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One-dimensional (1D) micro/nanowires of wide band gap semiconductors have become one of the most promising
blocks of high-performance photodetectors. However, in the axial direction of micro/nanowires, the carriers can transport
freely driven by an external electric field, which usually produces large dark current and low detectivity. Here, an UV
photodetector built from three cross-intersecting ZnO microwires with double homo-interfaces is demonstrated by the
chemical vapor deposition and physical transfer techniques. Compared with the reference device without interface, the
dark current of this ZnO double-interface photodetector is significantly reduced by nearly 5 orders of magnitude, while the
responsivity decreases slightly, thereby greatly improving the normalized photocurrent-to-dark current ratio. In addition,
ZnO double-interface photodetector exhibits a much faster response speed (~ 0.65 s) than the no-interface device (~ 95 s).
The improved performance is attributed to the potential barriers at the microwire—microwire homo-interfaces, which can
regulate the carrier transport. Our findings in this work provide a promising approach for the design and development of

high-performance photodetectors.

Keywords: ZnO microwire, interface, potential barrier, dark current, photocurrent-to-dark current ratio
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1. Introduction

Ultraviolet (UV) photodetectors based on wide band gap
semiconductors (GaN, ZnO, Ga;0Os, etc.) have attracted con-
siderable attention in recent years due to their great potential in
both military and civilian applications.!'="1 Owing to the high
crystalline quality, large surface-to-volume ratio and effective
charges separation, one-dimensional (1D) micro/nanowires
have become one of the most promising building blocks for

g, [10-18] Up to now, numer-

high-performance photodetector:
ous UV photodetectors have been realized based on individual
1D micro/nanowire of different wide band gap semiconduc-
tors, such as ZnO, Sn0O,, GaN and so on.!"9281 Most of the
reported devices are built on a simple metal-semiconductor—
metal (MSM) structure with a single 1D micro/nanowire as the
active light-collecting region. It has been demonstrated that in-
dividual 1D micro/nanowire photodetectors usually have ultra-
high photocurrent gains (10°—10°).11-28] And these high gains
are generally considered to be related to the trapping effect and
the enhanced electron—hole separation due to the energy band
bending induced by surface states in the radial direction of
micro/nanowires. 2261 However, in the axial direction of mi-
cro/nanowires, the carriers can transport freely under the drive
of an external electric field, which often produce large dark
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current and low detectivity.?*>°=3%] One of the most common
approaches to resolve the above problem is constructing axial
heterojunctions, such as pn junction,*33* quantum well, 3!
superlattice!*38) and inserting a barrier layer,?°*!1 which
could effectively modulate the carriers separation and trans-
port in the axial direction. However, it remains a challenge to
obtain high-quality and abrupt heterojunction interface along
the growth axis. [+~

In this work, taking ZnO microwire as an example, we
demonstrate a significant performance enhancement of ZnO
microwire UV photodetector by introducing mechanical con-
tact homo-interfaces. 1D ZnO micro/nanowires are excellent
candidates for UV photodetectors due to their wide direct band
gap, easy fabrication, high radiation hardness and high satura-
tion electron drift velocity.!?32326431 The UV photodetector is
built from three cross-intersecting ZnO microwires with dou-
ble microwire—microwire homo-interfaces. Compared with
the no-interface reference device, the double-interface pho-
todetector not only exhibits lower dark current and higher de-
tectivity, but also has a faster response speed. The systematic
comparative studies reveal that the potential barriers formed
at the intersections of ZnO microwires could modulate the
carrier transport along the axial direction of the microwires,
thereby significantly reducing the dark current and increas-
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ing the normalized photocurrent-to-dark current ratio (NPDR).
Moreover, the quick change of barrier heights induced by turn-
ing on or off the UV light could promote the response speed
of the device.

2. Experimental details
2.1. Preparation of ZnO microwires

ZnO microwires were synthesized via a simple one-step
chemical vapor deposition (CVD) method, 47 using a mix-
ture of ZnO powders and graphite powders (1:1 in weight ra-
tio) as the reactant source material. The alumina boat con-
taining the mixed powders was placed in the center of the fur-
nace. After that, the temperature of the boat was increased
to 1030 °C, and maintained at this temperature for 60 min to
fabricate ZnO microwires. Ar (4N) and O, (5N) were used as
the carrier gas and oxygen source at flow rates of 100 sccm
and 10 sccm, respectively. After the growth, the furnace was
naturally cooled to room temperature and continuously vented
with oxygen and argon.

