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ABSTRACT: We demonstrated a single microwire photo-
detector first made using a VO, microwire that exhibted high
responsivity (R;) and external quantum efficiency (EQE)
under varying light intensities. The VO, nanowires/microwires
were grown and attached on the surface of the SiO,/Si(100)
substrate. The SiO, layer can produce extremely low densities
of long VO, microwires. An individual VO, microwire was
bonded onto the ends using silver paste to fabricate a
photodetector. The high-resolution transmission electron
microscopy image indicates that the nanowires grew along
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the [100] axis as a single crystal. The critical parameters, such as R;, EQE, and detectivity, are extremely high, 7069 AW, 24 %
10'°%, and 1.5 x 10™* Jones, respectively, under a bias of 4 V and an illumination intensity of 1 yW cm 2. The asymmetry in the
I-V curves results from the unequal barrier heights at the two contacts. The photodetector has a linear I-V curve with a low
dark current while a nonlinear curves was observed under varing light intensities. The highly efficient hole-trapping effect
contributed to the high responsivity and external quantum efficiency in the metal—oxide nanomaterial photodetector. The
responsivity of VO, photodetector is 6 and 4 orders higher than that of graphene (or MoS,) and GaS$, respectively. The findings
demonstrate that VO, nanowire/microwire is highly suitable for realizing a high-performance photodetector on a SiO,/Si

substrate.
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1. INTRODUCTION

Narrow band gap (i.e., 0.7 eV) vanadium dioxide (VO,) has a
unique property, undergoing a metal—insulation transition
(MIT) at a temperature of ~68 °C."* The VO, possesses
unique electrical and optical propertles that point to promising
applications in optical smtchmg, electrochromic devices,* and
energy-saving smart windows.”® Recently, photodetectors
made from ZnO,° ' GaN/AIN,"' $n0,'* and ZnSnO,"
have been systematically reported; however, constructing
detectors possessing high detectivity, low noise, and high
responsivity is still considered a challenging task. Therefore,
two-dimensional (2D) monolayer nanomaterials such as
graphene,14 MoSZ,ls’16 and GaS,'” have attracted increasing
attention because of their unique electrical properties in the
applications of the optoelectronic nanodevices. However, the
choice of substrate is critical for the synthesis of the monolayer
2D materials,'® and graphene lacks a band gap around the
Fermi level; therefore, many techniques have been addressed to
investigate the band gap opening issue of graphene.'”*°

A nanowire photoconductor can yield a higher light
sensitivity than bulk material.*"**'* Moreover, heterojunction
nanowire is capable of sensing and amplifying an output 51gnal
(ie, photocurrent) with high responsivity and sen51t1v1ty
Therefore, heterO)unctlon nanomaterials, such as GaN/AlN
Ge/Si,”® P3HT:ZnO,*® graphene/PbS quantum dot,** and
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ZnS—Zn0,” have significantly been attractive to improve the
critical parameters of photodetectors, for instance, quantum
efficiency, responsivity, detectivity, and sensitivity.”>** Re-
cently, researchers are now focusing on the building blocks of
branched heterostructures that may be promising candidates for
UV photodetector sensors,””*° but these materials have
increased the complexity of the procedures. Moreover, the
high-performance nanowire-based photodetectors generally
need a higher crystallinity. During the crystal growth process,
the occurrence of natural defects’ could induce defective
states,”> which are responsible for the slow decay of the
photocurrent in the dark state and for the weak light intensity
dependence of the photocurrent.”

In this work, single crystal VO, nanowires/microwires were
randomly grown on a SiO,/Si(100) substrate at a temperature
of 800 °C.> The VO, photodetector exhibited an excellent
response for ultraviolet light (wavelength, A ~ 360—400 nm).
The responsivity (R;), external quantum efficiency (EQE), and
detectivity of VO, photodetector are 7069 A W', 2.4 X 10'%%,
and 1.5 X 10 Jones, respectively, which are strongly
dependent on UV-light intensity. The high-performance
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200 nm

Figure 1. (a) FESEM image of VO, nanowires/micorwires, (b) cross-sectional VO, nanowire with diameter ~200—800 nm. (c) TEM image of an
individual VO, nanowire. (d) SAD pattern showing the side facet bound by (011) and (201). (e¢) HRTEM image showing the nanowires’ growth
direction of the [100] axis. (f) The fabrication process of an individual VO, microwire photodetector. (g) A digital optical microscope image of a

VO, microwire.

