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Well-crystallized ZnO nanowire arrays were grown on GaN/sapphire by one-step chemical vapor
deposition under control of the fabrication pressure of 1000— 2500 Pa and the best-aligned arrays
were obtained at 1000 Pa. A photoluminescence study shows a red shift with nanowire diameter
increase. Under 365-nm UV irradiation of 0.3 mW/cm2, the photoresponse study of the best ZnO
ar- rays shows an ultra-fast tri-exponential rise with three constants of 0.148, 0.064 and 0.613 s,
and a bi-exponential de- cay behavior with two recovery constants of 30 and 270 ms. The
ZnO/GaN heterojunction barriers could be responsible for the ultra-fast tri-exponential rise and
bi-exponential de- cay behavior.
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1.INTRODUCTION

Recently, one-dimensional (1D) nanostructures have attracted increasing attention for a great
variety of potential applications in nanodevices [1-3]. ZnO, one of the most important metal
oxides, has a wide band gap of 3.37 eV and a high exciton binding energy of 60 meV at room
temperature. One-dimensional ZnO nanostructures such as nanowires (NWSs), nanorods,
nanotubes, nanobelts, thin films etc. are extensively studied for their applications in various
opto- electronic devices, e.g. light-emitting diodes (LEDSs), solar cells, phototransistors, UV
photodetectors etc. [4-9]. For UV photodetectors, fast response and recovery times and high
responsiveness are commonly desired characteristics. A very short recovery time ranging
from a few milliseconds to several seconds is commonly observed in UV photodetectors based
on a single ZnO nanowire [9-11]. However, the single-nanowire UV photodetector is hard to
be manipulated and measured, due to its small size and very low photoresponse current. To
meet the requirement of real-time device application, many methods to enhance UV
photoresponse current have been investigated [12, 13]. Li et al. reported a UV detector based
on a ~3-CIm-thick disordered ZnO NW film with a photocurrent of about 100 A [14]. Bai et
al. fabricated a UV sensor by integrating multiple nanowires connected in parallel, achieving
about 1-mA photocurrent [15]. But, in these studies of UV photodetectors based on ZnO NW
arrays or multiple nanowires, the response and recovery times are too long, ranging from a
few minutes to several hours [16-18], which could be influenced by a number of factors at
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interplay, such as the nanowire surface [16], defects [17] and processing conditions [18].

In this study, we fabricated a simple and functional UV photodetector based on ZnO NW
arrays grown on GaN thin films, achieving success in obtaining a considerable photocurrent
and ultra-fast photoresponse and recovery times. Two indium tin oxide (ITO) electrodes were
contacted with the top of the ZnO NW arrays, instead of expensive lithography and thermally
evaporated metal contact pad processes. Our study shows that the well-crystallized ZnO NW
arrays with fewer defects and a ZnO/GaN heterojunction lead to ultra-fast photoresponse and
recovery times.

2.EXPERIMENTAL

Synthesis of the ZnO NW arrays was carried out by chemical vapor transport method
deposition using a simple horizontal tube furnace. A gold catalyst layer with nominal
thickness of 3-5 nm was firstly deposited on the c-plane GaN/sapphire substrate. The
feedstock source materials consisting of a mixture (1:1 by weight) of ZnO and graphite
powders were loaded in a quartz boat at the center of the furnace. Flows of 1 sccm oxygen
(purity 99.999 %) and 49 sccm argon (purity 99.999 %) were used as the precursor and carrier

gases, respectively. The chamber was heated to 950 °C at a rate of 50 °C/min. The whole
process was held for 30 min under a constant pressure. Afterwards, the furnace was turned
off and cooled to room temperature while maintaining the vacuum unchanged.

After growth, the morphology features of as-deposited products were characterized by means
of a Sirion 200 field emission scanning electron microscope (FESEM). Raman spectroscopy
was employed on a Jobin-Yvon HR800 microspectrometer in backscattering geometry to
investigate the lattice vibrational properties of the ZnO NW arrays, with excitation source an
argon-ion laser (4 515 nm). A photoluminescence (PL) measurement was implemented on a
LabRam HR UV spectrometer using a 20-mW He—Cd laser (4 325 nm). UV photoresponse
measurement was carried out between two ITO electrodes at a fixed bias volt- age of 5 V by

switching the light from a portable UV lamp (1 365 nm, 0.3 mW/cm?2) ‘on’ and ‘off’. The
distance be- tween the sample and the UV lamp were fixed. All of the measurements were
carried out at room temperature in ambient condition.

