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In this paper, a simple self-assembled lateral growth of ZnO nanowires (NWs) photodetector has been
synthesized by a hydrothermal method at a temperature as low as 85 °C. The ZnO NWs exhibit single-
crystalline wurtzite with elongated c-axis and can be selectively lateral self-assembled around the edges of
ZnO seeding layer. The current of ZnO NWs is sensitive to the variation of ambient pressures, i.e. 4.47 μA was
decreased to 1.48 μA with 5 V-bias as 1.1×10−6 Torr changed to 760 Torr, accordingly. Moreover, the
current–voltage characteristics of ZnO NWs photodetectors can be evidently distinguished by UV
illumination (i.e. λ=325 nm). The photocurrent of ZnO NWs with UV illumination is twice larger than
dark current while the voltage biased at 5 V. Consequently, this faster photoresponse convinces that the
hydrothermally grown lateral ZnO NWs devices have a fairly good for the fabrication of UV photodetectors.
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1. Introduction

ZnO nanowires (NWs) have attracted much attention as
candidates for optoelectronic and electronic devices. ZnO NWs
possess high surface-to-volume ratio, a direct energy wide-bandgap
(i.e. ∼3.37 eV) at room temperature, and a large exciton binding
energy (i.e. ∼60 meV). The potential uses of ZnO NWs as gas
sensors, solar cells [1] and light emitting diodes [2] have been
intensively explored. Recently, ZnO NWs have been investigated for
UV photodetector applications [3–7]. The ZnO NWs were obtained
by several techniques such as thermal evaporation [3], electron-
beam lithography [4], chemical vapor deposition (CVD) [5], high
growth temperature [6], and electric-field assisted assembly [7].
However, the reported techniques required complex and time-
consuming manufacture and high temperature process, restricting
the realistic mass fabrication of ZnO NWs optoelectronic devices.

In this paper, a simple hydrothermal method was adopted for
ZnO NWs growth because of the advantages of low cost of
equipment, large-area and uniform fabrication, catalyst-free
growth, environmental friendliness, and low processing tempera-
ture. Thus, the low-temperature ZnO NWs were synthesized by
hydrothermal method, and the related photoresponse character-
istics of ZnO NWs are addressed and analyzed.
2. Experimental details

The schematic fabrication procedures of ZnO NWs photodetectors
are shown in Fig. 1. The (100) oriented p-type Si wafers were used as
the substrates for NWgrowth. After Standard RCA cleaning, a ZnO film
(∼200 nm) and Ti (∼5 nm)/Pt (∼50 nm) films were deposited on Si
substrate by using a sputtering system at room temperature. The ZnO
and Ti/Pt films were patterned by a lifting-off technique and acted as a
seed layer and contact metal, correspondingly. The samples were
dipped in 0.001 M H3PO4 and then immersed in the mixed growth
solution at 85 °C for 180 min. The growth solution was prepared by
mixing with 0.025 M zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and
0.025 M hexamethylenetetramine (HMTA) in deionized water at
e fabrication procedures of ZnO NWs photodetectors.
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Fig. 2. Optical microscope image of the patterned device. The inset is an enlarged image
of laterally self-assembled ZnO NWs with Ti/Pt electrodes.
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room temperature. The illustrative equation of the possible chemical
reactions during ZnO NWs formation in the aqueous solution can be
expressed as following [8]

C6H12N4 þ 6H2O→4NH3 þ 6HCHO ð1Þ
Fig. 3. (A) The X-ray diffraction patterns of ZnO NWs on ZnO/Si substrate. (B) A HRTEM lattic
of a ZnO NW. (D) Photoluminescence spectra of ZnO NWs were measured at room temper
NH3 þ H2O⇔NH
þ
4 þ OH

− ð2Þ

Zn
2þ þ 2OH

−→ZnO þ H2O ð3Þ

Subsequently, the samples were thoroughly rinsed with deionized
water in order to eliminate residual salts and dried in air at room
temperature. The surface morphologies were observed by a field-
emission scanning electron microscopy (FE-SEM, Hitachi S-4700I). The
crystal structure of the ZnO NWs was confirmed using X-ray diffraction
(XRD) by a diffractometer (M18XHF, MAC Science) with the incident
radiation of Cu Kα (λ=0.154 nm) and fixed 2θ scanning range of 30° to
60°. The crystallinity and chemical composition of the ZnO NWs were
investigated using transmission electron microscopy (TEM, JEOL JEM-
3000F) and energy-dispersive X-ray spectroscope (EDS). The TEM
samples were prepared by scraping wires off the substrates, followed
by dispersion in ethanol and then drop casted onto holey carbon coated
copper grids. Theoptical emissionproperties of ZnONWswereexamined
by photoluminescence (PL) spectra with He–Cd laser excitation, i.e.
λ=325 nm. Furthermore, the photocurrent of ZnO NWs photodetectors
was characterized by a source measurement unit (Keithley 2400) with a
monochromatic UV light source of Xe arc lamp, i.e. λ=325 nm.
3. Results and discussion

The device morphology of ZnO NWs photodetector is shown in
Fig. 2. The channel region of this photodetector is 10×10 μm2, and the
e image of a ZnO NW. The inset shows the corresponding SAED pattern. (C) EDS analysis
ature with the using an excited He–Cd laser (i.e. λ=325 nm).



