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Abstract—ZnO nanostructures including nanowires, nanorods, 

and nanoneedles were successfully deposited on GaAs substrates, 
respectively, by simple two-step chemical method for the first time. A 
ZnO seed layer was firstly pre-coated on the O2-plasma treated 
substrate by sol-gel process, followed by the nucleation of ZnO 
nanostructures through hydrothermal synthesis. Nanostructures with 
different average diameter (15-250 nm), length (0.9-1.8 μm), density 
(0.9-16×109 cm-2) were obtained via adjusting the growth time and 
concentration of precursors. From the reflectivity spectra, we 
concluded ordered and taper nanostructures were preferential for 
photovoltaic applications. ZnO nanoneedles with an average diameter 
of 106 nm, a moderate length of 2.4 μm, and the density of 7.2×109 
cm-2 could be synthesized in the concentration of 0.04 M for 18 h. 
Integrated with the nanoneedle array, the power conversion efficiency 
of single junction solar cell was increased from 7.3 to 12.2%, 
corresponding to a 67% improvement. 
 

Keywords—Anti-reflection, Chemical synthesis, Solar cells, 
ZnO nanostructures.  

I. INTRODUCTION 
S a functional material with unique optical and electrical 
properties, zinc oxide (ZnO) has attracted worldwide 

attention for its novel applications on electronic and 
optoelectronic devices [1]-[3]. For instance, ZnO films with the 
exciton binding energy of 60 meV and a tunable bandgap 
energy have been a promising candidate to replace GaN for UV 
and visible light-emitting diodes [3], [4]. With high 
piezoelectric coupling coefficients, ZnO can be used for 
making low-loss surface acoustic wave (SAW) filters operating 
at high frequencies [5]. In particular, numerous types of 
one-dimensional nanostructures grown by physical or chemical 
routes indicate that this material should be the richest family of 
nanostructures [6], besides the ordinary ZnO film deposition. 
Through precisely controlling the growth kinetics and local 
temperature, diverse and highly pure nanostructures with 
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different crystallinity, crystallographic orientation, crystallite 
size, morphology, geometry, and distribution density can be 
obtained. Since these nanostructures typically play an auxiliary 
role to boost inherent properties of devices and to benefit their 
commercializing, reliable and economic deposition techniques 
for the attachment of large-scale ZnO nanostructures is the 
most essential requirement [7]. In fact, many kinds of 
crystalline ZnO nanostructures have been demonstrated to be 
deposited on silicon, GaN, GaP, glass, indium tin oxide (ITO), 
and flexible substrates like poly(ethylene terephthalate) (PET) 
and polydimethylsiloxane (PDMS), by cost-effective methods 
such as hydrothermal synthesis [7]-[12].  

Being a representative second-generation semiconductor 
material, gallium arsenide has seldom been reported to merge 
with ZnO nanostructures. As for those successfully grown, all 
were via expensive deposition equipment such as 
metal-organic chemical vapor deposition (MOCVD) or 
molecular beam epitaxy (MBE), which was not beneficial for 
reducing the fabrication cost [13], [14]. Here, for the first time, 
high quality ZnO nanostructures were deposited on GaAs 
substrates precoated with a ZnO seed layer for nucleation by 
simple hydrothermal synthesis [10]. Nanowire, nanorod, and 
nanoneedle arrays can be archieved by adjusting the growth 
time and the concentration of precursors, respectively. Further 
integration of highly-ordered nanoneedle arrays on 
GaAs-based solar cells has significantly increased the device 
performances. 

II.   EXPERIMENTAL DETAILS 
Two-step growh was adopted in the present study. The 

solution for ZnO seed layer was firstly prepared by sol-gel 
process prior to the growth of ZnO nanostructures via 
additive-free hydrothermal synthesis [15]. The ZnO sol-gel was 
formed as follows: 1g zinc acetate was added in 10 ml absolute 
ethanol and the solution was stirred at 80 ℃ for 30 minutes, in 
which 1 ml distilled water was added and stirred for 5 minutes. 
To provide sufficient wettability, the GaAs substrates were 
pre-treated with O2 plasma [16]. A polycrystalline ZnO seed 
layer with controlled thickness of 80 nm was then obtained by 
spin-casting the gelled solution on pre-cleaned GaAs substrates 
and subsequently annealing at various temperatures. The 
seed-layer/GaAs substrates were then mounted on a glass slide 
and then soaked in aqueous solution of zinc acetate dihydrate 
[Zn(OAc)2‧ 2H2O] and hexamethylenetetramine (HMTA), the 
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precursors, in a bottle with an autoclavable screw cap. Inside a 
conventional laboratory oven, the sealed bottle was baked at 90 
℃  for 1, 3, 5, and 18 h, while the concentration of both 

Zn(OAc)2‧ 2H2O and HMTA in mixed solution was varied as 
0.01, 0.02, 0.03, 0.04, and 0.05 M, respectively. No extra 
catalysts such as polyethylene glycol (PEG) or polyvinyl 
pyrrolidone (PVP) were utilized during the whole process. 
After reaction, the samples were washed repeatedly with 
deionized water and blow-dried with N2 gas for 
characterization. Thereby, the synthesized nanostructures were 
evaluated by scanning electron microscopy (SEM) and the 
reflectivity of these ZnO nanostructures on GaAs substrates 
was measured. 

