 65 °C respectively
as highlighted in the Fig. 8b. The shift of V 3d valence band with
temperatures towards the EF conﬁrms the co-existence of VO2 (R)
phase with VO2 (M1) phase in the IMT slope region. At 65 °C, the
ﬁlm turns metallic as the valence band is not shifted anymore with
the further increase of temperature.
It is presented earlier that the highest photoresponse is
achieved for 660 nm wavelength and second highest for 565 nm
wavelength (Fig. 6a), which corresponds to 1.87 eV and 2.19 eV
respectively. As the energy of 565 nm – 2.19 eV is very close to
the electronic transition state of VO2 corresponding to ~2.2 eV, the
highest photoresponse was expected at 565 nm. Additionally, in
the UV–Vis–NIR absorption spectroscopy (Fig. 5a), the absorbance
of VO2 at 660 nm is not very prominent at room temperature. Despite this being the case, we achieve the highest photoresponse at
660 nm wavelength. We believe that the reason behind getting the
highest photoresponse at 660 nm is due to the presence of an intermediate energy state between occupied O 2p and V 3d close
to 1.88 eV in our patterned microscale devices. The intermediate
state is possibly related to deep level defect states due to oxygen
vacancies or occupied trap states during crystal growth. To prove
the presence of defect states in our VO2 devices we carried out CL
spectroscopy at different temperatures as shown in Fig. 8c and d.
After considering all the results, we present a schematic of the
electronic band structure of VO2 showing valence band, conduction band, and intermediate band at room temperature, 50 °C, and
65 °C in Fig. 8e. The band energies presented are obtained from the
optical absorbance (Fig. 5), valence band XPS spectroscopy (Fig. 8a
and b), and CL spectroscopy (Fig. 8c and d).
The luminescence properties of individual VO2 devices were investigated by CL spectroscopy. Representative spectra, displayed in
Fig. 8c, show a main emission peak at 1.9 eV and a weak band at
2.6 eV. These are to be compared with emission at 1.9 and 2.1 eV
reported in photoluminescence measurements [53]. Two transitions originating from the O 2p and V 3d electrons of VO2 based
on DFT calculations: d → d∗ at 1.5 eV and O 2p → π ∗ at 3.6 eV

fect states due to oxygen vacancy in V2 O5 nanostructures [55] and
oxygen vacancy related defect state induced enhanced visible photoresponse in ZnO has been demonstrated before [56]. However, as
presented earlier in compositional analysis, we do not notice any
evidence of the presence of impurities in our VO2 thin ﬁlm. This
being the case, it could be possible that the CL peak at 1.9 eV indicates the occupancy of intermediate states due to oxygen-related
defects (VO2±∂ ) or deep level occupied trap states. However, it has
been presented that the concentration of oxygen vacancies in the
ZnO decreases when the samples are annealed at a higher temperature in air [56]. As we also anneal VO2 thin ﬁlms at 550 °C in air,
the possibility of the presence of defect states due to oxygen vacancies is low. This leads to the explanation that the CL emission
at 1.9 eV is due to the presence of defect states other than oxygen
vacancy. From the above discussion, we strongly believe that this
defect state is due to the formation of VO2+∂ and/or deep level
trap state. However, further investigations are required to aﬃrm
this claim. Fig. 8d shows the thermally driven modulation of the
1.9 eV CL emission around the TIMT ~ 67 °C, further supporting the
VO2 phase transition. Remarkably, the 1.9 eV emission increases in
intensity with rising temperature from room temperature to TIMT ~
67 °C; this negative thermal quenching behavior might be due to
the d∗ conduction level being progressively ﬁlled with electrons.

Above TIMT the 1.9 eV peak drops rapidly with increasing temperature, which supports the electronic correlation in VO2 as the ﬁlm
undergoes a phase transition. Thus, the thermal behavior of the
1.9 eV peak suggests that it is associated with the intermediate
state, which is believed to be related to defects, is formed between
two V 3d split bands in VO2 , as shown in Fig. 8e. This result is consistent with the highest photoresponse of the device at 660 nm
excitation, which closely matches the energy of the dominant CL
transition.
In CL spectra, the emission with a peak at 2.6 eV has weak intensity (Fig. 8c) which corresponds to the absorption of VO2 in the
blue region. No signiﬁcant change in this peak is observed at different temperatures. Optical absorption for VO2 in the visible range
>2.5 eV energy has been reported due to interband transitions between occupied O 2p to unoccupied V 3d states [57–59]. This when
combined with our absorption spectrum in Fig. 5a, which shows
the absorption of both UV and blue light, concludes that the photoresponse at 365 nm and 455 nm is related to interband transitions between occupied O 2p to unoccupied V 3d states. The photoresponse of our VO2 device when it is illuminated with 850 nm
wavelength of LED is due to the indirect transition from the top
of ﬁlled d bands to the bottom of the empty π ∗ band. When we
add the temperature stimulus, the photoresponse increases significantly due to the increment of free carriers contributed by the
metallic phase.
As the optical band gap of VO2 (M1) thin ﬁlm is ~0.6 eV, it absorbs IR wavelengths [18,25]. The IR absorption of VO2 increases
with temperature due to the contributions of free carriers [60].
High mid-infrared absorption in VO2 has been reported recently
[61]. In future, VO2 photodetectors can be investigated for detection in the mid-infrared and beyond ranges.
This section summarizes that broadband photoresponse in VO2
considerably increases with thermal excitation along with optical
and electrical stimuli and is the highest after transition due to the
presence of free carriers from VO2 (R) phase.
2.5. Performance of VO2 photodetector devices
We calculate performance parameters including speed, responsivity, external quantum eﬃciency (% EQE), and speciﬁc detectivity (D∗ ) using the experimental results. The speed is an important photodetector characteristic, indicating how fast the high- and
low- current states can be switched and can be presented in terms

