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Growth and UV detector of serrated GaN nanowires by chemical vapor deposition
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Serrated GaN nanowires were synthesized on the sapphire substrate by chemical vapor deposition. Copper nanowires were synthesized by
a liquid-phase reduction method. The surface morphology of GaN and copper nanowires was observed by scanning electron microscopy.
An ultraviolet detector based on GaN nanowires was prepared with copper nanowires as electrode. The results show that the device is a
photoconductive detector. The detector has a different response under different wavelength light illumination and has the maximum response
under 365 nm ultraviolet light.
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1. Introduction UV detector based on the copper (Cu) electrode. Copper is a
cheap material with low resistivityl (75 x 108 Qm), which

Gallium nitride (GaN) is an important wide bandgap can reduce the cost of the detector. The work function of cop-
(3.39 eV) IlI-V semiconductor material, which is widely used Per is 4.65 eV, and it is easy to form an ohmic contact with
in the field of ultraviolet detection, photolysis water, and GaN. Therefore, the study of the GaN UV detector based on
field-effect transistors [1-6]. Traditional ultraviolet (UV) de- Cu nanowires is of great significance.

tectors based on silicon require additional filters, which in-  An ultraviolet detector based on GaN nanowires is re-
creases the cost of ultraviolet detectors. However, GaN witported in this paper. Serrated GaN nanowires were grown
wide bandgap is sensitive to ultraviolet light and hardly re-by the CVD method, and Cu nanowires were synthesized by
sponds to visible light. liquid-phase reduction method. The ohmic contact between

At present, the manufacturing of commercial devices isGaN and Cu nanowires is realized. The detector exhibits a

mainly based on two-dimensional materials. GaN films ard®N0to-to-dark current ratio of 18.3 under 365 nm light illu-
usually deposited by the MOCVD method to fabricate de-Tnation.

vices. However, one-dimensional nanomaterials have morS . .

unique electronic and optical properties, which are more con<- Experimental section

ducive to improve the performance of the ultrav!olet detectc_)rz_l_ Synthesis of nanowires

There are various methods to grow GaN nanowires(NWSs), in-

cluding metal-organic chemical vapor deposition (MOCVD) GaN nanowires were synthesized on a sapphire substrate by
[7,8], molecular beam epitaxy (MBE) [9-13], and chemical 3 cvD method. To assist the growth of nanowires, Au was
vapor deposition (CVD) [14-23]. Among these methods,ysed as a metal catalyst. Au film was deposited on the sap-
CVD is the most effective method to SyntheSize nanOWireSphire substrate by magnetron Sputtering System. Metal ga|_
CVD method has great flexibility in the synthesis of GaN |ium and ammonia gas are used as source materials. Gallium
nanowires. GgOs or metal gallium is commonly used as and the sapphire substrate are placed in quartz boats, respec-
source materials [2,14]. Si and sapphire are used as a SUfigely, and then the quartz boat is placed in a quartz tube fur-
strate for deposition. The change of source material and subrace. The substrate is placed downstream of gallium, and the
strate can affect the morphology of nanowires. In general, thgjstance between gallium and substrate is 2 cm. The residual
SideWa”S Of nanOWires gI’OWﬂ by CVD are relatively Smoothoxygen in the furnace was evacuated by purging Carrier gas
[4,18]. Although previous studies have shown that serratehto the furnace for 10 min. Then, the interior of the quartz
GaN nanowires have been synthesized with@aas the  type is evacuated, and the furnace was heated to 900@t 20
source materials [24], there are few related studies using gafer minute. When the temperature rises to “@0carrier
lium as the source materials to synthesize it. gas(Ar) and ammonia gas are transported to the furnace. The
UV detector based on Gallium nitride is not widely usedflow rates of NH and Ar were 30 and 10 sccm, respectively.
because of its high cost. In previous studies, Au and NiThe growth of nanowires duration lasted for 30 min; after
were often used as electrode materials in contact with Gafthat, Ar gas is introduced to remove residual ammonia in the
nanowires [3,6]. However, there are few studies on the GaNurnace.
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Ultraviolet Figure 1 shows the schematic diagram of a UV detector based

Cu NW on GaN nanowires.
u S The |-V characteristics of the UV detector were charac-

terized under dark and different wavelengths of light illumi-
nation using a Keithley 4200 instrument. The ultraviolet light
source is a xenon lamp with a filter.

3. Results and discussion

Sapphire The surface morphology of GaN nanowires was visualized
by FESEM. As shown in Fig. 2(a), serrated GaN nanowires
FIGURE 1. Schematic diagram of the UV detector are synthesized on the sapphire substrate by a CVD method.