(b)

Figure 2. (a) Crystallographic structure of monoclinic VO, showing a distorted alternative distances at 3.125 and 2.654 A. (b) Two symmetric
octahedral cells with bonding length of a, b, ¢, d, e, and f (see details in the text).

ultraviolet-light photodetector is first made by a single VO,
microwire on a SiO,/Si substrate. The responsivity and external
quantum efficiency of the VO, photodetector are respectively
ca. 6 and 4 orders higher than those of 2D materials such as
graphene,34 MoSZ,35 GaSe,*® and GaS.!” To the best of our
knowledge, this work is the first demonstration of the high
responsivity and EQE for a single VO, microwire in metal—
oxide materials, confirming VO, as a prospective material for
efficient optoelectronic devices.

2. EXPERIMENTAL METHOD

Material Preparation. The VO, nanowires/microwires were
synthesized on SiO,(100 nm)/p-type Si(100) substrates by the
vapor transfer process. The source materials of V,05 (1 g, Prochem,
purity 99%) and SiO,/Si substrates were placed on an alumina crucible
and then loaded into the middle of a quartz tube in a horizontal
furnace system. A flow of argon gas (10 sccm, purity 99.99%) was
introduced into the reactor for 3 h, and the working pressure was
controlled at 8 Torr with a temperature of 800 °C.

Device Fabrication. After the VO, nanowires/microwires were
synthesized onto the SiO,/Si substrate, the silver paste was carefully

bonded onto the ends of the VO, microwire to fabricate a single
microwire metal—semiconductor—metal (MSM) photodetector.

Material Characterization. The material characterizations were
conducted by using an X-ray diffractometer (Burker D8SSS), field
emission scanning electron microscope (FESEM, Hitachi S—4800), and
high-resolution transmission electron microscope (HRTEM, JEOL
JEM-3000F). Micro-Raman spectroscopy measurement was carried
out at room temperature with backscattering geometry using a Dilor
X-Y modular laser.

Electrical Measurement. UV light with varying light intensity (I =
1 4W cm™ to 0.41 mW cm™2, wavelength A ~ 360—400 nm) was used
as the excitation light-source with the electrical measurement systems
of a Stanford function generator (DS340) and a Stanford current-
meter (SR-570), to characterize the transient photoresponsive
properties of the VO, photodetector.

3. RESULTS AND DISCUSSION

Figure la shows that the VO, nanowires/microwires were
grown on SiO,/p-Si(100) substrate, and the nanowires/
microwires were around several hundred micrometers long.
The diameter of the VO, nanowires was in the range of 200—
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Figure 3. (a) The I-V characteristic curves under illumination of the different UV intensities (from 0 to 340 yW cm™> (b) Linear I-V (in the dark
state) and nonlinear I-V curves (under UV illumination) for MSM Schottky contact interfaces. (c) Photocurrent as a function of different intensities
of UV illumination. (d) Photocurrent is measured at 4 V under different UV illumination intensities, such as 1, 20, 105, 200, and 340 yfW/cm?; inset
image is the response time.
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Figure 4. Critical parameters of UV photodetector such as (a) responsivity, (b) EQE, (c) detectivity, and (d) linear dynamic range as a function of
varying light intensity.

800 nm, as shown in Figure 1b. Parts ¢ and d of Figure 1display Figure 1f shows the fabrication process of a single microwire
a low-magnification TEM image of a VO, nanowire and the VO, photodetector. First, the VO, microwires were randomly
corresponding selected area electron diffraction (SAED) grown and attached to a SiO,/p-Si substrate. Next, the silver
pattern, respectively, indicated that the VO, nanowires with paste was bonded onto the end of the VO, microwire to
the zone axis [122], are grown along the [100] direction, which fabricate a photodetector.*®** The optical microscope image in
is vertical to the (201) plane. The lattice fringes of adjacent Figure 1lg reveals that the VO, microwire (with a length of
planes ~0.28 nm correspond to the VO,(011) plane (see ~130 pm) was successfully bonded by the silver electrode.