are reported [54], as illustrated the band diagram in Fig. 8e. In this
work, the direct transition d → d∗ has an energy of 2.2 eV as revealed by the Tauc analysis (Fig. 5b). The formation of mid-gap de-
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Fig. 8. Valence band structure of VO2 in the photodetector device structure. (a) Valence band X-ray photoemission spectra of VO2 thin ﬁlm at 25, 50, 65, 100, 200, and
300 °C (b) Zoomed version in inset showing shifting of V 3d 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 VO2 with the intermediate band due to defects showing valence band,
conduction band, and intermediate band at room temperature and IMT slope.

of rise time (tr ) and fall time (tf ). As the light turns on and off in
presence of bias voltage, the photocurrent increases up to several
hundred nA and then drops back to the original state quickly. The
tr and tf of I for all wavelengths at room temperature and beyond
transition are presented in Table 3. The tr and tf when subjected to
periodic illumination of 660 nm illumination at room temperature
are 2.17 s and 2.12 s respectively as shown in Fig. S7.
From Table 3 we found that the tr is slightly higher than the
tf for all the wavelengths at room temperature. After transition, tr
reduces by several milli-seconds (ms) for all wavelengths, while tf

Table 3
Response time of VO2 devices. Rise time and fall time of VO2 devices at room
temperature and beyond IMT slope.
Wavelength
(nm)
365
455
565
660
850

9

Rise time, tr (s)

Fall time, tf (s)

25 0 C

65 0 C

25 0 C

65 0 C

2.48
2.25
2.46
2.17
2.27

2.45
2.22
2.12
2.03
2.08

0.94
2.01
2.15
2.12
2.06

2.09
1.65
2.20
2.06
2.09
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Fig. 9. Performance of VO2 photodetectors. (a) Responsivity, Rλ of D3 in different wavelengths namely 365 nm, 455 nm, 565 nm, 660 nm and 850 nm with 25 mW/cm2
power density at room temperature (25 °C) and beyond transition (65 °C) under biasing voltage of 5 V. (b) The Rλ 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 Rλ of D3 at 565 nm and 660 nm of wavelengths with 15 mW/cm2 , 20 mW/cm2 , and 25 mW/cm2
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/cm2 , at a temperature of 25 °C and 65 °C under biasing voltage of 5 V.

ers per incident photons is calculated using EQE = Rλ hc/λe. Here,
Rλ is the responsivity of the photodetector, h is the Plank’s constant, c is the velocity of light, λ is the wavelength of light illumination, and e is the charge of electrons [72]. The speciﬁc detectivity, D∗ describes the smallest detectable signal and can be calculated using D∗ = Rλ S1/2 /( I 2e )1/2 where S is the effective area

increases slightly (several ms) with an exception in case of 455 nm.
The reason of decreased tr is the lesser time required by photogenerated carriers to travel to conduction band due to reduced band
gap after transition and increased tf which is believed to be related
to the presence of from VO2 (R) that stays in conduction band even
after light being switched off, needs further investigation.
The performance parameters of our VO2 photodetector is shown
in Fig. 9. In Fig. 9a, we present Rλ of a D3 sized VO2 device as
a function of wavelength at room temperature and beyond transition. It clearly shows the higher Rλ for visible light including
660 nm and 565 nm than other wavelengths. We found that Rλ
increases 454, 170, 176, 128, and 90% after transition for 365, 455,
565, 660, and 850 nm respectively due to enhanced ࢞I contributed
by the free carriers from VO2 (R) phase. The reason of this variation in the increase of Rλ is the trend of change of ࢞I which is related to shifting of band-gap energy as discussed earlier. In Fig. 9b,
Rλ for three sizes of devices such as D3, D5, and D6 are shown
due to 660 nm of wavelength at room temperature. Among the
three sizes of devices, D3 offers the highest Rλ of 850 mA/W at a
wavelength of 660 nm due to lowest electrode separation as we
discussed in previous photoresponse section. Further, we present
Rλ as a function of 565 nm and 660 nm wavelengths of light with
power densities of 15, 20, and 25 mW/cm2 at 25 °C and 65 °C as
shown in Fig. 9c. We notice that in both temperatures Rλ increases
with increased power densities. At room temperature, the values
of Rλ for 660 nm are higher than that of 565 nm, while, beyond
transition, the trend is opposite due to enhanced ࢞I.
EQE which is related to photodetector’s electrical sensitivity to
light and is used to determine the number of photoinduced carri-

