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High-quality ZnO hexagonal tube-like nanostructures grown on p-type GaN heterojunction have been syn-
thesized for sensing applications through a low-cost catalyst-free process by thermal evaporation at
800 °C. The morphological, structural, and optical properties of the ZnO heterostructures have been exam-
ined. In this study, Pd/ZnO/Pd metal-semiconductor-metal gas sensor has been fabricated based on the
ZnO tube-like nanostructures. The sensitivity of ZnO/p-GaN heterostructures is measured at different flow
rates (25, 50, 100, and 150 sccm) of H, gas at room temperature. The highest response of the ZnO/p-GaN sen-
sor was 1250%, when 150 sccm of H, gas was injected. In addition, Pd/Al n-ZnO/p-GaN heterojunction as an
ultraviolet photodiode is demonstrated. The current-voltage curve of the heterojunction demonstrates obvi-
ous rectifying behavior in the dark and under illumination. For illumination conditions, one light source of
wavelength 365 nm and another at 400 nm were used, sweeping the bias voltage from +4 to —4 V.
Under UV light at 365 nm the current was almost 12 times greater than that in the dark, while under UV
light at 400 nm the current was 2.2 times greater than that in the dark at 3 V.
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1. Introduction

In recent years, low-dimensional systems have attracted tremen-
dous interest in nanosensor applications due to their gas sensitivity,
ultraviolet (UV) photoresponse, and optical transparency in the vis-
ible region, among other features [1-14]. In particular, quasi-one-
dimensional nanowires or nanorods are a promising low-cost mate-
rial for high-speed UV photoconductive nanoscale detectors and gas
sensors [3,7-14].

In the past decade, research on wide band gap semiconductors has
focused on zinc oxide (ZnO) due to its excellent properties as a semi-
conductor. Its high electron mobility, high thermal conductivity, good
transparency, wide and direct band gap (3.37 eV), large exciton bind-
ing energy, and ease of fabrication into micro- and nanostructures
make ZnO suitable for a wide range of applications in optoelectronics,
transparent electronics, lasing, and sensing [15-18].

The fabrication of one-dimensional ZnO micro- and nanostruc-
tures has been demonstrated using various methods, including ther-
mal evaporation, thermal chemical vapor deposition, metal organic
chemical vapor deposition, and sol-gel process [19-21]. The thermal
evaporation catalyst-free method is a simple and low-cost technique
for growing metal oxide nanostructures. Several processing parameters
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such as temperature, pressure, carrier gas (including gas species and
flow rate), type of substrate and evaporation duration can be controlled
[22,23].

The growth of n-type ZnO on other p-type materials may provide
an alternative way to realize ZnO-based p-n heterojunctions. Various
heterojunctions of ZnO thin films have been achieved using p-type
materials such as GaN, AlGaN, Si, CdTe, GaAs, and diamond [24-26].
The p-GaN materials are the best candidates for developing
heterojunction-based light emitting diodes with n-ZnO because
p-GaN has many advantages over other p-type materials. Both ZnO
and GaN have the same wurtzite crystal structure, the same lattice
parameters (lattice mismatch is only 1.8%), and almost the same
band gaps 3.37 eV and 3.4 eV, respectively at room temperature
[27-33].

The microstructural and physical properties of ZnO can be modi-
fied by introducing changes to the procedures of its chemical synthe-
sis [34-39]. For example, ZnO nanotubes have been fabricated using a
variety of approaches [41-43], such as optimization of the seed layer
thickness [44], utilization of appropriate solvent compositions [45],
ultrasonic pretreatment of the reaction solution [46], and post pH ad-
justment [47]. The ZnO nanotubes can be made by one-step growth
methods or two-step growth and etching processes [45,48-50].
Nevertheless, it is accepted that the formation of ZnO nanotubes is a
kinetically controlled process. The final morphology and dimension
of the nanostructures are determined by competition between the
adsorption and desorption of the precursor molecules, or, in other
words, crystal growth and dissolution processes [51,52].
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The controlled synthesis of nano- and micro-sized particles with
different shapes and morphologies has attracted considerable inter-
est, because the properties of nano- and microcrystals depend not
only on their composition but also on their structure, phase, shape,
size, and size distribution [53]. Besides activation of the crystallographic
facets' exposure to target gases, a high surface-to-volume ratio is cru-
cial, as mentioned above. However, a high surface-to-volume ratio can
be obtained not only by reducing grain size, but also through a highly
ordered pore structure, as in a mesoporous structure or nanotube arrays
[54,55].