Fig. 4. (A) Current–voltage characteristics of ZnO NWs were studied for different
chamber pressures at room temperature. (B) Current–voltage characteristics of ZnO
NW photodetectors with and without UV illumination.
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distance between the two electrodes is 10 µm. The selectively lateral
self-assembled ZnO NWs grew and well-aligned around the edges of
ZnO seeding areas. On the contrast, no NWs are observed on the
electrodes of sputtered Ti/Pt. The inset of Fig. 2 presents the enlarged
Fig. 5. Schematic diagram of photocond
image of the device channel, indicating that the diameters of ZnONWs
are 50 nm–100 nm and the length of ZnO NWs can be approximate
the spacing of two electrodes (i.e. ∼10 µm), accordingly. Therefore, it
evidences that the ZnO NWs can be uniformly-controlled grown and
selectively lateral self-assembled around the edges of ZnO seeding
layer.

Fig. 3A reveals the XRD pattern of ZnO NWs on ZnO/Si substrate.
The diffraction peaks can be indexed to awurtzite hexagonal structure
of the ZnO crystal with lattice constants a=0.325 nm and
c=0.521 nm. The relatively strong peak located at around 34.8° can
correspond to the orientation of ZnO (0002) and infer that these
nanostructures are well-aligned and oriented along [0001] direction,
the c-axis of ZnO crystal, and perpendicular to the substrate. A TEM
technique was also conducted to confirm the crystalline and
orientation of the ZnO NWs. The high resolution transmission TEM
(HRTEM) image shown in Fig. 3B clearly presents a well-resolved
lattice with the measured inter-plane spacing of ∼0.52 nm. Moreover,
the growth direction of ZnO NWs was examined with both of HRTEM
image and selective area electron diffraction (SAED) pattern (the inset
of Fig. 3B) identified as along the [0001] direction, which is the fastest
growth direction for ZnO crystals. Thus, the crystallinity and structure
of ZnO NWs can be classified as single-crystalline wurtzite with
elongated c-axis. In Fig. 3C, the feature peaks of EDS spectra can
correlate to the signals of Zn and O, indicating that there is no
additional impurity of metal element. The noise of Cu feature peaks
came from the Cu grid used in TEM analysis. The PL investigation of
ZnO has been extensively studied for the potential optical applications
[9]. Fig. 3D demonstrates the room temperature PL spectra of ZnO
NWs, indicating a strong UV peak and a broad green emission band.
The UV peak centered at 380 nm (i.e. 3.26 eV) and can be linked to the
near-band-edge (i.e. 3.37 eV) emission and free-exciton peak of ZnO
[10]. The broad green bands of visible region located at ∼570 nm (i.e.
2.18 eV) and can be related to native defect levels within the band
gap, such as single and double ionized oxygen vacancies [11]. The
sufficient Zn2+ and the slow release of OH−fromHMTA in the reaction
solution lead to the lack of oxygen and form the oxygen vacancy of
ZnO NWs while the ZnO NWs formation in the aqueous solution
during hydrothermal method process [8].

Fig. 4A presents the current–voltage characteristics of ZnO NWs,
measured for different chamber pressures at room temperature. The
current decreased from 4.47 μA to 1.48 μA under the bias of 5 V as the
chamber pressure increased from 1.1×10−6 Torr to 760 Torr, which
might be correlated to the activities of surface defects on ZnO with
ambience. The surface defects on ZnO, such as oxygen vacancies, can
act as adsorption sites in the surface layer [12,13]. The adsorption of a
uction in ZnO NWs photodetectors.



Fig. 6. (A) The Photoresponse of ZnO NWs photodetectors with and without UV
illumination in the air. (B) The enlarged view of photoresponse.
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gas molecule on the surface of ZnO NW, such as O2 and H2O, will trap
the free electrons in the NW [14,15]. Therefore, the adsorbates
performing as acceptors depleted the surface electron states and
Table 1
UV photoresponse of ZnO NWs photodetectors in this work and the reported ZnO photode

This study [3] [4] [5

Photodetector
architecture

Nanowires Nanowires Single nanowire S

Crystalline Single crystalline Not available Single crystalline S
Preparation
method

Hydrothermal
method

Thermal evaporation
method

Hydrothermal
method

C
m

Processing
temperature (°C)

85 900 95 9

Rise time (s) 2 90 5.6 2
Decay time (s) 2 3500 Not available 3
consequently reduced the conductivity while chamber pressure
increased. The sensitive variation of current changed with the
ambience implies that the self-assembled lateral growth ZnO NWs
can be possibly used as pressure sensors. Fig. 4B indicates that the
current–voltage characteristics of ZnO NWs photodetectors can be
evidently distinguished by UV illumination. The nonlinear current–
voltage characteristic might originate from the existence of barriers
between the Ti/Pt electrodes and the ZnO NWs [16]. The photocurrent
with UV illumination can be twice larger than dark current while the
voltage biased at 5 V.