2.2. Characterizations of the materials and devices

The morphology of the samples was characterized by
scanning electron microscope (SEM, Hitachi S-4800) and he-

1030 °C ZnO microwires

Ar+22’ ) X X
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lium ion microscope (HIM, Zeiss Orion NanoFab). And the
crystalline structure was tested by x-ray diffraction (XRD,
Bruker DSGADDS). Photoluminescence (PL) measurement
was carried out with a laser Raman spectrometer (VV-
LABRAM). The current—voltage (/-V) and time-dependent
current (/-t) characteristics of the device were measured using
a semiconductor device analyzer (Agilent B1500A). The re-
sponse spectra were measured by using a 200 W UV-enhanced
Xe lamp and a monochromator.

3. Results and discussion

Schematic fabrication process of the crossed ZnO mi-
crowire photodetectors is shown in Fig. 1. Highly crystallized
ZnO microwires were formed at the downstream end of the
alumina boat. A sharp tweezer was used to pick up ZnO mi-
crowires one by one from the ceramic boat and place them on
a glass substrate to build a cross-stacked architecture. After
that, indium ball electrodes were drop cast manually on both
ends of each microwire and heated on a hotplate at 200 °C
to improve the contact property. In this cross-stacked archi-
tecture, three ZnO microwires have the similar diameter and
properties.

Tweezer

Indium
ZnO m1cr0w1res

v
ondlnrI I
-— -

Glass substrate

Fig. 1. Schematic fabrication process of the crossed ZnO microwire photodetectors.

Figure 2(a) shows the SEM image of single ZnO mi-
crowire. It can be seen that the morphology of ZnO mi-
crowires is a quadrangular prism with a diameter of ~ 10 um.
Moreover, the surface of the microwires is very smooth and
flat. Figure 2(b) presents the HIM image of the crossed mi-
crowire architecture. Obviously, the microwires are in close
physical contact with each other. The XRD spectrum of the
ZnO microwires dispersed on a glass substrate is shown in
Fig. 2(c). The sharp diffraction peaks at 32°, 34.7°, 36.5°
and 47.8° can be assigned to (100), (002), (101) and (102)
planes of wurtzite ZnO. All the peaks are matching with the
ZnO hexagonal phase of JCPDF No. 36-1451. Figure 2(d)
presents the PL spectrum of ZnO microwires at room temper-
ature. A strong UV emission is clearly observed at ~ 380 nm,
which can be attributed to the near-band edge (NBE) emis-
sion of Zn0.[2%-3247:48] Besides, a shoulder signal is also ob-
served near the NBE emission, which can be originated from
the phonon replica of free exciton luminescence.*”! In ad-
dition, a weak and broad visible emission band centered at
~ 520 nm is generally considered to come from the oxygen

vacancy defect in ZnO.?>#7 The PL spectrum suggests that
the ZnO microwires fabricated in this work have a few oxygen
vacancy defects.
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Fig. 2. (a) SEM image of single ZnO microwire. (b) HIM image of
the crossed microwire architecture. (c) XRD and (d) PL results of ZnO
microwires.
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Fig. 3. (a) Schematic diagram of no-interface, single-interface, and double-interface ZnO microwire photodetectors. The /-V characteristics of
(b) no-interface, (c) single-interface, and (d) double-interface devices in the dark (black line) and under 365 nm illumination at a power density

of ~ 0.8 mW/cm? (red line).

To investigate the interface effect on the photodetection
performance, in addition to the ZnO double-interface UV pho-
todetector, the reference devices without interface and with
single interface were also prepared as shown in Fig. 3(a).
To avoid the influence of device length, the lengths of the
three devices are similar (~ 1 cm). In addition, because ad-
sorbed gas molecules, such as O, and H,O, have a great im-
pact on the photoelectric performance of microwires,>°! the
three devices are tested in the air environment with same hu-
midity. Figures 3(b), 3(c) and 3(d) show the /-V curves in
the dark and under the 365 nm illumination (~ 0.8 mW/cm?)
of the no-interface, single-interface and double-interface de-
vices, respectively. In Fig. 3(b), a relatively large dark cur-
rent of ~ 1.11 x 1077 A can be observed at 45 V bias for
the reference device without interface due to the large num-
ber of background carriers in the ZnO microwire. Under the
UV illumination, the current of the device increases to about
4.06 x 10~7 A at 45 V. With the introduction of the microwire—
microwire interface, the dark current of ZnO UV photodetec-
tor with single and double interfaces has been significantly re-
duced as shown in Figs. 3(c) and 3(d), respectively. Notably,
the double-interface device exhibits an ultra-low dark current
of ~3.52x 10712 A at 45 V bias, which is nearly 5 orders of
magnitude lower than that of no-interface reference device.