For gas sensing applications, ZnO is one of the promising metal
oxide wide band gap semiconductors [33-35]. In gas sensing, ZnO
has been tested for sensing harmful and toxic gases [36-38]. A com-
mon concern about gas sensors based on ZnO thin films is the lack
of selectivity and higher operating temperature. In general, its opti-
mum operating temperature is 400-450 °C [40]. Recently, Tien et al.
[56] used Pt-coated ZnO nanorods as sensors that were capable of
detecting part per million (ppm) concentrations of hydrogen at room
temperature. Heo et al. [57] used Au islands for the site-selective growth
of ZnO nanowires by molecular beam epitaxy (MBE) at 600 °C. Wang
et al. [58,59] studied the response of Pd-coated ZnO nanorods to H, at
ppm levels in N, and found them to be suitable for practical applications
in hydrogen-selective sensing at room temperature. According to previ-
ous reports, the sensitivity of ZnO to gas may be affected by nanostruc-
ture surface defects and post-growth annealing in a H, or O, ambient
[60-62].

In this study, an alternative method to synthesize high quality ZnO
hexagonal tube-like nanostructures on p-GaN/Si by using wet ther-
mal evaporation method without catalyst is presented. The simplicity,
lower cost, and suitability of this method in producing high structural
and optical quality ZnO nanostructures are very promising for effi-
cient sensing applications; particularly the high surface area to vol-
ume ratio is the major factor responsible for high performance of
the sensors fabricated based on ZnO hexagonal tube-like nanostruc-
tures. In this report, a device with 2-in-1 design has been demonstrat-
ed; this device consists on metal-semiconductor-metal (MSM)
structure for gas sensing and p-n junction for UV detection.

In such device, the ZnO hexagonal tubes immediately below the
metal contacts contribute to the sensing of the gas and UV diode de-
vices, as the other ZnO nanorods are not directly connected to the
contacts. In this work, a ZnO hexagonal tube-like nanostructure/
p-GaN was developed to study the ability of these nanostructures
for sensing applications.

2. Experimental details
2.1. Growth of p-GaN by molecular beam epitaxy

The epilayer was grown by Veeco GEN II plasma-assisted molecu-
lar beam epitaxy with standard elemental effusion cells consisting of
group Il materials, Mg dopant, and active nitrogen (produced by a
Veeco Unibulk radio frequency plasma source). The nitrogen plasma
was operated at 300 W. The Si (111) substrate was cleaned by the
Radio Corporation of America method prior to load into the load
lock chamber and being heated at 200 °C for 2 h. The substrate was
subsequently transferred to the growth chamber and again heated
at 900 °C for 20 min to remove surface contaminants.

The growth was carried out using high-purity material sources
such as gallium (7N) and aluminum (6N5), while nitrogen with 7N
purity was channeled to a radio frequency source to generate reactive
nitrogen species. The growth of p-GaN was started by heating the
substrate to 900 °C for outgassing. Then the substrate temperature
was lowered to 850 °C for Ga cleaning before growth of the AIN buffer
layer. Following the Ga cleaning step, an AIN buffer layer was grown
at 850 °C for 30 min. Next, the substrate temperature was elevated to
800 °C to grow the GaN layer. The growth time was about 45 min.

The final growth step took place at 840 °C. The film was p-doped by
varying the Mg cell temperature from 360 °C to 380 °C. A p-type GaN
layer with an AIN buffer was grown on an n-type Si (111) substrate of
3 in. The thickness of GaN film was about 0.6 pm [63].