Normally, as-grown ZnO can be considered as an n-type
semiconductor owing to the intrinsic defects, such as oxygen
vacancies and Zn interstitials [17], which can be connected to the
analysis of broad green bands in PL spectra (shown in Fig. 3D). The
defects act as adsorption sites in the surface. As oxygen is adsorbed on
the surface of ZnO NWs in the dark, it captures electrons from the
NWs and forms negatively charged ions as following formulas [5]

O2ðgÞ þ e
−→O

−
2ðadsorptionÞ ð4Þ

hν→e
− þ h

þ ð5Þ

O
−
2ðadsorptionÞ þ h

þ→O2ðgÞ ð6Þ

Likewise, this process leads to the formation a space charge region
and band bending upwards near the surface. When the ZnO NWs
device is irradiated by a light with photon energy higher than the
band gap, electron–hole pairs are generated. The photogenerated
electron–hole pairs are separated in the space charge region, and then
holes migrate to the surface along the bending band and react with
negatively charged oxygen ions. Then, the photogenerated electrons
increase the photocurrent due to the enhanced carrier density in the
ZnO NWs. Fig. 5 illustrates the schematic mechanism for the chemical
reactions of photoconduction in ZnO NW photodetectors.

Moreover, Fig. 6A reveals that the photoresponse of the ZnONWs to
UV (i.e. λ=325 nm) illumination in air is as a function of irradiation
time while the bias was sustained at 5 V. The reversible cycles of the
photoresponse curve indicates a stable and repeatable operation of
photo detecting and optical sensing. Fig. 6B shows the enlarged view of
photoresponse. The rise time (defined as the time for the current to rise
to 90% of the peak value) and decay time (defined as the time for the
current to decay to 10% of the peak value) of hydrothermally grown
lateral ZnO NWs photodetectors are extracted as ∼2 s and ∼2 s,
accordingly. Table 1 summaries the UV photoresponse of ZnO NWs
photodetectors in this work and the reported ZnO photodetectors in
literatures [3–5,18,19], where the photoresponse of ZnO NWs-based,
ZnO singleNW-based, andfilm-basedphotodetectors are quantitatively
compared. The photoresponse of reported ZnO photodetectors under
UV illumination indicate a slow response, ranging from a few minutes
to∼1 h [3–5,18,19]. The UV photoconduction and carrier transport in
these ZnO films depend on the grain size, thickness of film [20],
orientation of crystallographic [21], and the presence of different
tectors in literatures.

] [18] [19]

ingle nanowire Thin film Thin film

ingle crystalline Polycrystalline Polycrystalline
hemical vapor deposition
ethod

Pulsed laser deposition
method

RF magnetron sputtering
method

25 580 700

3 90 Not available
3 900 600
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amounts of defect concentration [22], resulting in the large variation of
photoresponse times in reported studies. The relatively faster photo-
response in this work could be associated to the superior single-
crystalline and increase photoactive areas using multi-nanowire-based
architecture [23]. This faster photoresponse in this work convinces that
the hydrothermally grown lateral ZnO NWs devices have a fairly good
for the fabrication of UV photodetectors. The low-temperature
hydrothermally grown ZnO NWs also disclosure the potentials applied
in flexible optoelectronic devices.

4. Conclusions

A self-assembled lateral growth ZnO nanowires (NWs) photode-
tector was fabricated by hydrothermal method at a relatively low
temperature, i.e. 85 °C. The ZnO NWs can be uniformly-controlled
grown and selectively lateral self-assembled around the edges of ZnO
seeding layer. The crystallinity and structure of ZnONWs are classified
as single-crystalline wurtzite with elongated c-axis. While the
chamber pressure increased from 1.1×10−6 Torr to 760 Torr, the
current of ZnO NWs decreased from 4.47 μA to 1.48 μA under the bias
of 5 V. Furthermore, the current–voltage characteristics of ZnO NWs
photodetectors can be evidently distinguished by UV illumination.
The photocurrent of ZnO NWs with UV illumination (i.e. λ=325 nm)
is twice larger than dark current while the voltage biased at 5 V. The
rise time and decay time of photoresponse are extracted as ∼2 s. This
faster photoresponse in this work convinces that the hydrothermally
grown lateral ZnO NWs devices have a fairly good for the fabrication
of UV photodetectors. In short, the low-temperature hydrothermally
grown ZnO NWs disclosed the potential applications of pressure
sensors and flexible optoelectronic devices.
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