Figure le).”” The XRD pattern and Raman specctrum of VO, The VO, is a symmetry of monoclinic structure.* Figure 2a
nanowires/microwires are shown in the Supporting Informa- shows a crystallographic structure of VO, with the space group
tion (Figures S1 and S2, respectively). The XRD pattern and of P2,/c. The parameters of the monoclinic unit cell are a =
Raman spectrum have demonstrated that the VO, microwires 5743 A, b = 4.517 A, c= 5375 A, and B = 122.65°. In the
belongs to a monoclinic structure. The schematic diagram in multiunit cell of the monoclinic structure, the V—V chains
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along x axis becomes distorted with alternative distances of
2.654 and 3.125 A.*' Figure 2b further shows the two types of
distorted octahedra cells. The bonding length of V—O chain, as
labeled by a, b, ¢, d, e, and f, are 1.762, 2.051, 1.872, 1.860,
2.008, and 2.033 A, respectively. Thus, the vanadium(V) atom
does not position itself in the center of the symmetry
octahedral cell of the monoclinic structure.

Figure 3a reveals that the I-V curves were characterized by
varying light intensity (from O to 340 yW cm™). The
asymmetry in the I=V curves result from the unequal Schottky
barrier heights at the two contacts. Under both positive and
negative bias, the photocurrent of the photodetector increases
upon increasing the light intensity. Figure 3b further shows that
an almost linear I—V characteristic curve was measured under
dark conditions, while a nonlinear I-V curve formed under
illumination of light intensity ~1 yW cm™. The electronic
model of VO, photodetector can be regarded as a single
microwire sandwiched between two back-to-back Schottky
diodes. Figure 3c reveals that the photocurrent is proportional
to the UV-light intensity with a natural logarithmic. To evaluate
the response time, the sample was irradiated under a varying
light intensity from 1 to 340 yW cm ™ with a constant bias of 4
V. Figure 3d reveals that the photocurrent instantly increases to
reach an equilibrium state and then immediately drops to its
original state, as the UV light is turned on and turned off,
respectively. The corresponding response time is ~126 ms,
which was taken by the device to reach 90% of the maximum
photocurrent (see the inset in Figure 3d).*

Parameters such as responsivity (Rl), external quantum
efficiency (EQE), and detectivity are critical factors when
evaluating the optical properties of the photodetector. The
responsivity (R,) can be expressed as eq 1."”

_ar

R, =

pA M
R; is defined as the photocurrent yield per unit power density
of the incident light on the effective area “A” of a VO,
microwire, Al is the photoexcited current, which is obtained
by fitting the measured data, and p denotes the light intensity
that illuminates the surface of the VO, microwire. Figure 4a
shows that the R; is 7069 A W' as the photodetector was
operated under 4 V external bias. The calculated responsivity of
the photodetector is extremely high, under an illumination of
light intensity ~1 W/cm? Such a result gives a high on/off
switching ratio, demonstrating that the high performance of the
VO, photodetector is potentially useful in the UV spectral
region. We suggested that the high responsivity is ascribed to
the hole-trapping effect of the surface of the microwire.
Namely, more photogenerated holes were trapped by adsorbed
oxygen species on the surfaces of microwire, inhibiting the
recombination of excitons under UV illumination and
contributed a significant photocurrent.*** In contrast, the
responsivity is significantly decreased at a relatively high UV-
light intensity because of the saturation of the hole-trapping
effect and the increasing recombination of photogenerated
electron—hole pairs (see details below).*

To rule out the effective change of the incident photon flux
on the photocurrent, EQE is a useful physical quantity to
evaluate the photodetector’s electrical sensitivity to UV light.
The EQE was used to determine the number of photoinduced
carriers per incident photons, as shown in eq 2.