2.2. Synthesis of ZnO heterostructures

Synthesis was carried out in a tube furnace (Thermolyne type
F21100) with an inner diameter of 25 mm. Prior to the synthesis, a
p-type GaN wafer substrate was cut into 1.2 x 1.2 cm? pieces and
cleaned with acetone and isopropyl alcohol in an ultrasonic bath,
followed by a rinse with distilled water; the wafers were then dried
by nitrogen gas flow. A pure metallic Zn powder (99.9%) as the source
material was placed into a ceramic boat. The p-GaN substrate was
inserted into a quartz tube after the tube furnace has reached the de-
sired temperature. For deposition in wet oxygen ambient, the gas was
passed through a bath of water before being introduced into the fur-
nace. The furnace was slowly heated from 400 °C to 800 °C. After
reaching 800 °C, argon (Ar) and wet oxygen (0O,) gas were introduced
with flow rates of 350 sccm and 126 sccm, respectively, for 1 h. After
the evaporation, the alumina boat was slowly drawn out from the fur-
nace and cooled to room temperature.

The ZnO hexagonal tube-like nanostructures were subsequently
characterized by various tools. The surface morphology of the ZnO
heterostructures was examined by scanning electron microscopy
(SEM), model JOEL JSM-6460LV. For SEM characterization normally
the measurements are performed at 10 kV to measure the surface
morphology of the samples. A high-resolution X-ray diffractometer
(HR-XRD) model PANalytical X'pert Pro MRD with a Cu-Kot; radiation
source (N = 1.5406 A) is used to assess the crystalline quality as well
as the phase identification. Under high resolution measurements, this
system has a resolution of 12”. The XRD measurements are based on
Bragg-Brentano configuration. The optical quality of the ZnO hexago-
nal tube-like nanostructures was studied at room temperatures by
photoluminescence (PL) and Raman scattering. The measurements
were performed by using Jobin Yvon HR800UV spectrometer system,
a helium cadmium (He-Cd) laser (325 nm) and an argon ion laser
(514.5 nm) were used as an excitation source for PL and Raman mea-
surements, respectively. For both measurements, the incident laser
power was 20 mW. A Keithley electrometer (Model 2400) was used
to record the I-V characteristics for gas sensor and UV photodiode.
All the experiments in the current work were performed under atmo-
spheric pressure and at room temperature.

2.3. Fabrication of gas sensor

Fig. 1 shows the schematic diagram of the gas sensing system. To
fabricate a p-n junction diode gas sensor, MSM with interdigitated
contacts (electrodes) forming Schottky barriers was used, as shown
in Fig. 2A. The Pd Schottky contact (150 nm thick) was deposited on
a portion of Zn0O/GaN sample using the A500 Edwards RF magnetron
sputtering unit with a power sputtering of 150 W. The four fingers of
each of the Pd contact electrodes were 0.23 mm wide and 4 mm long,
with 0.4 mm spacing. The gas sensing experiments were carried out
by using a homemade gas sensing chamber. For characterization of
the gas sensing device, the test fixture was placed in the chamber
with wires connected from the probes to Keithley device to measure
the current voltage (I-V) characteristics of the sample. The voltage
was biased from 1 V to —1 V and different flow rates of 2% H, in N,
gas were used in this experiment.

2.4. Fabrication of the UV photodiode device
For the Schottky photodiode device, an Al contact (200 nm thick)

was coated on the bottom of the Si (111) using a thermal evaporation
system under a pressure of 2.55 x 10~ 7 Pa. To provide a Schottky
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Fig. 1. Schematic diagram of homemade gas sensing system.

contact, Al and Pd electrodes were made on Si (111) and n-ZnO, re-
spectively. Subsequently, the device was moved to the thermal
furnace and annealed at 400 °C for 10 min, to form an effective
Schottky contact. The schematic diagram of the device is shown in
Fig. 2B. The (I-V) characteristic on the fabricated heterostructural
p-n junction was carried out conventionally. In addition, the I-V
characteristics of the UV diode were measured by sweeping the bias
voltage from +4 V to —4 V both in dark and illuminated conditions
at different UV diode sources. During photocurrent measurements, UV
diodes of wavelengths 365 nm (UV 365) and 400 nm (UV 400) with a
power density of 0.3 mW/cm? were used as an excitation source.

