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ABSTRACT: As a narrow band semiconductor at room temperature and a metallic material above ~68 °C, functional VO, films are
widely investigated for smart windows, whereas their potential for ultraviolet—visible—infrared (UV—vis—IR) broad spectral
photodetectors has not been efficiently studied. In this report, photodetectors based on VO,—ZnO nanocrystal composite films were
prepared by nanocrystal-mist (NC-mist) deposition. An enhanced photodetection switching ratio was achieved covering the
ultraviolet to infrared wavelength. Due to the synergetic effect of nanosize, surface, phase transition, percolation threshold, and the
band structure of the heterojunction, the transfer and transport of photogenerated carriers modulate the device performance. This

study probes new chances of applying VO,-semiconductor-based nanocomposites for broad spectral photodetectors.

1. INTRODUCTION

Photodetection has been applied to various applications, such
as imaging,l remote sensing,2 biological processes,3 optical
communication,4 and target recognition.” However, photo-
electronic materials in traditional photodetectors work for
certain spectral bands, such as zinc oxide (ZnO) for ultraviolet
(UV),° cadmium selenide (CdSe) for visible light,” and silicon
(Si) for visible to near-infrared detection.” As a wide band gap
semiconductor, ZnO is stable and has high carrier mobility,
which can potentially improve the charge transport and
enhance the device performance. In photovoltaic devices,
ZnO films composed of ZnO nanocrystals (NCs) can serve as
the electron transport layer.””"> In photodetectors, hybrid-
ization of ZnO with a second semiconductor, e.g., perovskite,
could achieve an ambipolar photoresponse, higher switching
ratio, faster response speed, and higher response and detection
rate than compared to corresponding monophase devices."*™"

Vanadium dioxide (VO,) is known as a functional material
for smart windows,'’ *° infrared stealth,”’ imaging,** data
storage,23 memristors,”* tunable-frequency metamaterials, >
multifunctional sensors*®*’ etc. It undergoes a reversible
metal—insulator transition at ~68 °C, which can be further
lowered to room temperature by doping.”*~** Monoclinic VO,
(M) is a low-temperature phase, which is a semiconductor and
infrared-transparent, whereas high-temperature rutile VO, (R)
is a metal phase with low near-infrared transition and low
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infrared radiation. VO, is also used for infrared photodetectors,
e.g., the high photoresponse of heterostructural VO,/V,O;
nanobeams for 990 nm light,>* VO, thin films prepared by the
vapor transport method for 850 nm light,”* and heavily
hydrogen-doped VO, nanoparticles for 780 nm light.”> The
potential of VO, for a visible photodetector is also
demonstrated, e.g, the use of tungsten-doped VO, single
nanowires for photodetection under visible light excitation of
405, 532, and 660 nm.”* Recently, Wadsley B phase VO,(B)
was found to have broad-band photodetection performances
from the visible to terahertz region (405 nm to 0.88 mm).>
However, studies on VO, for broad spectral photodetection
covering the ultraviolet—visible—infrared (UV—Vis—IR) range
are very limited.

In this report, a VO,—ZnO composite nanomaterial system
was investigated for broad spectral photodetectivity. The
VO,—ZnO composite was prepared by the NC-mist deposition
strategy. The ZnO ratio, temperature, vacuum, and light
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Figure 1. (a) Schematic illustration of the photodetector preparation and the device structure. TEM images of (b) ZnO nanocrystals and (c) VO,
nanocrystals. (d) XRD patterns of ZnO and VO, nanocrystals. SEM images of (e) VO,, (f) VO,—10%ZnO, (g) and (h) VO,—20%ZnO NC films.

wavelength-related performances were studied. An appropriate
ZnO ratio would enhance the performance of the device
compared with pure VO,. It was found that not only the
contribution from the single phase—such as the ultraviolet
photodetectivity of ZnO or the near infrared photodetectivity
of VO,—works but also the NC surface and heterojunction
band structure play important roles in the charge transfer and
transport.

2. EXPERIMENTAL SECTION

2.1. Materials. NH,VO; (99%), N,H,-H,O (80%), HCI
(98%), and HNO; (99.9%) were purchased from Aladdin
Industrial Corporation. Zinc acetate dihydrate (99%), KOH
(85%), n-butanol (99.5%), methanol (99.5%), and chloroform
(99%) were bought from Sinopharm Chemical Reagent Co.,
Ltd. All of the chemicals were used without further
purification.