EOE Rjhe

R ©)
where h is Planck’s constant, ¢ represents the velocity of light, A
denotes the light wavelength, and e is the electron charge.
Figure 4b reveals that the EQE decreases from 2.4 X 10'°% to
3.5 X 10%% upon decreasing the light density from 1 yW cm™
to 0.41 mWem™?, respectively. The higher responsivity and
EQE indicated that higher excitation energy improves the
photoelectric conversion.'” The detectivity (d* in units of
Jones) can be expressed by eq 3

P R;S'?
(z’elclark)l/2 (3)

where S is considered as the effective area of the photodetector.
In this work, the d* value is in the range from 1.5 X 10" to 3 X
10'? Jones (bandwidth ~ 0.4 Hz), as shown in Figure 4c. The
detectivity decreases by lowering the light intensity. The
detectivity is attractive and can be comparable with the silicon
diodes*® and InGaAs (d* ~ 10'2). Table 1 summarizes the

Table 1. Summary of the Critical Parameters for UV
Photodetectors

responsivit?r external quantum
materials Ry AW efficiency (EQE, %) ref
GaN/AIN 2000 - 11
Ga$ nanosheet 42 20.5 17
P3HT:ZnO 1000 34 x 10° 25
monolayer 1x107° 6—16 30
graphene
GaSe 2.8 1376 36
ZnO—graphene 640 1000—1200 47
ZnO nanoparticles 731 - 48
VO, microwire 7069 3.6 X 107 this
work

critical parameters of the VO, photodetector and compares
heterojunction nanomaterials and two-dimensional (2D)
materials.""'”**3%*7*¢ The excellent R, in the VO, photo-
detector is ~6 orders higher than that of graphene (R; ~ 1 X
107> AW, on Si0,/Si)** and MoS, (R, ~ 7.5 X 103 AW,
on Si0,/Si)* and 4 orders higher than that of GaSe (R; ~ 2.8
AW}, on Si0,/Si)*® and GaS (R; ~ 42 AW, on SiO,/Si)."”
On the basis of our experimental results, the VO, photo-
detector revealed an extremely high responsivity, external
quantum efliciency, and detectivity. This is the first finding of
the high performance of a photodetector made from a single
VO, microwire. The critical parameters of the VO, photo-
detector, such as responsivity and EQE, are extremely high
based on metal—oxide materials to date. Figure 4d shows that
the linear dynamic range (LDR) is around 45 dB, which can be
compared with GaN photodetector."® The low LDR can be
attributed to a slightly higher dark current [(8 X 1077)—(5 x
107®) A)], which will be improved in our future work. The
sensitivity of the VO, microwire is revealed in the Supporting
Information (Figure S3).

On the basis of the Schottky contact at the MSM interfaces,
the barrier height is strongly dependent on the doping
concentration and surface properties of the semiconductor. If
considering that a microwire had a low impurity level, the
Schottky contact with a semiconductor was by transport of
electrons over the potential barrier, which can be described by a

dx.doi.org/10.1021/am503598g | ACS Appl. Mater. Interfaces 2014, 6, 14286—14292
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19,38,49

classic thermionic emission-—diftusion equation, as given
by eq 4.
0.125Ny(Vi; + V—kgT / €)
2 Py i 7’
= an T e -2 o
J k) kT
4)

where A* is the effective Richardson constant, ¢b, denotes the
Schottky barrier height, Ny is the donor concentration, T is the
temperature, e is the electron charge, Vj; represents the
potential at the barrier, ky denotes the Boltzmann constant, and
g, is the permittivity of VO,. In this case, the conductance (J)
varies exponentially with the Schottky barrier height (¢}).
Therefore, it is reasonable to explain how the photocurrent
varies exponentially with the light intensity (see Figure 3c). On
the basis of eq 4, the In I-V'* curve (see Supporting
Informatiom, Figure S4) is very linear (using the data provided
by the black line in Figure 3a). Thus, the Schottky barrier
formula can precisely explain our experimental data.