3. Results and discussions
3.1. Morphological analysis

Fig. 3A and B shows low- and high-magnification SEM images of
the n-ZnO/p-GaN hexagonal tube-like nanostructures synthesized

| ° A Pd mask contact

B /

=

ZnO nanostructures

Fig. 2. The schematic diagram of ZnO/GaN p-n heterojunction was fabricated (A) for
gas sensing device, and (B) for UV photodiode device.

by wet thermal evaporation method at 800 °C. The average diameter
of the ZnO nanostructures obtained on the p-type GaN substrate was
approximately 600 nm for the hexagonal shape and the diameter of
the tube hole was about 250 nm. Apart from that, Fig. 4A shows
that the “blanket thickness” for as grown GaN substrate before depos-
ited was 0.6 um; also Fig. 4B shows that the “blanket thickness” for
ZnO nanostructures grown on the p-type GaN substrate was around
1.5 um, and the length of the tube was around 1 um as shown in
Fig. 4C.

3.2. XRD analysis

To further understand the influence of morphology differences on
the properties of nanostructures, XRD was used to study the crystal-
line structure and alignment of products as well as to show the crystal
size in the ZnO nanostructures. Fig. 5A shows the typical XRD pattern
of n-ZnO hexagonal tube-like nanostructures grown on p-type GaN
substrate, revealing the highly preferential c-axis orientation of ZnO
heterostructures. Fig. 4B also shows that the ZnO nanostructures
yield a sharp peak at 34.37°, which is attributable to the perfect
c-axis of the ZnO (0 0 2) plane, while the sharp peak at 34.42° is at-
tributable to the p-GaN (0 0 2) plane. An epitaxial relation exists be-
tween the GaN epitaxy film and the ZnO nanowires. Since GaN and
ZnO have similar lattice constants, the c-axes in the XRD profiles of
GaN and ZnO almost overlap [64].

The diffraction peaks in the pattern were indexed as hexagonal
wurtzite ZnO nanostructures with lattice constants in accordance
with the values in the standard card (JCPDS no. 36-1451 for ZnO).
From the XRD pattern, a and c the lattice constants for ZnO were de-
rived to be a = 0.3252 nm, and ¢ = 0.5098 nm, consistent with the
standard values for bulk ZnO. The XRD pattern reveals that the syn-
thesized layer is polycrystalline. The peaks at 26 values of 31.72°,
34.37°, 36.26°, 47.52°, and 62.82° correspond to the (1 0 0), (0 0 2),
(101),(102),and (10 3) phases, respectively, of the hexagonal
close-packed crystal structure of ZnO according to JCPDS.

The diffraction peak of the sample was indexed to that of the
high-crystallinity hexagonal wurtzite ZnO. The ZnO hexagonal
tube-like nanostructures yielded a sharp peak at 34.37°, attributable
to the ZnO (0 0 2) plane. The (0 0 2) peak at 34.37° was the strongest
peak, indicating that the ZnO sample was oriented dominantly along
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Fig. 3. (A, B) Low- and high-magnification SEM images of the ZnO hexagonal tube-like nanostructures synthesized by vapor solid mechanism at 800 °C.

the (00 1) growth direction, while the peaksat (100),(101),(102),
and (1 1 0) indicated that nonepitaxial growth occurred.

Fig. 5 also shows that the intensity of the (0 0 2)-oriented peak
(c-axis orientation) was higher in the ZnO nanostructures on the
GaN substrate, which can be attributed to the low surface free ener-
gies of the (0 0 2) plane. From literature [65-67], (O O 2) is the
highest-density plane with the lowest free energy. Furthermore, the
strong intensity and narrow width of the ZnO diffraction peaks also
indicated that the resulting products had high crystallinity.