2.2. Preparation of VO, NCs.***” Typically, NH,VO,
(0.35 g) was added to deionized H,O (70 mL) and stirred for
10 min. HCI (1.5 mL, 1 M) was added dropwise slowly until
the solution turned orange and transparent. Then N,H,-H,0O
(4.5 mL, 80%) was added, with the color changed from
orange-yellow to dark green (in ~S min) and to wine red (in
~8 min). After vigorous stirring for 4 h, the solution changed
to turbid gray-green. The precipitate was collected by

centrifugation. The collected precipitate was dispersed in
H,O (45 mL) and sonicated for 15 min. Then diluted HNO,
(5.25 mL, 0.1 M) was added dropwise. After stirring for 4 h,
the solution was sealed in a 100 mL autoclave and reacted at
240 °C for 36 h. The product was collected, dried, and thermal
treated at 750 °C in an Ar gas atmosphere for 2 h to get the
VO, NCs.

2.3. Synthesis of ZnO NCs.*® Typically, zinc acetate
dihydrate (3 g) was dissolved in methanol (150 mL) with
stirring at 60 °C. A methanol solution of KOH (1.5 g, 65 mL)
was added dropwise in 15 min. After 3 h of reaction with
stirring, the solution was cooled down naturally. The ZnO
NCs were collected by centrifugation (12000 rpm) and
washed twice with methanol. The ZnO NCs were dispersed in
a solution of n-butanol—methanol—chloroform (volume ratio
of 14:1:1) with a concentration of 6 mg/mL.

2.4. Device Fabrication and Measurements. The as-
prepared VO, NCs were ground for 10 min in an agate mortar
for further use. The ground VO, NCs (20 mg) were added to
the ZnO NC solution in three ZnO proportions of 5, 10, and
20 wt %. The solution was diluted with H,O to 75 mL and
sonicated 1 min for device fabrication. The indium tin oxide
(ITO) glass (15 Q/[]) was cleaned with acetone, ethanol, and
deionized water. The interdigital electrodes were patterned by
laser etching and acid washing of the ITO glass with a gap
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Figure 2. Photoresponse of VO,, ZnO, and VO,—ZnO devices under vacuum and 30 °C with excitation at (a) 365 nm, (b) 525 nm, (c) 1064 nm,

and (d) ~4100 nm.

width of 200 gm."*** On a heating stage of 150 °C, the VO,—
ZnO NCs were deposited onto the ITO interdigital electrodes
by the NC-mist deposition of the VO,—ZnO NC solution,
forming a lateral structured ITO/VO,—ZnO NCs/ITO device.
The photodetection properties were measured by a Keithley
2636B source meter. A diode of 365 nm and lasers of
wavelengths of 365, 525, and 1064 nm with power values of
1.51, 2.11, and 3.02 mW/cm? respectively, were used as the
ultraviolet—near infrared light sources. A heater at 700 K was
used as the excitation source working at ~4100 nm. The device
working bias voltage was 10 V if not specifically mentioned.
The switching ratio (SR) is calculated by
SR = lIon B Ioffl

Log (1)

where I, is the photocurrent and I is the dark current. The
responsivity (R) defines the photocurrent generated per unit
power of the incident light on the effective area of a
photodetector and is calculated by

on

BA 2)

where P, is the light power and A is the effective area of the
device. Detectivity (D*) characterizes the detectable light level
by the device and is given by

37080

pf= R
(2¢%) 3)

Where e is the electronic charge and R is the responsivity of the
device. Here, shot noise is used to calculate the detectivity, as
the calculated value of Johnson noise is smaller, e.g., the values
of shot noise and Johnson noise are 2.1 X 107" and 4.8 X
107! A for VO,—20%ZnO, respectively.

2.5. Characterizations. The crystal structures of VO, and
ZnO NCs were characterized by powder X-ray diffraction
(XRD) with graphite-monochromatized Cu Ka radiation (4 =
0.15406 nm). The morphologies were characterized by
transmission electron microscopy (TEM) using a JEM-
200CX with an accelerating voltage of 80 kV and scanning
electron microscopy (SEM) using JEOL JSM-7600F equipped
with an energy-dispersive spectroscopy (EDS) system. The
UV—Vis—IR spectra were measured by a Varian Cary 50
spectrophotometer. The energy band structures of the ZnO
and VO, NCs were measured by ultraviolet photoelectron
spectroscopy (UPS) using an Escalab 250Xi. Differential
scanning calorimetry (DSC) trace was recorded on a Diamond
DSC instrument.