dark

of photodetector under illumination and Idark is the dark current
[42,73]. Fig. 9d shows the calculated values of % EQE (left y-axis)
and D∗ (right y-axis) at different wavelengths. We clearly see that
like Rλ , the % EQE increases notably beyond transition. D∗ depends
on Idark which increases with thermal noise at higher temperature
due to movement of free carriers [74]. In our VO2 devices no signiﬁcant reduction of D∗ is noticed after transition with the presence of free carriers from VO2 (R) phase due to two reasons –
ﬁrst, Idark does not change much in both temperature regions (from
10−11 to 10−10 A) and second, Rλ is enhanced signiﬁcantly beyond
transition. This kind of consistency in speciﬁc detectivity with elevated temperature is desired in practical application of photodetector devices. In terms of speed, responsivity and speciﬁc detectivity of our fabricated VO2 photodetector exhibit respectable performance, if benchmarked with prior demonstrations (Table 4). The
Rλ , % EQE, and D∗ of our VO2 photodetector devices are comparable to other commercial photodetectors. On the other hand, response time (1–2 s) which is slower than commercial silicon-based
photodetectors, is still comparable to other oxide and chalcogenide
based broadband photodetectors [63,67,70,71].
We achieve more than double ࢞I after transition region than at
room temperature. The on/off states of currents remained almost
unchanged 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 tr /tf (s)

Rλ (mA/W)

%EQE

D∗ (Jones)

Ref.

Graphene
Reduced Graphene oxide
Single layer MoS2
Monolayer MoS2
Monolayer WS2
Multi-layer WS2
GaSe nanosheet
In2 Te3 nanowire
VO2 (B) NRs
CuO nanoﬁlm
VO2 (M1)

IR
IR
UV–Vis–IR
Visible
Visible
UV–Vis–IR
Visible
UV–Vis–IR
IR
Visible
UV
Visible
NIR
UV
Visible
NIR

_
26/29
_
_
~4.5 × 10−3 /4.5 × 10−3
9.9/8.7
_
_
4.6/2.8
0.68/1.77
2.48/0.94
2.17/2.12
2.27/2.06
2.45/2.09
2.03/2.11
2.08–2.09

6.1
4
0.09
1.1
18.8
700
17
300
_
1530
273
850
580
1516
2067
1100

_
_
_
_
_
1.01
_
_
_
_
0.93
1.65
0.84
5.15
4.54
1.60

_
_
107
_
_
2.7 × 109
_
_
_
1.08 × 1011
2.72 × 109
9.44 × 109
1.20 × 109
1.69 × 109
4.55 × 109
6.45 × 108

[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
Present
work

VO2 (R)

× 102

×
×
×
×
×
×

102
102
102
102
102
102

Present
work

pressure was 4 m Torr from the base pressure of 4.8 × 10−7 Torr.
As-deposited VO2 ﬁlm was annealed using standard air mixture in
a tube vacuum furnace at 550 °C for 90 min. Annealing pressure
was maintained at ~250 m Torr. Sputtering parameters for depositing VO2 thin ﬁlms using pulsed DC magnetron sputtering and ﬁlm
quality have been reported prior in Taha et al. [11].

ter 10 cycles we notice fatigability for visible wavelengths that
needs further investigation. In this work, we observe instability in
D1 and D2 during photoresponse. Similarly, instability in photoresponse for all other device sizes is observed at higher temperature
( > 65 °C), probably due to the carrier saturations at higher temperature after transition of VO2 . In future, we aim to examine the
stability of photoresponse of VO2 devices thoroughly for smaller
sizes in micro and nano scales and at higher temperatures after
the transition of VO2 thin ﬁlms.

4.2. X-ray photoelectron spectroscopy
XPS data for post-annealed VO2 thin ﬁlm based planar devices were collected using Kratos AXIS Supra X-ray photoelectron spectrometer. Aluminum K-alpha X-rays with excitation energy 1486.7 eV is used as a radiation source. The spectra were
collected under high vacuum pressure in constant analyzer energy
(CAE) mode with a collection area of 110 μm2 . We collected both
the core level and valence band spectra from a 300 × 300 μm2
patterned crystalline VO2 planar device deposited on SiO2 /Si substrate. For peak correction, adventitious carbon is taken as a reference at 284.8 eV. Peak ﬁtting and analysis of VO2 were performed
using casaXPS software.

3. Conclusions
We investigate the size-dependency of IMT for VO2 and present
VO2 thin ﬁlm-based broad-band photodetectors that are sensitive
to light in the UV, visible and NIR wavelength regions. Further,
we calculate and demonstrate the performance parameters including response time, responsivity, %EQE, and speciﬁc detectivity.
From experimental data, it is found that the grain size and grain
boundary density in different VO2 patches impact the Tc , hysteresis
width, and switching ratio of VO2 . On the other hand, the photoresponse is not grain size dependent, rather depends on electrode
separation, with a trend of higher photoresponse with lesser separation. As broadband photodetectors, the fabricated devices can
detect from UV to NIR light at room temperature and demonstrate
enhanced performance when operated on the IMT slope and beyond IMT slope. A mechanism for this behavior in all three regions
is presented based on spectroscopic analysis. Presence of intermediate state between two V 3d split bands due to deep level defects
which is responsible for the highest photoresponse in red region
is conﬁrmed by CL spectroscopy. The consistent speciﬁc detectivity beyond transition temperature and high reversibility make our
fabricated VO2 photodetector devices a prospective candidate for
broadband light sensing and imaging array applications. The ﬁndings provide insights into the size-dependent performance of VO2
devices, which is relevant for improving integration density and
lowering power consumption.