3.3. Optical analysis

3.3.1. PL analysis

Fig. 6 shows the room-temperature PL spectrum of n-type ZnO
hexagonal tube-like nanostructures grown on p-GaN separately.
From Fig. 6, the spectrum shows two dominant peaks: one in the
near-UV region (340-400 nm) and one in the visible region
(400-620 nm). The UV luminescence reveals the crystal quality and
visible luminescence displays structural defects [71]. The ZnO nano-
structures exhibited a strong UV emission corresponds to the near
band-edge (NBE) emission. This NBE is attributed to the recombina-
tion of band-edge free excitons through an exciton-exciton collision

Si (111)

Si (111)

Fig. 4. SEM cross-section images (A) for p-GaN substrate before deposited, and (B) for
Zn0 hexagonal tube-like nanostructures grown on a p-GaN substrate.

process [68,69] (at room temperature) caused by NBE electron transi-
tion [70]. The green band in the visible luminescence, known as
deep-level emission, was attributed to the radiative recombination
of the photogenerated hole with the electrons that belong to singly
ionized oxygen vacancies [72,73]. Therefore, the peak at 500 nm is
due to the photogenerated hole in the valance band, with an electron
occupying the deep oxygen vacancy energy band.

The peak position of the UV emission was found to be 372 nm for
ZnO hexagonal tube-like nanostructures grown on p-GaN, as shown
in Fig. 6. The band edge UV emission is typically observed at
362 nm for the p-GaN substrate. From literature bulk ZnO is
well-known to exhibit a UV emission of ~380 nm, nevertheless the
Zn0 nanostructures in this work was found to be blue-shift signifi-
cantly to 372 nm. Thus, the blue shift in the UV emission was possible
because the tensile strain became more intense as the diameter of the
Zn0 nanostructure increased [74]. The higher blue shift luminescence
observed in comparison with the energy gap of bulk ZnO is due to its
surface state. A broadening of the band gap energy occurs with the
decrease in crystallite size. Our results show that a higher blue shift
luminescence is attributed to charge carrier quantum confinement.
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Fig. 5. (A) The XRD pattern of ZnO hexagonal tube-like nanostructures grown p-GaN
substrate at 800 °C, and (B) the shift peak of (002) plane and the X-ray diffraction pat-
terns of both p-GaN film and n-type ZnO nanostructures.
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Fig. 6. Room temperature photoluminescence spectrum for ZnO hexagonal tube-like
nanostructures grown on p-GaN substrate at 800 °C.

This indicates that the particles are formed in a lower dimension and
the probability of the recombination of the electrons and holes is
higher in low-dimensional structures. This state leads to high emis-
sion efficiency from the substrates due to quantum confinement ef-
fects. Reducing the dimensions to nanometres drastically changes
the physical properties of the ZnO structure.

3.3.2. Raman scattering analysis

Fig. 7 shows the Raman scattering spectrum observed at room
temperature of the ZnO hexagonal tube-like nanostructures grown
on p-GaN substrate at 800 °C. Raman scattering is sensitive to the
crystal quality, structural defects, and disorders of the grown products.
The ZnO wurtzite-type hexagonal structure belongs to the Céy space
group with two formula units per primitive cell and there are eight sets
of optical phonon modes at the I' point of the Brillouin zone, classified
as A; + 2By + E; + 2E, modes (Raman active), 2B; modes (Raman
silent), and A; + E; modes (infrared active). The E; mode is a polar
mode and is split into transverse optical (TO) and longitudinal optical
(LO) branches [75].

The Raman spectrum was excited by a 488-nm laser line. The peak
at 519 cm™! is attributed to the contribution from the oxidized
Si substrate. The peaks at 326 cm™', 373 cm™ !, 437 cm™', and
568 cm~ ! are assigned to E;H-E,L, AT, E;H, and A;L of the bulk
ZnO, respectively. As shown from the spectrum, a sharp, strong, and
dominant E, (high) mode of ZnO nanostructures located at 438 cm ™!
is observed, which is the intrinsic characteristic of the Raman-active
mode of wurtzite hexagonal ZnO [76]. This result is also consistent with
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Fig. 7. Raman spectrum for ZnO hexagonal tube-like nanostructures grown on p-GaN
substrate.

the XRD analysis. Two very small peaks at 326 cm™! and 373 cm™!

were assigned to the E;H-E,L (multi-phonon process) and A;T modes,
respectively. The peak at 568 cm™! in the spectrum was also assigned
to the E;H mode for the GaN substrate.