Figure 4 shows the spectral response of ZnO microwire
photodetectors with and without interface at 45 V bias in the
wavelength range from 340 nm to 700 nm. All three de-
vices exhibit a broad response peak centered at ~ 370 nm
and a sharp —3 dB cutoff wavelength of ~ 380 nm, which
precisely corresponds to the band gap of ZnO (~ 3.37 eV at
room temperature). The peak responsivities of no-interface,
single-interface, and double-interface ZnO photodetectors are
120 mA/W, 90 mA/W and 80 mA/W, respectively. In addi-

tion, the UV/visible rejection ratio (Rpeak /R550 nm) Of all three
devices can reach nearly 10°.
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Fig. 4. The photoresponse spectra of no-interface (black line), single-
interface (red line), and double-interface (blue line) ZnO microwire UV
photodetectors on a log scale.

The normalized photocurrent-to-dark current ratio
(NPDR), defined as the ratio of responsivity to dark cur-
rent, is an important parameter to evaluate the weak signal
detection ability of a photodetector.’!) The -V character-
istic curves (Fig. 3) and the photoresponse spectra (Fig. 4)
show that although the microwire-microwire interfaces can
slightly reduce the UV responsivity of the device, their reduc-
tion in dark current is more obvious. Therefore, the NPDR
of double-interface ZnO microwire UV photodetector reaches
2.3 x 10'© W1, which is nearly 5 orders of magnitude higher
than that of no-interface device.

The time-dependent photoresponse properties of the ZnO
microwire UV photodetectors were investigated at 45 V bias
by periodically switching on and off 365 nm illumination with
a power intensity of 0.8 mW/cm?. Figure 5(a) presents the /—
curves of no-interface, single-interface, and double-interface
ZnO microwire UV photodetectors. Obviously, all three de-
vices exhibit reproducible and stable photoresponse to peri-
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odic UV illumination. It should be noticeable that the cur-
rent of the double-interface device rapidly decreases by more
than 4 orders of magnitude after switching off the illumina-
tion, reaching the level of the initial dark current. Accord-
ing to the single normalized on/off cycle of the time response
curves (Fig. 5(b)), the decay times (the time required for the
photocurrent to decrease from 90% to 10% of its maximum
value) of no-interface, single-interface, and double-interface
7Zn0O microwire devices could be estimated tobe ~ 95s, ~ 3 s
and ~ 0.65 s, respectively. Interestingly, the introduction of
the microwire-microwire interfaces significantly improves the
response speed.
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Fig. 5. (a) The It curves of no-interface (black line), single-interface
(red line), and double-interface (blue line) ZnO microwire UV photode-
tectors on a log scale under 365 nm light illumination at a bias voltage
of 45 V. (b) Transient photocurrents of three devices normalized at their
peak value.

To better understand the mechanism of the photodetec-
tion performance enhancement, the energy band diagram of
the ZnO microwire photodetector with double wire—wire in-
terfaces is illustrated in Fig. 6. In the dark condition, the po-
tential barriers formed at the wire—wire interfaces could inhibit
the transport of free carriers between ZnO microwires, result-
ing in a lower dark current (Fig. 6(a)). Under illumination,
photogenerated electron—hole pairs are generated in ZnO mi-
crowires and subsequently separated and drifted by the applied
electric field. Meanwhile, when the photogenerated holes drift
to the wire—wire interfaces, they would be trapped by the inter-
face states, thereby reducing the barrier height (Fig. 6(b)). And

the decreased wire—wire barrier under UV light illumination
produces a large photocurrent. After switching off the illumi-
nation, the trapped holes at the wire—wire interfaces would be
dispersed rapidly and the barrier height would be recovered to
its initial dark state value, leading to a small dark current and
a relatively fast response speed.

()
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.

Wire-wire interfaces

@® Electron QO Hole CB: conduction band VB: valence band
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Fig. 6. The energy band diagram of the double-interface ZnO microwire
photodetector (a) in the dark and (b) under UV light illumination.

4. Conclusion

In summary, highly crystallized ZnO microwires are syn-
thesized by a simple one-step CVD method. The UV photode-
tector is built from three cross-intersecting ZnO microwires
on a glass substrate with double microwire—microwire homo-
interfaces. The dark current of this double-interface device
is only about 3.52 X 10712 A at 45 V, which is almost 5 or-
ders of magnitude lower than that of no-interface reference
device. Moreover, compared with no-interface reference de-
vice, the NPDR of the double-interface ZnO microwire UV
photodetector is improved by nearly 5 orders of magnitude,
reaching about 2.3 x 10! W—!, Meanwhile, the 90% to 10%
decay time of this double-interface device is only about 0.65 s.
Our analysis shows that the giant performance enhancement
for the double-interface device originates from the mechanical
contact homo-interfaces. The existence of potential barriers at
the interfaces leads to highly suppressed dark current of the
device, and it also produces a fast and sensitive photoelectric
response due to the barrier height modulation. The results in
this work not only provide the insights into the regulation of
efficient carrier transport in photodetectors, but also open up
tremendous opportunities for the design and development of
high-performance optoelectronic devices.
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