4.3. X-ray diffraction
To investigate the crystallinity of post-deposited annealed VO2
thin ﬁlms the XRD was studied by using an X-ray diffraction powder analyzer (D2 Phaser, Bruker). The peaks were detected using a
monochromatic X-ray diffractometer with Cu-Kα radiation (1.54 Å).
The operating voltage and current were 40 kV and 40 mA, respectively. We scanned the samples in a range of 2θ from 20° to 40°
with a scanning rate of 0.05°/min.
4.4. VO2 device fabrication
Devices were fabricated on a pre-cleaned SiO2 /Si wafer with
standard image reversal photolithography and lift-off process in
two steps. In the ﬁrst step, metal electrodes were patterned using
AZ5214E photoresist. Patterning was followed by 25 nm Pt deposition with 5 nm Ti adhesion using an electron beam evaporator
system (Kurt J. Lesker PVD 75) and a lift-off. In the second step,
the oxide layer was patterned and 150 nm VO2 ﬁlm was sputtered
using the Lesker PVD 75 Magnetron Sputterer system. It was then
followed by the lift-off process. To prevent the washing-off of VO2 ,
DI water is avoided during the lift-off process [75,76]. Finally, the
as-deposited VO2 thin ﬁlm was annealed at 550 °C for 90 min in
a vacuum furnace (VBF-1200X-MTI Corporation) for crystallization
to complete the device fabrication.

4. Materials and methods
4.1. VO2 thin ﬁlms deposition
VO2 thin ﬁlms with approximately 150 nm thickness were deposited on a thermally grown silicon dioxide (300 nm) on silicon (SiO2 /Si) substrate using pulsed direct current (DC) sputtering.
Vanadium metal target (99.999% pure) was used for the sputtering of VO2 . The deposition was carried out for 45 min in 30% O2
in an Ar and O2 gas mixture at room temperature. The sputtering
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4.5. Electrical and optical characterization

Supplementary materials

Electrical characterization was carried out using a source meter (Agilent, 2901) and a digital multimeter (Agilent, 34450A).
We used a temperature-controlled stage (Linkam, T95-HS) for
temperature-dependent measurements. Light sensing was conducted using commercial high-power light-emitting diodes (Thorlabs, Inc.) with wavelengths including 365, 455, 565, 660 and
850 nm. The illumination power was measured using a thermally
isolated thermal absorber photodetector (THORLABS, S302C). During light-sensing measurements, the devices were supplied with
external voltages using the source meter. The temperature increase
and decrease in the Linkam stage were controlled at a rate of 5
°C/min. Switching on and off of LEDs was automated using an embedded control board (Arduino UNO). UV–Vis–IR absorption at different wavelengths were collected using a 20/30 microspectrophotometer (CRAIC). The band-gap energy is calculated from the absorption data using Tauc Plot. The patterned VO2 patches were imaged using the high-vacuum scanning electron microscopy (SEM)
in FEI Verios 460 L system to observe the patch size-effect on the
grain size and grain boundaries. Raman spectra were collected using a Horiba Scientiﬁc LabRAM HR evolution Raman spectrometer
facilitated with a 9 mW, 532 nm laser. The measurements were
conducted using a 100 × objective with a spatial resolution of
~321 nm and 1800 lines per mm grating.