3.RESULTS AND DISCUSSION

While keeping all other growth parameters unchanged, including the powder source
temperature, the substrate position, the carrier gas flow and the system geometry, the re-
actor pressure changed and resulted in very different yield and morphology of ZnO
nanostructures [19, 20]. The as- grown ZnO nanostructures exhibit a pearly blue color,
covering the entire surface. The FESEM images in Fig. 1 exhibit the general morphologies
of four samples grown un- der constant oxygen volume percentage (2 %) but variable
chamber pressure. In sample 1 (S1) under the lower pressure of 100 Pa, the ZnO NWs were
less well aligned. As the chamber pressure increases to 500, 1000 and 2500 Pa, ZnO NWs
(samples S2, S3 and S4, respectively) were all vertically aligned well with respect to the
substrate, having a fairly uniform length and distribution density. The aver- age diameters of
the resulting ZnO nanowires were about 39, 75, 98 and 153 nm, respectively. Furthermore,
the statistical distribution of the nanowires’ diameter was investigated. When the pressure
increases, the standard deviation of the nanowires’ diameter increases, from 9.89, 13.8, 13.9
to 26.2 nm, respectively. However, by further increasing the system pressure to 3500 Pa,
only random networks of nanowires were found instead of vertically aligned arrays. Above
all, our experiment demonstrated that the chamber pressure is a very important factor which
has an effect on the growth, size and morphology of ZnO NW arrays. Only un- der a suitable
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range of stable pressure (500-2500 Pa) could a large area of uniform, vertically well-aligned
ZnO NW arrays be synthesized using a catalyst-assisted hetero-epitaxial carbothermal
reduction approach on a GaN substrate.

Figure 1 Typical FESEM images of ZnO NW arrays grown on GaN substrates at various
chamber pressures.

It is worth mentioning that the optical properties ofwell- ordered ZnO NW arrays are further
studied by the visible Raman spectrum, as shown in Fig. 2. Apart from the pho- ton modes
of the underling sapphire and GaN template, here the remarkable, intrinsic E;n mode of ZnO
NW arrays has many features. The Eon mode peak, assigned to oxygen atom vibration motion

in samples S1-S4, is found at 438.5 0.5 cm—1 with a small FWHM range of 6.5-7.6 cm— 1.
These mean that there is almost no stress in our 1D ZnO arrays [22]. A much-suppressed peak

at 332.7 cm~ ! is attributed to the second-order nonpolar Raman processes (Ez+—EaL),
assigned as E2(M) in Fig. 2, which could be found only when ZnQ is single crystalline. Hence,
the pres- ence of a dominant narrow E>n mode and a much sup- pressed E2(M) mode in all
cases confirmed the wurtzite hexagonal phase and very good crystal quality in the as-grown
ZnO NW arrays.
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Figure 2 The Raman spectra observed from ZnO NW samples S1-S4 under 514.5-nm laser
light excitation.
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Figure 3 (a) I-V curves of the integrated sensor of ZnO NW arrays with and without UV
illumination. Inset is the schematic of the fabricated NW photodetector. (b)
Photoresponse of the NW UV sensor under a bias voltage of 5 V, 365-nm UV irradiation
of 0.3 mW/cm?. (c) Experimental (black line) and tri-exponential fitting (red line) curves
of the photocurrent increase process. (d) Recovery current (black line) and the bi-
exponential fitting (red line) curve of the UV sensor.

The structure schematic of the ZnO NW photodetector is shown in the inset of Fig. 3a. A ditch
with width of 0.1 mm was firstly formed to separate two ITO electrodes. Then, the fabricated
sample was reversed and placed on the prepared ITO/glass substrate. The tips of the ZnO NWs
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are put in di- rect contact with the ITO/glass substrate to form the ZnO NW array device
structure. This method needs neither de- positing any material on the NW tips to form contact
elec- trodes nor passivating the surface of the ZnO NWs. Finally, polydimethylsiloxane
(PDMS) was adopted to package the device. The UV response of our devices was characterized
by a portable UV lamp at room temperature in ambient con- dition. The current-voltage
characteristics of the photode- tector fabricated from sample S3 under dark and UV illumi-

nation (365 nm, 0.3 mW/cmZ) are shown in Fig. 3a. The I-V curve was measured with bias
from 5 to 5 V at room temperature in ambient condition. Clear rectifying behavior can nation.
This phenomenon could be related to the large area and approximate ohmic contact between
NW arrays and ITO electrodes.