The length of GaN nanowires ranges from several microns

The Cu nanowires were synthesized by a liquid-phase redudo tens of microns. Figure 2b) shows that GaN nanowires
tion method. In a typical process, 1 g copper acetate and 1 @€ serrated. The study found that the growth of the serrated
polyvinylpyrrolidone(PVP) were dissolved in 100 ml deion- hanowires occurs through a Ga-rich droplet under N-deficient
ized water. Then 4 g ascorbic acid was dripped into copconditions [24]. So the growth of large diameter nanowires
per acetate solution under stirring. After that, the solutioniS nitrogen deficient, and the nanowires are serrated. As can
was stirred in a sealed container, af80for 1 hour. Dur- be seen from Fig. 2b), the morphology of some nanowires is
ing the period a transition of color from yellow to red could not serrated. This is due to the larger specific surface area of

be seen. Finally, the product obtained by centrifugation issmall diameter nanowires, which reduces the degree of nitro-
copper nanowires. gen deficiency. The smaller the diameter of nanowires, the

The synthesized samples were characterized. The surfag810other the sidewall. _
morphology of the samples was observed by field emission Figures 3a) and 3b) shows the TEM image of serrated
scanning electron microscopy (FESEM). The TEM imagesGaN nanowires. Figure 3b) shows that the diameter of the
of GaN nanowires were obtained in the JEM-2010 FEF transianowires is about 200 nm and changes periodically. Fig-
mission electron microscope. The crystal structure of théir® 3¢) and 3 d) show the HRTEM image of serrated GaN
samples was characterized by high resolution X-ray diffrac'@nowires, which reveal the lattice frlnges with an interpla-
tion (HR-XRD). The composition of GaN nanowires was Nar spacing of 0.26 nm, corresponding to the (002) planes of

characterized by X-ray photoelectron spectroscopy (XPS). hexagonal wurtz_ite GaN. Therefore it can b(_a confi_rmed that
the GaN nanowires grow along [001] direction. Figure 3c)

shows the lattice-resolved TEM image of the convex part and
2.2. Fabrication of Device Fig. 3d) shows the lattice-resolved TEM image of the con-

cave part. As shown in Fig. 3c) and 3d), the interplanar spac-
Copper was used as electrode material in the manufacture afg and orientation of the lattice fringes are the same, which
a UV detector. Sapphire was used as a substrate of the devidagdicates that the nanowires are single-crystal.
and GaN nanowires were used as a photosensitive material. The growth process of serrated GaN nanowires is shown
GaN nanowires were deposited on the sapphire substrate, aind Fig. 4. Vapor-liquid-solid(VLS) mechanism is used to
Cu nanowires were dripped on two ends of the substrate. explain the growth of serrated GaN nanowires. Figure 4a)

1 pm EHT =10.00 kv Signal A = InLens Date :5 Jul 2019 200 nm EHT =10.00 kv Signal A = InLens Date :5 Jul 2019

WD = 5.1mm Mag= 5.00KX Time :15:14:42 W i WD = 5.1 mm Mag= 20.00 KX Time :15:12:22 w

FIGURE 2. FESEM image of serrated GaN nanowires on sapphire.

Rev. Mex. 5. 66 (4) 490-495



492 WENHAO DING AND XIANQUAN MENG

(002)

Intensity(a.u.)

Al204(002)
(101)

(100)

(110)

20 25 30 35 40 45 50 55 60
2-Theta(degree)

FIGURE 5. X-ray diffraction pattern of GaN nanowires on sapphire
substrate.

shows the process of the diameter of the nanowires increas-
ing. Under the condition of Ga-rich, the volume of Au-
e : Ga alloy droplets increases gradually. The nanowires grow
FIGURE 3. a) and b) TEM image of the serrated GaN nanowires; along the edge of the alloy and the diffusion of Au-Ga al-
¢) and d) lattice-resolved TEM image of the nanowires. loy droplets at high temperature leads to the increase of
nanowires’ diameter. With the increase of nanowires’ di-
ameter, the alloy droplet is stretched on the contact surface.
When the alloy droplet is stretched to the limit, the diameter
of nanowires increases to the maximum. Then, the diameter
of the nanowires decreases gradually. Figure 4b) shows the
a) process of nanowires’ diameter decreasing. With the increase
of the droplet surface area, the surface tension of the droplet
causes the droplets to contract, which causes the diameter of
the nanowires to decrease gradually. According to such a
crystal growth model, the nanowires grow periodically, and
finally, serrated nanowires are synthesized.
b) Figure 5 shows the X-ray diffraction pattern of GaN
FIGURE 4. The growth process of serrated nanowires: a) increasenanowires. The XRD diagram reveals the diffraction peaks
of nanowires diameter; b) decrease of nanowires diameter. of (100), (002), (101) corresponded to the hexagonal wurtzite
GaN. As shown in Fig. 5, the X-ray diagram exhibited a sharp
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FIGURE 6. a) Room-temperature XPS survey spectrum of GaN nanowires; b) the binding energy of (N 1s); c) the binding energy of (Ga 2p);
d) and e) the binding energy of (Ga 2p) and (O 1s).
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FIGURE 7. SEM image of the as-prepared Cu nanowires.
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is about 30um. The growth mechanism of nanowires is as
follows: at first, some small nanopatrticles gradually dissolve
in the solution to generate free copper atoms, and then these
copper atoms transfer to some large crystal surfaces with high
surface free energies. Finally, copper nanowires are formed
[26,27].