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.apmt.2020.100833.
References
[1] E. Thrush, O. Levi, W. Ha, G. Carey, L.J. Cook, J. Deich, S.J. Smith, W. Moerner,
J.S.J. Harris, Integrated semiconductor vertical-cavity surface-emitting lasers
and PIN photodetectors for biomedical ﬂuorescence sensing, IEEE J. Quantum
Electron. 40 (2004) 491–498, doi:10.1109/JQE.2004.826440.
[2] Z. Huang, J.E. Carey, M. Liu, X. Guo, E. Mazur, J.C. Campbell, Microstructured silicon photodetector, Appl. Phys. Lett. 89 (2006) 033506, doi:10.1063/1.2227629.
[3] Bates R.D., "Imaging System with Light Valve and Photodetector," ed. USA:
Google Patents, 1986.
[4] G. Hodes, Applied physics. Perovskite-based solar cells, Science 342 (2013)
317–318, doi:10.1126/science.1245473.
[5] M. Casalino, G. Coppola, R.M. De La Rue, D.F. Logan, State-of-the-art all-silicon
sub-bandgap photodetectors at telecom and datacom wavelengths, J. Laser
Photon. Rev. 10 (2016) 895–921, doi:10.10 02/lpor.20160 0 065.
[6] S.E. Thompson, S. Parthasarathy, Moore’s law: the future of Si microelectronics,
Mater. Today 9 (2006) 20–25, doi:10.1016/S1369-7021(06)71539-5.
[7] R.A. Ismail, A.M. Alwan, A.S. Ahmed, Preparation and characteristics study of
nano-porous silicon UV photodetector, Appl. Nanosci. 7 (2017) 9–15, doi:10.
1007/s13204- 016- 0544- 9.
[8] G. Cao, F. Wang, M. Peng, X. Shao, B. Yang, W. Hu, X. Li, J. Chen, Y. Shan, P. Wu,
Multicolor broadband and fast photodetector based on InGaAs–insulator–
graphene hybrid heterostructure, Adv. Electron. Mater. 6 (2020) 1901007,
doi:10.1002/aelm.201901007.
[9] J. Xu, J. Hu, R. Wang, Q. Li, W. Li, Y. Guo, F. Liu, Z. Ullah, L. Wen, L. Liu, Ultrabroadband graphene-InSb heterojunction photodetector, Appl. Phys. Lett. 111
(2017) 051106, doi:10.1063/1.4997327.
[10] J. Wang, X. Chen, W. Hu, L. Wang, W. Lu, F. Xu, J. Zhao, Y. Shi, R. Ji, Amorphous
HgCdTe infrared photoconductive detector with high detectivity above 200 K,
Appl. Phys. Lett. 99 (2011) 113508, doi:10.1063/1.3638459.
[11] M. Taha, S. Walia, T. Ahmed, D. Headland, W. Withayachumnankul, S. Sriram, M. Bhaskaran, Insulator–metal transition in substrate-independent VO2
thin ﬁlm for phase-change devices, Sci. Rep. 7 (2017) 17899, doi:10.1038/
s41598- 017- 17937- 3.
[12] A. Crunteanu, J. Givernaud, J. Leroy, D. Mardivirin, C. Champeaux, J.-.C. Orlianges, A. Catherinot, P. Blondy, Voltage-and current-activated metal–insulator
transition in VO2 -based electrical switches: a lifetime operation analysis, J. Sci.
Technol. Adv. Mater. 11 (2010) 065002, doi:10.1088/1468-6996/11/6/065002.
[13] Y.W. Lee, B.J. Kim, S. Choi, H.T. Kim, G. Kim, Photo-assisted electrical gating in a
two-terminal device based on vanadium dioxide thin ﬁlm, Opt. Exp. 15 (2007)
12108–12113 Available: https://www.ncbi.nlm.nih.gov/pubmed/19547576.
[14] F.J. Morin, Oxides which show a metal-to-insulator transition at the neel temperature, Phys. Rev. Lett. 3 (1959) 34–36, doi:10.1103/PhysRevLett.3.34.
[15] E. Babkin, A. Charyev, A. Dolgarev, H. Urinov, Metal-insulator phase transition
in VO2 : inﬂuence of ﬁlm thickness and substrate, Thin Solid Films 150 (1987)
11–14, doi:10.1016/0040-6090(87)90304-X.
[16] M.J. Miller, J. Wang, Inﬂuence of grain size on transition temperature of thermochromic VO2 , J. Appl. Phys. 117 (2015) 034307, doi:10.1063/1.4906122.
[17] X. Liu, S.-.W. Wang, F. Chen, L. Yu, X. Chen, Tuning phase transition temperature of VO2 thin ﬁlms by annealing atmosphere, J. Phys. D Appl. Phys. 48
(2015) 265104, doi:10.1088/0022-3727/48/26/265104.
[18] Z. Li, Z. Hu, J. Peng, C. Wu, Y. Yang, F. Feng, P. Gao, J. Yang, Y. Xie, Ultrahigh
infrared photoresponse from core–shell single-domain-VO2 /V2 O5 heterostructure in nanobeam, Adv. Funct. Mater. 24 (2014) 1821–1830, doi:10.1002/adfm.
201302967.
[19] J. Kim, K. Park, B.-.J. Kim, Y.W. Lee, Bidirectional current triggering in planar
devices based on serially connected VO2 thin ﬁlms using 965 nm laser diode,
Opt. Exp. 24 (2016) 17720–17727, doi:10.1364/OE.24.017720.
[20] J. Kim, B.-.J. Kim, B.-.A. Yu, H.W. Kang, S.Y. Nam, J. Oh, Y.W. Lee, Bidirectional
laser triggering in highly-resistive vanadium-dioxide thin ﬁlms by using a 966nm pump laser diode, J. Korean Phys. Soc. 68 (2016) 323–328, doi:10.3938/
jkps.68.323.
[21] J. Kim, S. Jo, K. Park, H.-.J. Song, H.-.T. Kim, B.-.J. Kim, Y.W. Lee, 20 mA bidirectional laser triggering in planar devices based on vanadium dioxide thin
ﬁlms using CO2 laser, Opt. Express 23 (2015) 14234–14244, doi:10.1364/OE.23.
014234.
[22] Y.W. Lee, B.J. Kim, S. Choi, Y.W. Lee, H.T. Kim, Enhanced photo-assisted electrical gating in vanadium dioxide based on saturation-induced gain modulation of erbium-doped ﬁber ampliﬁer, Opt. Express 17 (2009) 19605–19610,
doi:10.1364/OE.17.019605.
[23] M. Qazilbash, K. Burch, D. Whisler, D. Shrekenhamer, B. Chae, H. Kim, D. Basov,
Correlated metallic state of vanadium dioxide, Phys. Rev. B 74 (2006) 205118.
[24] M. Li, S. Ji, J. Pan, H. Wu, L. Zhong, Q. Wang, F. Li, G. Li, Infrared response of
self-heating VO2 nanoparticles ﬁlm based on Ag nanowires heater, J. Mater.
Chem. A 2 (2014) 20470–20473, doi:10.1039/C4TA04738A.
[25] K.T. Hong, C.W. Moon, J.M. Suh, T.H. Lee, S.I. Kim, S. Lee, H.W. Jang, Daylightinduced metal-insulator transition in Ag-decorated vanadium dioxide nanorod
arrays, ACS Appl. Mater. Interfaces 11 (2019) 11568–11578, doi:10.1021/acsami.
8b19490.