In this work, the sensing mechanism is based on the gas
adsorption and desorption process near the MSM interfaces,
which can be modulated by the distribution of the local electric
field, leading to the detection that the photocurrent has
significantly changed. The Schottky barrier height can be
regarded as a blocking zone at two contacts, which can
effectively tune the barrier height by UV-light illumination. As
shown in Figure Sa, once the oxygen ions (negatively charged)

(b)

g

° 0 o O ¢ °© /UV
2L° \“;U L
Ag %%%% Ag
P4
SiO

Figure 5. (a) The band structure of VO, in the dark state and the
formation of the Schottky barriers at the MSM interface creating the
depletion zones (~5). (b) The corresponding atomic structure,
showing the oxygen ions absorbed on the surface of VO, crystal by
capturing an electron from the VO, microwire. (c) The Schottky
barrier width (~4') at the MSM interface was reduced under UV-light
irradiation. (d) The corresponding atomic structure, where the
electrons were infused into the conduction band of VO, through
recombination of oxygen ions and holes; consequently, the oxygen was
released into the air and enhanced the conductance of the VO,
microwire.

were absorbed on the surface of the microwire by capturing the
electron from the conduction band of the VO,, a depleation
zone (8) was created at the interface of the VO, microwire.
Therefore, an almost linear I-V curve with very low dark
current was obseved under dark conditions. In other words, the
electrons were captured by molecular oxygen and formed a
negative charge (oxygen ion), which was absorbed on the

14290

surface of the VO, microwire, as shown in the corresponding
schematic diagram of Figure Sb. In contrast, sufficient UV-light
energy falls on the depletion zone at the MSM interface,
leading to a decrease of the Schottky barrier height (or width)
(8"), as shown in Figure Sc. Subsequently, electrons jump into
the conduction band from the valence band and the remaining
holes into the valence band. The photogenerated holes then
migrate to the surface and discharge the adsorbed oxygen ions
(h* + 0,7 = O,). The electron is therefore released from the
oxygen ions and infused into the conduction band of the
microwire, thereby increasing the conductance of the micro-
wire, as shown in Figure Sd. Note that the Schottky barrier
width will further decrease with the increase of the light
intensity, thereby increasing the discharge of the adsorbed
oxygen ions and contributing a significant photocurrent. We
therefore concluded that the photocurrent passing through the
Schottky contact is sensitive to the barrier height and width.>

In this work, the Si substrate was predeposited in a SiO, layer
to promote the growth of the VO, nanowires/microwires
attached on the surface of the SiO, surface.’’ A single VO,
microwire was bonded onto the ends by silver paste to fabricate
a photodetector. The only pathway for charge transfer is
formed from one electrode to the other one.*® Therefore, a
high photocurrent can instantly be built up. This work reports
the important finding that a single VO, nanowire/microwire
can be used for a highly effective UV photodetector, which has
never been discovered until now.

4. CONCLUSION

In summary, the VO, nanowires/microwires were grown on a
SiO,/p-Si(100) substrate at a temperature of 800 °C. An
individual VO, microwire was bonded at its end to a Si
substrate as a UV photodetector. The responsivity and EQE of
the VO, photodetector were strongly dependent on the light
intensities. By increasing the bias applied, the low dark current
(in the dark state) of the photodetector increases almost
linearly in the range from —5$ to +5 V. As the sample was
irradiated by the UV light, the photocurrent significantly
increases with a nonlinear I-V curve. Under illumination by 1
UW cm™?, the critical parameters for a UV photodetector, such
as responsivity, external quantum efliciency, and detectivity,
were discovered to be 7069 AW™! 2.4 x 10'%%, and 1.5 x 10
Jones, respectively, at a constant low bias of 4 V. The
responsivity and EQE are 6 and 4 orders higher than those of
graphene (or single-layer MOS,) and GaS (or fewer layer of
GaSe), respectively. This high responsivity and external
quantum efficiency of the UV-light photodetector is the first
report on inorganic nanomaterials based on a single VO,
microwire.
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XRD pattern, Raman spectrum, and I-V curves. This material
is available free of charge via the Internet at http://pubs.acs.org.
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