3. RESULTS AND DISCUSSION

The schematic illustration of the photodetector preparation is
shown in Figure la. Because the VO, NCs used here are
thermally treated at elevated temperature, the crystal surface is
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Figure 3. (a) UPS spectra of VO, and ZnO NCs. (b) Band structure of the VO,—ZnO type-II heterojunction. (c) DSC curves (up) and
temperature-dependent transmittance spectra of the VO, nanocrystals (below). Temperature-dependent photodetection performances of the
VO0,—20%ZnO device with excitation at (d) 365 nm, (e) 525 nm, and (f) 1064 nm under vacuum and with excitation at (g) 365 nm, (h) 525 nm,

and (i) 1064 nm in air.

clean without ligands. Their dispersion in solution is not as
stable as ZnO NCs. Therefore, the common film preparation
methods of spin-coating, dip-coating, and blade-coating are not
applicable. Although introducing surfactants or soluble
polymers as dispersing agents would help, their removal in
the following steps would lead to the destruction of VO, or the
film structure. To date, mist-assisted chemical deposition of
functional thin films has been developed for ZnO, In,0;, and
SnO, films used in solar cells, sensors, transistors, etc.**™* For
the mist chemical deposition system, it is a challenge to
prepare VO, films with phase purity.”* To overcome this
challenge, NC-containing mist-deposition is a newly developed
technique and has been applied to prepare the GZO film.*
Here, we use this method to prepare the VO,—ZnO film. First,
the VO,—ZnO NC dispersion was atomized using an
ultrasonic atomizer. The VO,—ZnO NC-mist was carried by

37081

the N, flow to the substrate/electrodes on a heating stage.
With an appropriate heating temperature (150 °C), the solvent
of the mist evaporates quickly while depositing. At the same
time, it will not lead to the degradation of the NCs. TEM
characterization shows that the as-synthesized ZnO NCs are
3—S nm and the VO, NCs are ~50 nm on average (Figure
1b,c). XRD patterns (Figure 1d) indicate that the ZnO NCs
are wurtzite structured (Joint Committee on Powder
Diffraction Standards, JCPDS 89-7102) and VO, NCs are
monoclinic structured (JCPDS 43-1051). The XRD pattern of
the VO,—20%ZnO film (Figure S1) shows the existence of
VO, and ZnO feature peaks, suggesting their stability during
the preparation. SEM images of the VO, and VO,—ZnO NC
films are shown in Figure le—g. Although these films are
smooth macroscopically, they exhibit a porous feature on the
nanometer scale. Due to the smaller size of ZnO NCs, the
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pores between VO, NCs are gradually filled by the increased
content of the ZnO NCs. The thickness of the film can be
controlled by the deposition time. A typical lateral image of
VO,—20%ZnO film is shown in Figure 1h, exhibiting good
uniformity of thickness ~1.1 ym.

Figure 2 shows the photodetection performance of the
devices based on films of VO, NCs containing 0, S, 10, and
20% ZnO NCs. At all of these excitation wavelengths ranging
from ultraviolet to the infrared, the device made using pure
VO, NCs shows the highest dark current, suggesting the good
conductivity. Under ultraviolet excitation, the VO,—5%ZnO
and VO,—10%ZnO devices show 10*—10° lower dark current
than the pure VO,, ZnO, and VO,—20%ZnO devices.This
observation is consistent with the fact that the dark current of
the ZnO film is illumination history-dependent under
ultraviolet excitation (Figure S2). It takes a long time of up
to several hours for the dark current to drop down to the
original dark current value range after illumination. A similar
phenomenon was also reported in ZnO-based photodetec-
tors.***” It could be caused by the illumination-induced
trapped charges in ZnO NCs.** Thus, the prolonged
recombination time enhances the dark current value in a
period after ultraviolet excitation. Therefore, the low dark
current of the VO,—5%ZnO and VO,—10%Zn0O could be
mainly due to the disconnected nature of both VO, and ZnO.
This is consistent with the fact that the VO,—20%ZnO device
has a comparable response to ZnO at 365 nm excitation
because of the percolation effect. UPS spectra were measured
to determine the band structures of the ZnO and VO, NCs
(Figure 3a,b). It shows that VO,—ZnO forms a type-II
semiconductor heterojunction. The conduction band of VO, is
higher than that of ZnO. Therefore, at low ZnO content, when
excited by ultraviolet, the transport of photogenerated
electrons in ZnO together with those transferred from the
VO, would be confined in discrete ZnO, resulting in a low
current. When the ZnO ratio is increased to 20%, the
responsivity and photodetectivity are increased to 0.462 mA/
W and 2.72 X 10 Jones, respectively, higher than 0.326 mA/W
and 3.02 X 10° Jones for the pure VO, NC device and 0.353
mA/W and 1.84 X 10° Jones for the pure ZnO NC device.
This suggests that 20% of ZnO exceeds the percolation
threshold of the VO,—ZnO nano composite, forming long-
range connectivity of the ZnO NCs.