4.6. Cathodoluminescence spectroscopy
The VO2 ﬁlm was characterized by scanning Cathodoluminescence (CL) spectroscopy using a FEI Quanta 200 scanning electron microscope (SEM) equipped with a parabolic mirror collector and an Ocean Optics QE650 0 0 spectrometer. For temperaturedependent measurements, the device was mounted on a hot stage
in the SEM and heated in high vacuum (<1 × 10−6 Torr). CL spectra of the VO2 ﬁlm were taken at 10 kV and 40 nA. All spectral
data were corrected for the wavelength-dependent detection sensitivity of the system.
Author contribution statement
S.K, S.N, S.S, S.W, and M.B conceived the idea, planned the
experiments, and also analyzed results to draw trends. S.K performed device fabrication and materials characterization (XRD, Raman, electrical and optical measurements). S.N. performed SEM
characterization. L.Z and C.T carried out and analyzed the CL experiments. B.M. performed XPS analysis while S.K.J. analyzed the XPS
results. All authors contributed to the writing of the manuscript.
Declaration of Competing Interest
The authors declare no competing interests.
Acknowledgments
We acknowledge personnel and project funding from the Australian Research Council through DE16010 0 023. Scholarship support from RMIT Research Stipend Scholarship (RRSS) and RMIT International Tuition Fee Scholarship is acknowledged. This work was
performed in part at the Micro Nano Research Facility at RMIT University in the Victorian Node of the Australian National Fabrication Facility (ANFF). Facilities and technical support from the RMIT
Microscopy and Microanalysis Facility, a node of Microscopy Australia, is acknowledged. We thank Ms. Sruthi Kuriakose, Dr. Taimur
Ahmed, Mr. Md. Ataur Rahman, Dr. Mohammad Taha, Ms. Mei Xian
Low, Mr. Rajour Tanyi Ako, Mr. Peter Francis Mathew Elango, and
Ms. Vaishnavi Krishnamurthi for experimental training, support,
and helpful discussions.
12