Generally, Al is used as metal material to form an ohmic
contact with GaN in industry, and the Al atoms are diffused to
the surface of GaN by high-temperature annealing to reduce
the contact resistance. Therefore, some Cu atoms diffuse to
the contact surface of GaN and Cu, reducing the resistance of
the contact surface, which is conducive to the fabrication of
the detector. Figure 8 shows the I-V characteristics of the UV
detector measured under dark and light illumination of differ-
ent wavelengths. I-V characteristics show that ohmic contact
is formed between the Cu electrode and GaN nanowire. It is
found that photocurrent increases with the decrease of light
wavelength. It can be seen from Fig. 8 that the device has
a very low photocurrent for visible light with wavelengths
of 550 nm and 645 nm, and a greater response for violet light
with wavelengths of 450 nm. The insetin Fig. 8 shows the re-
sponse curves in the log scale of the detector and the 365 nm

— " light exposure resulted in the maximum photocurrent com-
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FIGURE 8. |-V characteristics of the UV detector under different “g’ 60k
wavelengths of light. 8}
. . - . 401
and narrow diffraction peak of (002) indicated the nanowires
prefer to c-axis orientation. Because the (002) plane of GaN 20t

has the lowest surface energy density, and the growth of other
planes is limited [2].
The surface composition of GaN nanowires was deter-

mined from the XPS spectra. Figure 6 shows the room tem- b) 120t

perature XPS survey spectrum of GaN nanowires. The identi-

fied peaks represent the core levels associating with gallium, 100k

nitrogen (N 1s), carbon (C 1s), and oxygen (O 1s), respec-
tively. The (Ga 2p) peaks shown in Fig. 6c) illustrates the
presence of gallium in a compound state [25]. The observed
Ga 3d peak indicates the absence of oxygen, which is evi-
dence of the absence of Ga-O bond formation [4]. The (N 1s)
peak indicates the presence of nitride contents in the samples.

Current(nA)

Due to N-H bond formation, an asymmetrical peak, as shown 40r

in Fig. 6b) is observed for (N 1s) [4]. The detection of (O 1s)

peaks are attributed to the external pollution of the sample. 20t

The composition of the sample can be determined as GaN by
XPS spectra.
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Figure 7 shows the SEM image of the CU_ nanOWi“?S- TherigurE 9. a) Photocurrent-ime responses of the UV detector un-
SEM image shows that the samples contain nanowires anger 365 nm UV illumination at 5 V bias; b) Photocurrent-time re-

a few particles. The average length of typical Cu nanowiresponses in a cycle.
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TaBLE |. Comparison of the performances between the UV nanowires detectors.

material dark current (A) photo-to-dark ratio rise time (S) Decay time (s) references
GaN 33x10°7 1.4 20 51 1
GaN 2.8 x 1078 8 0.3 4.2 3
GaN 5.6 x 1077 18.3 4 20 this work

compared to that of other wavelengths. The current of thel. Conclusions

detector increases from 5.6 nA to 108 nA under 365 nm UV

ilumination at 5 V bias. The response of the detector in thd" SUmmary, serrated GaN nanowires were successfully syn-

wavelength greater than 365 nm can be attributed to the ddDesized on the sapphire substrate by chemical vapor depo-

fect of nanowires [2]. sition. The study found that the diffusion and surface ten-
Figure 9 shows the photocurrent-time responses of th&ion of Au-Ga alloy droplets causes the growth of serrated

UV detector under 365 nm UV illumination at 5 V bias. It hanowires, and the growth of serrated nanowires is more fa-

can be found that the photocurrent increases rapidly after théerable under the condition of Ga-rich. Copper nanowires

UV light is turned on, and then increases slowly. When theWith a length of tens of microns were prepared by liquid-

ultraviolet light is turned off, the current drops rapidly then Phase reduction method, and the detector based on copper

drops slowly. The photocurrent-time response of the devic&nd GaN nanowires was prepared. The responses of the ul-

is identical in six cycles, as shown in Fig. 9a), which illus- traviolet detector varies with the wavelengths of light, which

trates that the device has repeatability. Figure 9 b) shows thehows that the detector has selectivity for different wave-

photocurrent-time response in a cycle. It can be seen froffngths of light. The detector exhibits a photo-to-dark cur-

Fig. 9b) that the photocurrent increases rapidly from 23 nArent ratio of 18.3 for 365 nm ultraviolet illumination, and the

to 100 nA in 4 seconds after the UV light is turned on. response wavelength is consistent with the wavelength corre-
The unintentionally doped gallium nitride exhibits strong SPonding to the bandgap width of GaN.

n-type conductivity due to the defect of nitrogen-vacancy.

The conductivity of gallium nitride in this paper is about Acknowledgments

0.024 S/m. The manufacture of high resistance gallium ni-

tride is still a difficult problem in the industry. Table | shows The reported work was financially supported by the Na-

the performance comparison of GaN-based photodetectorsonal Natural Science Foundation of China under Grant

Compared with the reported photoconductive detector, théNo.U1631110). The authors would like to acknowledge the
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