In a comparison of the main E;H peak with theoretical values, it is
worth noting that E;H is blue shifted in ZnO hexagonal tube-like
nanostructures and the peak shift is +2 cm™! [77,78]. The blue
shift in E; (high) can be due to optical phonon confinement by nano-
structures, laser induced heating, and/or phonon localization through
defects or impurities in the nanostructures or due to anisotropic in-
ternal strains corresponding to different growth directions. The pres-
ence of the high intensity E; mode with the suppressed and very
weak E;L peak in Raman scattering indicates that the synthesized
ZnO hexagonal tube-like nanostructures have good crystal quality
and possess a wurtzite hexagonal crystal structure.

3.4. I-V characterization for hydrogen gas sensors

Fig. 8 shows the I-V characteristics of the Pd/ZnO hydrogen gas
sensors operating with H, gas at flow rates of 25 sccm, 50 sccm,
75 sccm, 100 sccm, 125 sccm, and 150 sccm at room temperature.
The sensor was found to show good Schottky behavior and a remark-
able increase in current at different flow rates of H, gas for the ZnO
hexagonal tube-like nanostructures grown on GaN substrate was ob-
served at room temperature.

The series resistance evaluated from I-V curves for the Pd/ZnO/
GaN Schottky diode measured at 300 K with different flow rates is
shown in Fig. 9. The series resistance decreased exponentially upon
introduction of a different flow rate of 2% H, in N, gas for the ZnO
hexagonal tube-like nanostructures grown on a p-GaN substrate. As-
suming that thermionic emission is the predominant mechanism,
from I-V characteristics, the Schottky barrier heights for the two sam-
ples for different flow rates of hydrogen can be calculated based on
the following two equations [79]:

v —qV,
I; =1I,exp (%) {1—exp< ]37. d)] (1)

where V, is the voltage across the diode, n is the ideality factor, k is
the Boltzmann constant, and Iy is the saturation current given by

Iy = AA“ T exp [‘;;DB] 2)

where q is the electron charge, T is the temperature, A is the contact area,
A** is the effective Richardson constant, and @3 is the Schottky barrier
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Fig. 8. The (I-V) characteristics at room temperature of Pt/ZnO hexagonal tube-like
nanostructures grown on p-GaN as a function to hydrogen flow rate.
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Fig. 9. The series resistance at room temperature of Pd/ZnO hexagonal tube-like nano-
structures grown on p-GaN substrate as a function of hydrogen flow rate.

height. The theoretical value of A** is (32 A cm~2 K~ 2) based on the
effective mass (m* = 0.27m,) of n-ZnO and (A** = 4nqm*k® / h*). The
values of the barrier heights of the nanostructure of the ZnO hexagonal
tubes at different hydrogen flow rates are shown in Fig. 10.

The barrier height could be seen to have decreased gradually with
the hydrogen flow rate in the Pd/ZnO sensor. The decrease in the bar-
rier height is therefore due to a change in the (¢py) Pd work function
(©s = ¢pg — Xs)- This decrease in barrier height with flow rate jus-
tifies the increase in current and the decrease in series resistance.
This means that the ZnO hexagonal tube-like nanostructure surface
coated with Pd provides a larger surface area, which allows hydrogen
molecules to dissociate and form atomic hydrogen more efficiently.

For an ideal Schottky diode, the ideality factor (n) should be near
unity, but in a real situation, it may increase when the effects of series
resistance and leakage current become significant. The ideality factor
for the Schottky diode is observed to increase with flow rate, as
shown in Fig. 11.

Sensitivity is an important sensor characteristic. It is defined as
[29]

S:IH2 _IAir (3)
IAir

where IHz and I4;, are the current in a H, containing ambient and in an
air ambient, respectively. Fig. 12 shows the variation in sensitivity
with the H, flow rate at room temperature for the sensor at 1 V.
One can observe that the sensitivity increases linearly with the hydro-
gen flow rate for the sensor and Pd/ZnO is more sensitive to hydrogen,
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Fig. 10. The barrier height (¢p) of Pd/ZnO gas sensors as a function of hydrogen flow
rate at room temperature.

especially at the high hydrogen flow rate of 150 sccm; the sensitivity
was 12507% at room temperature.