S. Kabir, S. Nirantar, L. Zhu et al.

Applied Materials Today 21 (2020) 100833

[26] B.H. Xie, W.B. Fu, G.T. Fei, S.H. Xu, X.D. Gao, L.D. Zhang, Preparation and enhanced infrared response properties of ordered W-doped VO2 nanowire array,
Appl. Surf. Sci. 436 (2018) 1061–1066, doi:10.1016/j.apsusc.2017.12.072.
[27] Z. Peng, W. Jiang, H. Liu, Synthesis and electrical properties of tungsten-doped
vanadium dioxide nanopowders by thermolysis, J. Phys. Chem. C 111 (2006)
1119–1122, doi:10.1021/jp066342u.
[28] E. Hryha, E. Rutqvist, L. Nyborg, Stoichiometric vanadium oxides studied by
XPS, Surf. Interface Anal. 44 (2012) 1022–1025, doi:10.1002/sia.3844.
[29] A. Pergament, G. Stefanovich, O. Berezina, D. Kirienko, Electrical conductivity
of tungsten doped vanadium dioxide obtained by the sol–gel technique, Thin
Solid Films 531 (2013) 572–576, doi:10.1016/j.tsf.2013.01.011.
[30] R. Aghaei, A. Eshaghi, Optical and superhydrophilic properties of nanoporous
silica-silica nanocomposite thin ﬁlm, J. Alloys Compd. 699 (2017) 112–118,
doi:10.1016/j.jallcom.2016.12.327.
[31] J.M. Booth, D.W. Drumm, P.S. Casey, J.S. Smith, A.J. Seeber, S.K. Bhargava,
S.P. Russo, Correlating the energetics and atomic motions of the metalinsulator transition of M1 vanadium dioxide, Sci. Rep. 6 (2016) 26391, doi:10.
1038/srep26391.
[32] H. Zhang, Z. Wu, Q. He, Y. Jiang, Preparation and investigation of sputtered
vanadium dioxide ﬁlms with large phase-transition hysteresis loops, Appl. Surf.
Sci. 277 (2013) 218–222, doi:10.1016/j.apsusc.2013.04.028.
[33] W. Zeng, H. Lai, T. Chen, Y. Lu, Z. Liang, T. Shi, K. Chen, P. Liu, F. Xie,
J. Chen, Size and crystallinity control of dispersed VO2 particles for modulation of metal–insulator transition temperature and hysteresis, CrystEngComm
21 (2019) 5749–5756, doi:10.1039/c9ce01013k.
[34] R. Shi, N. Shen, J. Wang, W. Wang, A. Amini, N. Wang, C. Cheng, Recent advances in fabrication strategies, phase transition modulation, and advanced applications of vanadium dioxide, Appl. Phys. Rev. 6 (2019) 011312, doi:10.1063/
1.5087864.
[35] H. Zhang, Z. Wu, X. Wu, W. Yang, Y. Jiang, Transversal grain size effect on
the phase-transition hysteresis width of vanadium dioxide ﬁlms comprising spheroidal nanoparticles, Vacuum 104 (2014) 47–50, doi:10.1016/j.vacuum.
2014.01.003.
[36] J. Jian, W. Zhang, C. Jacob, A. Chen, H. Wang, J. Huang, H. Wang, Roles of grain
boundaries on the semiconductor to metal phase transition of VO2 thin ﬁlms,
Appl. Phys. Lett. 107 (2015) 102105, doi:10.1063/1.4930831.
[37] W. Fan, J. Cao, J. Seidel, Y. Gu, J. Yim, C. Barrett, K. Yu, J. Ji, R. Ramesh,
L. Chen, Large kinetic asymmetry in the metal-insulator transition nucleated
at localized and extended defects, Phys. Rev. B 83 (2011) 235102, doi:10.1103/
PhysRevB.83.235102.
[38] S. Zhang, J.Y. Chou, L.J. Lauhon, Direct correlation of structural domain formation with the metal insulator transition in a VO2 nanobeam, Nano Lett. 9
(2009) 4527–4532, doi:10.1021/nl9028973.
[39] D. Popovic, V. Milosavljevic, A. Zekic, N. Romcevic, S. Daniels, Raman scattering analysis of silicon dioxide single crystal treated by direct current plasma
discharge, Appl. Phys. Lett. 98 (2011) 051503, doi:10.1063/1.3543838.
[40] B. Hu, Y. Ding, W. Chen, D. Kulkarni, Y. Shen, V.V. Tsukruk, Z.L. Wang, Externalstrain induced insulating phase transition in VO2 nanobeam and its application
as ﬂexible strain sensor, Adv. Mater. 22 (2010) 5134–5139, doi:10.1002/adma.
201002868.
[41] M. Jiang, Y. Li, S. Li, H. Zhou, X. Cao, S. Bao, Y. Gao, H. Luo, P. Jin, Room temperature optical constants and band gap evolution of phase pure M1-VO2 thin
ﬁlms deposited at different oxygen partial pressures by reactive magnetron
sputtering, J. Nanomater. 2014 (2014) 183954, doi:10.1155/2014/183954.
[42] X. Liu, L. Gu, Q. Zhang, J. Wu, Y. Long, Z. Fan, All-printable band-edge modulated ZnO nanowire photodetectors with ultra-high detectivity, Nat. Commun.
5 (2014) 4007, doi:10.1038/ncomms5007.
[43] Q. Yang, X. Guo, W. Wang, Y. Zhang, S. Xu, D.H. Lien, Z.L. Wang, Enhancing sensitivity of a single ZnO micro-/nanowire photodetector by piezo-phototronic
effect, ACS Nano 4 (2010) 6285–6291, doi:10.1021/nn1022878.
[44] K.D. Irwin, G.C. Hilton, Transition-edge sensors, in: Cryogenic Particle Detection, Springer, 2005, pp. 63–150.
[45] M. Nazari, C. Chen, A. Bernussi, Z. Fan, M. Holtz, Effect of free-carrier concentration on the phase transition and vibrational properties of VO2 , Appl. Phys.
Lett. 99 (2011) 071902, doi:10.1063/1.3626032.
[46] S. Kumar, J.P. Strachan, M.D. Pickett, A. Bratkovsky, Y. Nishi, R.S. Williams,
Sequential electronic and structural transitions in VO2 observed using X-ray
absorption spectromicroscopy, Adv. Mater. 26 (2014) 7505–7509, doi:10.1002/
adma.201402404.
[47] M.R. Otto, L.P.R. de Cotret, D.A. Valverde-Chavez, K.L. Tiwari, N. Émond,
M. Chaker, D.G. Cooke, B.J. Siwick, How optical excitation controls the structure
and properties of vanadium dioxide, Proc. Natl. Acad. Sci. 116 (2019) 450–455,
doi:10.1073/pnas.1808414115.
[48] T.S. Kasırga, D. Sun, J.H. Park, J.M. Coy, Z. Fei, X. Xu, D.H. Cobden, Photoresponse of a strongly correlated material determined by scanning photocurrent
microscopy, Nat. Nanotechnol. 7 (2012) 723, doi:10.1038/nnano.2012.176.
[49] B.T. O’callahan, A.C. Jones, J.H. Park, D.H. Cobden, J.M. Atkin, M.B. Raschke, Inhomogeneity of the ultrafast insulator-to-metal transition dynamics of VO2 ,
Nat. Commun. 6 (2015) 1–8, doi:10.1038/ncomms7849.
[50] E. Strelcov, Y. Lilach, A. Kolmakov, Gas sensor based on metal-insulator transition in VO2 nanowire thermistor, Nano Lett. 9 (2009) 2322–2326, doi:10.1021/
nl900676n.
[51] J. Cao, E. Ertekin, V. Srinivasan, W. Fan, S. Huang, H. Zheng, J. Yim, D. Khanal,
D. Ogletree, J. Grossman, Strain engineering and one-dimensional organization
of metal–insulator domains in single-crystal vanadium dioxide beams, Nat.
Nanotechnol. 4 (2009) 732–737, doi:10.1038/nnano.2009.266.