The performance of the device under visible light excitation
at 525 nm, near-infrared at 1064 nm, and infrared at ~4100
nm shares a similar behavior. The increased dark and light
currents of VO,—20%ZnO compared with those of VO,—10%
ZnO under visible-to-infrared excitation suggests the effective
charge separation and positive contribution of ZnO to the
current. The lower current of the nanocomposite than that of
VO, is due to the segmentation effect of ZnO. Since ZnO has
no absorption in these wavelengths, the photogenerated
electrons are contributed by the VO, and transferred to
ZnO. Although the responsivity and photodetectivity of the
VO,—Zn0O devices for visible to near-infrared excitation are
lower than the values of the pure VO, NC device, e.g., 10.1
mA/W and 4.19 X 10° Jones for the pure VO, NC device,
which decreased to 3.29 X 107* mA/W and 5.21 X 10° Jones
for the VO,—20%ZnO device with excitation at 1064 nm,
respectively. ZnO shows a positive contribution to the
switching ratio. The switching ratio of the VO,—20%ZnO
device at 1064 nm is 8.95, higher than 2.68 of the pure VO,
NC device. The enhancement of the switching ratio is also true

for the ultraviolet and infrared excitations. It reaches 8.7 for the
VO,—20%Zn0O device, higher than 1.14 for the pure VO,
device and 4.46 for the pure ZnO device with 365 nm
excitation. It is 2.12 for the VO,-10%ZnO device, higher than
1.21 for the pure VO, device with ~4100 nm excitation.

As VO, has a phase transition at 68 °C from the low-
temperature M phase to the high-temperature R metallic phase
(Figure 3c), it would be interesting to study the temperature-
dependent photodetection. The temperature-dependent dark
current of the VO,—20%ZnO device was measured (Figure
S3). It shows that the current remains almost unchanged
before the M—R phase transition of VO,, whereas it increases
sharply around the phase transition point. As the excitation
light power is too low to heat up the device reaching the phase
transition point, the light-induced thermal effect has a
negligible contribution to the responsivity of the device.
Three temperatures of 30, 60, and 90 °C are selected to carry
out the photodetection measurement of the VO2—-20%ZnO
device (Figure 3d—f). It is found that with the temperature
increasing to 90 °C, the photodetectivity and switching ratio
for ultraviolet excitation increased to 2.74 X 10° Jones and
5.91, respectively; photodetectivity increased from 6.91 X 10°
Jones to 1.54 X 107 Jones and the switching ratio of 1.15 was
almost unchanged for 525 nm excitation; and photodetectivity
increased to 7.37 X 107 Jones and the switching ratio decreased
to 1.28 for 1064 nm excitation. The excitation wavelength-
dependent performance change with temperature is not
surprising due to the phase change of VO, and different
absorption ranges of ZnO and VO, NCs. It is noticed that the
current increases with the temperature under the visible to
near-infrared excitation, consistent with the VO, semi-
conductor to metallic phase transformation, suggesting that
the charge carrier trans?ort is possibly dominated by the
hopping mechanism.””~>" As shown in Figure 1, the VO,—
ZnO NC film prepared by the NC-mist deposition has a
porous structure. The large specific surface is favorable to the
adsorption of molecules in air such as H,O, O,, and CO,,
which would affect the photodetection. It shows that the
current of the VO,—20%Zn0O device is lower in air than in
vacuum (Figure 3g—i). However, the photodetectivity and
switching ratio change trends are similar to those in vacuum
except for the 365 nm excitation, which indicates that the
adsorption states, especially the O, adsorption on ZnO surface
defects, are sensitive to the ultraviolet light.sz_54 In a control
experiment, a nonporous spin-coated film made using the same
ZnO NCs shows much higher conductivity and an enhanced
detectivity of 2.30 X 10! Jones for 365 nm excitation (Figure
S4). This suggests that the film structure significantly affects
the device performance.

4. CONCLUSIONS

In summary, the potential of using VO,—ZnO NCs for broad
spectral photodetection was preliminarily investigated. Com-
pared with the pure VO, device of the same structure, an
enhanced switching ratio was achieved across the ultraviolet,
visible, and infrared range. The nanosize of VO, and ZnO
showed a prominent effect on the surface adsorption states and
charge transport mechanism. The photodetectors exhibited
temperature- and vacuum/air-dependent photoresponses. The
band structure of the VO,—ZnO system facilitates the electron
transfer to the ZnO. Thus, the ZnO ratio regarding the
percolation threshold in the composite is of critical importance
to the device performance. Although the photodetectivity and
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responsivity are not satisfactory for commercial applications at
the present state, this study probes the possibility of utilizing
VO,-semiconductor-based nanocomposites for broad spectral
photodetectors. Improvement could be expected by optimiza-
tion of the material system, fabrication technique, and device
structure.
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