At an interval of 10 s and a bias of 5 V, the photodetector can reversibly be turned ‘on” and
‘off” by switching the UV illumination, respectively, as shown in Fig. 3b. The on— off ratio is
about 3.9. In Fig. 3c, the photocurrent initially grew very fast by two steps and then slowly
increased and saturated at last. The photoresponse of the fabricated device shows a tri-
exponential growth. The time-dependent growth behavior of the photoresponse curve is fitted
with the equation As shown in Fig. 3d, after the UV light was turned off, the decay process
was fast initially and then became slower. The decay time behavior follows a bi-exponential
decay function. The UV response and recovery of ZnO NW are known to be generally
governed by water molecules and ionized
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Figure 4 A schematic of photoresponse mechanism of the ZnO array photodetector. The
electron transfer in the device at (a) dark condition and (b) during UV illumination,
respectively. (c) Band diagram and transition process responsible for the hole—electron
recombination at the ZnO/GaN heterojunction barriers

oxygen adsorption and desorption at the surface defect sites [23]. In the present case, as the
ZnO NW arrays were grown at relatively high temperature, the influence of water molecules
on the photoresponse was eliminated [16]. Oxy- gen is believed to play a critical role in the
observed photoresponse. A schematic of the photoresponse mechanism of the ZnO NW array
photodetector is shown in Fig. 4. In ambient conditions, oxygen molecules would adsorb on
the NW. The density of electron—hole pairs in the ZnO NW and GaN thin film (band gap 3.4
eV) increases significantly when illuminated with 365-nm UV light. As the GaN thin film was
covered by ZnO NW arrays, the density of absorbed oxygen molecules on the surface of GaN
is rarely low. The holes in the GaN thin film excited by UV light would move to the ZnO NW
surface across the ZnO/GaN heterojunction, then take part in the oxidization of the ionized
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oxygen and release one oxygen gas molecule by an electron—hole recombination process,
which is shown in Fig. 4b. This process may be the first part of tri-exponential growth with
time constant 71 0.148 s in the photocurrent increase curve. The second part of the tri-
exponential photocurrent growth can explain by the process of the photon-generated holes in
ZnO NWs, which will react with ionized oxygen at the surface. The well-crystallized ZnO NW
arrays with fewer defects could increase the moving rate of holes, corresponding to a fast
growth time constant 7> 0.064 s. However, the photocurrent cannot increase unlimitedly and
will be balanced by the re-adsorption of oxygen molecules on the ZnO NW-surface [24],
leading to the photocurrent reaching the saturation value with a slow time constant z;3 0.613 s,
as shown in the third part of the tri-exponential growth.

As the UV light turns off, the photocurrent shows an ultra-fast decay and then a very low decay.
The ZnO/GaN interface shows type Il band alignment, where both the valence-band (VB) top
and the conduction-band (CB) bot- tom of n-type ZnO are located below those of i-GaN as
shown in Fig. 4c. Therefore, during UV illumination, some holes from the GaN thin film are
kept at the ZnO/GaN heterojunction for a junction barrier, instead of recombining with the
electrons present in the ionized oxygen. As a result, these holes are available for recombination
with the exciton-related free electrons at the heterojunction interface. During photocurrent
decay, the ZnO/GaN heterojunction related electron—hole recombination dominates, which
corresponds to the ultra-fast decay process in the photocurrent recovery with the time constant
a1 30 ms. Since the ad- sorption process of oxygen molecules is slower than the desorption
process of photogenerated holes, the current decays and reaches the lowest value with a very
slow process with the time constant zq2 = 270 ms.

4. CONCLUSIONS

In summary, well-crystallized ZnO NW arrays were grown on GaN/sapphire by one-step
chemical vapor deposition un- der control of the fabrication pressure of 1000—2500 Pa and the
best-aligned arrays were obtained at 1000 Pa. A photo- luminescence study shows a red shift
with nanowire diameter increase. Under 365-nm UV irradiation of 0.3 mW/cmz2, the
photoresponse study of the best ZnO NW arrays shows an ultra-fast tri-exponential growth
with three constants of 0.148, 0.064 and 0.613 s, and a bi-exponential decay behavior with two
recovery constants of 30 and 270 ms. The ZnO/GaN heterojunction barriers could be
responsible for the ultra-fast tri-exponential growth and bi-exponential decay behavior.
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