The dynamic response of the sensor based on ZnO hexagonal
tube-like nanostructures for different H, flow rates at room tempera-
ture is shown in Fig. 13A. This figure shows the consecutive current
responses of devices with time when the H, flow rates were reduced
sequentially, from 150 sccm to 100 sccm to 50 sccm. The sensor re-
sponse is defined as the variation in operating current due to interac-
tion with the target gas. The adsorption and desorption times for H,
were set at 10 min (H, on) and 15 min (H, off), respectively.

The response time is defined as the time taken for the sensor to
reach 90% of the current from the initial value, while the recovery
time is defined as the time taken from the current to reach 10% of
its value after exposure of the test gas with the surface of the sensor.
Fig. 13B shows the repeatability and on-off responses of the sensor
measured at room temperature, with a constant voltage of 1 V. The
response and recovery times measured for the sensor were about
4.5 and 6 min, respectively. Fig. 14 shows the analysis/plot of the
rise time and recovery time as a function of H, gas concentrations.

The sensing mechanism is based on the reactions that occur at the
sensor surface, between the surface of the ZnO nanostructure and the
H, molecules to be detected. It is well known that oxygen molecules
in air adsorb onto the surface of the ZnO layer to form 0~2, 0™, and
072 ions, depending on the temperature, by extracting electrons
from the conduction band [80]. The positively charged surface state
and negatively charged adsorbed oxygen ions form a depletion region
at the surface. A reducing gas such as H, gets oxidized to H,0, con-
suming chemisorbed oxygen from the sensor surface by releasing
electrons into the conduction band. This mechanism results in a re-
duction of the surface depletion region to increase the film conductiv-
ity that corresponds to the gas concentration.

Compared with conventional ZnO thin films, the observed en-
hancement in the gas sensing properties of the ZnO hexagonal
tube-like nanostructure gas sensor is most likely attributable to the
relatively higher degree of surface reaction due to the high specific
surface area associated with the nanostructure. Based on our simple
calculation, ZnO nanostructure sample has 2.48 times higher specific
surface area than the ZnO without nanostructures. On the other
hand, a comparison of ZnO hexagonal tube-like nanostructures with
other nanostructures leads us to conclude that the gas sensing prop-
erties also depend on other factors, including crystallinity and surface
properties, and these need to be studied further.

3.5. I-V characteristics for a p—n heterojunction photodiode device

Fig. 15 shows the [-V characteristics of the fabricated p-n
heterojunction photodiode measured in the dark and under illumination

| I deality Factor(n) for ZnO/GaN

Ideality Factor (1)

141 T r T r T
0 25 50 75 100 125 150

Hydrogen Flow Rates (scem)

Fig. 11. The ideality factor (n) of Pd/ZnO gas sensors as a function of hydrogen flow
rate.
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Fig. 12. The sensitivity of Pd/ZnO hexagonal tube-like nanostructures gas sensor at dif-
ferent flow rates.

with wavelengths of 365 nm and 400 nm. The I-V characteristics in the
dark and under illumination were measured by changing the bias volt-
age from +4 Vto —4 V (Fig. 15). From Fig. 15, typical rectifying behav-
ior IF/IR is defined as the ratio of the forward current to the reverse
current at the particular voltage. The values of the IF/IR with a high
breakdown voltage that were obtained for dark, UV365, and UV400
lights are 17.9, 19.1, and 20.2, respectively, at 3 V (see Table 1). The
turn-on voltage appeared at 0.7 V under forward bias with forward re-
sistances in the dark and two UV lights obtained to be 1.66 k{2, 0.77 k{2,
and 0.15 kQ, respectively. Under reverse bias, the leakage currents at

-2
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Fig. 13. (A) The on-off currents of ZnO gas sensors operating at room temperature for a

constant voltage of 1 V exposed to different hydrogen flow rates. (B) Repeatability and
the response current of the device with time when the H, flow rate is 150 sccm.
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Fig. 14. The plot of rise time and recovery time with H, concentration.