[52] K. Okimura, N. Hanis Azhan, T. Hajiri, S.-i. Kimura, M. Zaghrioui, J. Sakai,
Temperature-dependent Raman and ultraviolet photoelectron spectroscopy
studies on phase transition behavior of VO2 ﬁlms with M1 and M2 phases,
J. Appl. Phys. 115 (2014) 153501, doi:10.1063/1.4870868.
[53] R. Basu, P. Magudapathy, M. Sardar, R. Pandian, S. Dhara, VO2 microcrystals as
an advanced smart window material at semiconductor to metal transition, J.
Phys. D Appl. Phys. 50 (2017) 465602, doi:10.1088/1361-6463/aa8e87.
[54] V. Eyert, VO: a novel view from band theory, Phys. Rev. Lett. 107 (2011) 016401,
doi:10.1103/PhysRevLett.107.016401.
[55] Q. Wang, M. Brier, S. Joshi, A. Puntambekar, V. Chakrapani, Defect-induced
Burstein-Moss shift in reduced V2 O5 nanostructures, Phys. Rev. B 94 (2016)
245305, doi:10.1103/PhysRevB.94.245305.
[56] J. Wang, Z. Wang, B. Huang, Y. Ma, Y. Liu, X. Qin, X. Zhang, Y. Dai, Oxygen
vacancy induced band-gap narrowing and enhanced visible light photocatalytic
activity of ZnO, ACS Appl. Mater Interfaces 4 (2012) 4024–4030, doi:10.1021/
am300835p.
[57] M. Eaton, A. Catellani, A. Calzolari, VO2 as a natural optical metamaterial, Opt
Exp. 26 (2018) 5342–5357, doi:10.1364/OE.26.005342.
[58] H.W. Verleur, A. Barker Jr, C. Berglund, Optical properties of VO2 between 0.25
and 5 eV, Phys. Rev. 172 (1968) 788, doi:10.1103/PhysRev.172.788.
[59] C. Lamsal, N. Ravindra, Optical properties of vanadium oxides-an analysis, J.
Mater. Sci. 48 (2013) 6341–6351, doi:10.1007/s10853- 013- 7433- 3.
[60] W. Peng, G. Niu, R. Tétot, B. Vilquin, F. Raimondi, J. Brubach, E. Amzallag,
T. Yanagida, S. Autier-Laurent, P. Lecoeur, Insulator–metal transition of VO2
ultrathin ﬁlms on silicon: evidence for an electronic origin by infrared spectroscopy, J. Phys.: Condens. Matter 25 (2013) 445402, doi:10.1088/0953-8984/
25/44/445402.
[61] Z. Xu, Q. Li, K. Du, S. Long, Y. Yang, X. Cao, H. Luo, H. Zhu, P. Ghosh, W. Shen,
Spatially resolved dynamically reconﬁgurable multilevel control of thermal
emission, Laser Photon. Rev. 14 (2020) 1900162, doi:10.1002/lpor.201900162.
[62] T. Mueller, F. Xia, P. Avouris, Graphene photodetectors for high-speed optical
communications, Nat. Photon. 4 (2010) 297, doi:10.1038/nphoton.2010.40.
[63] B. Chitara, L.S. Panchakarla, S.B. Krupanidhi, C.N. Rao, Infrared photodetectors
based on reduced graphene oxide and graphene nanoribbons, Adv. Mater. 23
(2011) 5419–5424, doi:10.1002/adma.201101414.
[64] W. Choi, M.Y. Cho, A. Konar, J.H. Lee, G.B. Cha, S.C. Hong, S. Kim, J. Kim,
D. Jena, J. Joo, High-detectivity multilayer MoS2 phototransistors with spectral response from ultraviolet to infrared, Adv. Mater. 24 (2012) 5832–5836,
doi:10.1002/adma.201201909.
[65] N. Perea-López, Z. Lin, N.R. Pradhan, A. Iñiguez-Rábago, A.L. Elías, A. McCreary,
J. Lou, P.M. Ajayan, H. Terrones, L. Balicas, CVD-grown monolayered MoS2 as
an effective photosensor operating at low-voltage, 2D Mater. 1 (2014) 011004,
doi:10.1088/2053-1583/1/1/011004.
[66] C. Lan, C. Li, Y. Yin, Y. Liu, Large-area synthesis of monolayer WS2 and
its ambient-sensitive photo-detecting performance, Nanoscale 7 (2015) 5974–
5980, doi:10.1039/C5NR01205H.
[67] J. Yao, Z. Zheng, J. Shao, G. Yang, Stable, highly-responsive and broadband photodetection based on large-area multilayered WS2 ﬁlms grown by pulsed-laser
deposition, Nanoscale 7 (2015) 14974–14981, doi:10.1039/C5NR03361F.
[68] M. Mahjouri-Samani, R. Gresback, M. Tian, K. Wang, A.A. Puretzky,
C.M. Rouleau, G. Eres, I.N. Ivanov, K. Xiao, M.A. McGuire, Pulsed laser deposition of photoresponsive two-dimensional GaSe nanosheet networks, Adv.
Funct. Mater. 24 (2014) 6365–6371, doi:10.1002/adfm.201401440.
[69] Z. Wang, M. Safdar, C. Jiang, J. He, High-performance UV–Visible–NIR broad
spectral photodetectors based on one-dimensional In2 Te3 nanostructures, Nano
Lett. 12 (2012) 4715–4721, doi:10.1021/nl302142g.
[70] J. Hou, B. Wang, Z. Ding, R. Dai, Z. Wang, Z. Zhang, J. Zhang, Facile fabrication
of infrared photodetector using metastable vanadium dioxide VO2 (B) nanorod
networks, Appl. Phys. Lett. 111 (2017) 072107, doi:10.1063/1.4999766.
[71] H.-.J. Song, M.-.H. Seo, K.-.W. Choi, M.-.S. Jo, J.-.Y. Yoo, J.-.B. Yoon, Highperformance copper oxide visible-light photodetector via grain-structure
model, Sci. Rep. 9 (2019) 1–10, doi:10.1038/s41598- 019- 43667- 9.
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