—1 V for the dark, UV400, and UV365 were observed at 7.6 x 107> A,
1.6 x 107% A, and 7.3 x 10~% A, respectively. The leakage current is
due to the imbalance between the carrier partial currents, which is
caused by the difference in carrier concentration and mobility of the p
and n layers [81]. The high current for the applied voltage (V,p) is due
to the low resistance of the metal semiconductor contacts. Hence, the
V,p between the palladium and aluminum contacts can be divided
into two parts: the voltage drops at the contacts (V.) and the voltage
from the p-n junction (V;) [82].

According to Fig. 2, which schematically depicts a fabricated p-n
heterojunction photodiode device, Pd/Al was employed as the elec-
trodes for ZnO and p-GaN. The theory of a p—-n junction photodiode
detector is different from that of an MSM-type photodetector. The op-
eration of the detector in a photodiode involves three steps: (a) the
generation of an electron-hole (e-h) pair by the absorption of inci-
dent light, where the photon energy exceeds the band gap of the ma-
terial(s) in the device; (b) the separation and transportation of e-h
pairs by the internal electric field; and (c) the interaction of the cur-
rent with the external circuit to generate an output signal [83].

Hence, the I-V characteristic of a photodiode in the dark is similar
to that of a normal rectifying diode. If the p-n junction is not formed,
the generated e-h pair will form an ohmic character in the I-V curve
and change the resistance. When the photodiode with a p-n junction
is illuminated with optical radiation, the I-V characteristic should be

4.5x10° [
3.5x10° | —=— UV 365
- N —uv
= 2.5x10° - i
= .
E 1.5x10" 4
© 5.0110°
_5.0x10° ../;
-1.5x10° r T . T T T T
4 3 2 1 0 1 2 3 4

Voltage (V)

Fig. 15. The (I-V) characteristics of p-n heterojunction Pd/Al ZnO nano-hexagonal tubs
photodiode measured in the dark and under illumination with wavelengths of 365 nm
and 400 nm.
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The saturation current Is (nm), barrier height ¢p (eV), ideality factor (n), IF/IR at 3 V, resistance (R) k(2 at 0.7 V, and series resistance (Rs) () for p-n heterojunction Pd/ZnO/Al pho-

todiode device.

Pd/ZnO/Al Saturation current (Is)  Barrier height Ideality factor  IF/IR at Resistance R (kQ) at Series resistance Rs ~ Leakage current at —1 V
photodiode (A) ©g (eV) (n) 3V 0.7V (Q) (A)

Dark 87x 1078 0.7634 1.75 17.9 1.66 158 7.6 x 1073

UV (400 nm) 1.6 x 1077 0.7476 1.68 19.1 0.77 19 1.6 x107*

UV (365 nm) 33x1077 0.7286 147 20.2 0.15 11.7 73 x 1074

shifted according to the photocurrent and reverse current. The mea-
sured current in photodiode I, is given by

Ly =14+ Ly 4)

where Iy is the dark current and I, is the photocurrent. By measuring
the reverse current, we can ensure that our photoresponse is due to
the p-n junction and not to ZnO nanostructures or p-GaN. In mea-
surement under illumination, UV light passes through the ZnO hexag-
onal tube-like nanostructures and e-h pairs are produced in the ZnO
nanostructures when the energy of the UV light (at 365 nm and
400 nm) is absorbed. The e-h pairs are separated by the internal elec-
tric field and the photocurrent is simultaneously generated.

4. Conclusions

In summary, two devices for H, gas sensors and p-n heterojunction
photodiodes have been fabricated based on ZnO hexagonal tube-like
nanostructures synthesized at 800 °C by a catalyst-free vapor solid
technique through a simple, low-cost process on p-type GaN substrate
under ambient conditions. The highest response of the ZnO/p-GaN gas
sensor was 1250% when 150 sccm of H, gas was injected. This response
is 3.5 times higher than that of ZnO nanorods grown by a sonochemical
route. On the other hand, a fabricated p-n heterojunction photodiode
measured in the dark and under illumination with wavelengths of
365 nm and 400 nm showed good rectifying behavior at 3 V with a
high breakdown voltage. This study expects that the proposed pro-
cess can also be readily utilized in the development of other one-
dimensional semiconductor nanomaterial-based chemical and opto-
electronic sensors.
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