The fabrication process of single junction solar cells (SCs) 
was as introduced in previous report [15]. Au/Ge/Ni and Au/Zn 
were evaporated and annealing at 425 ℃ as the back and front 
contact, respectively. As the anti-reflection (AR) layer, ZnO 
nanostructure arrays were grown on the front surface of SCs 
according to the observations in the growth of ZnO 
nanostructure arrays. The phase composition and crystallinity 
of samples was characterized using X-ray diffraction (XRD). A 
Keithley 2400 sourcemeter was used to measure current 
density-voltage (J-V) characteristics of the SCs. The 
illumination was calibrated by the calibration cell of NREL 
with a known one-sun AM1.5G short-circuit current value.  

III. RESULTS AND DISCUSSION 
Fig. 1 shows the XRD spectra of ZnO seed layers annealed at 

130, 200, 300, and 500 ℃, respectively, with the result of seed 
layer as-deposited. As shown, the films were polycrystalline, 
well-defined diffraction peaks corresponding to the crystalline 
orientations, (100), (002), and (101), of ZnO wurtzite structure 
were observed. Low peak intensities should be attributed to the 
amorphous phase in films, which was confirmed from the 
amorphous seed layer before annealing. In contrast to the 
results previously reported [17], the raise of annealing 
temperature did not improve the crystalline quality, nor was 
preferential growth orientation observed despite the 
temperature. However, from the optical microscopy (OM) 
photographs (not shown), too high a temperature has led to the 
cracks of ZnO films due to the discrepancy of thermal 
expansion between ZnO thin film and GaAs substrate [18]. 
Crack-free and smooth surface was only observed on the seed 
layer annealed at 130 ℃, which was used for the following 
growth of nanostructures. 

Fig. 2 and Fig. 3 show SEM photographs of geometry and 
distribution of ZnO nanostructures grown in 0.01 M solution 
for different growth time, and different concentration for 1 
hour, respectively. For better understanding the variations, 
statistics results including average diameter, length, and 
density, are shown in Fig. 4. The densities of nanostructures 
were basically calculated from the top view images. It should 
be mentioned, however, densities of randomly-oriented 

nanostructures could be underestimated due to the untraceable 
overlap. The wire distribution was very homogeneous on the 
whole substrate. Initially (Figs. 2(a) and 2(b)), wires were 
grown with diameters ranging between 10–20 nm and length of 
980 nm, and with a number density of 1.6×1010 cm-2. As 
previous reports, multiple nanowires were frequently grown 
from a single cluster, only a portion of nanowires can vertically 
develop and others were inclined toward any directions. Since 
the cluster is directly related to the crystal size of seed layer and 
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Fig. 1 XRD spectra of sol-gel deposited ZnO seed layers annealed at 
150, 200, 300, and 500 ℃, respectively. Also shown is the result of 
as-deposited one for reference. 

Fig. 2 SEM photographs of ZnO nanowire arrays prepared in the 0.01 
M solution for (a,b) 1 and (c,d) 18 hours, respectively. 
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oriented ZnO nanowires are preferentially grown on oriented 
seed layer, low alignment ordering of nanowire at the 
beginning stage should be attributed to the seed layer’s 
polycrystal nature and overripened crystal size inferred from 
XRD pattern [19]. The average size of these nanostructures 
increased with prolonging the growth time, however, the 
increase was not significant. Actually, the aspect ratio of 
nanowires grown from 1 to 18 hours did not change very much. 
In contrast, the nanowires transformed to be nanorods with a 
diameter between 130 to 230 nm with the concentration 
increasing in Fig. 3. Consequently, those misaligned nanorods 
from adjacent clusters gradually impinged on one another and 
were forced to grow along the same direction. From the 
hexagonal ends of rods, we can confirm that the vertical growth 
direction is c-axis direction. Some close-contacted individuals 
began to merge together and thus increased the divergence of 
rod width and decrease the rod density. At this stage, all 
nanorods were gradually vertically aligned because of the close 
pack effect. The favored c-axis growth direction has been 
interpreted by the higher surface energy of polar c-plane. The 
flattened wire top was attributed to the etching (dissolution) 

effect, since the formation and dissolution of ZnO 
nanostructures were simultaneously happened at different rates 
[20]. On the other hand, due to the critical diffusion of 
monomers and the limited nucleation free energy, the average 
diameter of nanowires was proportional to the concentration of 
chemical precursors and could be increased one order of 
magnitude from 15 to 180 nm. This enables us to manipulate 
the concentration to obtain appropriate diameters of 
nanostructures. Interestingly, more and more nanorods became 
tapered when the concentration was increased. As a result, 
separated nanorods were observed in top-view photographs 
while nearly all of adjacent nanorods were merged together at 
their bases in side-view ones. The taper effect gave us a hint 
about the nanoneedle array observed in Fig. 2(d). Taper-shaped 
nanorods eventually evolved to be directional nanoneedles 
after long time deposition. It can be attributed to that the 
decrease (consuming) of Zn2+ concentration during the reaction 
should affect the broadening of nanostructures. As a result, the 
significant decrease of Zn2+ concentration reflected on the 
tapering of nanostructures along the vertical direction. 

To be the AR layer, the reflectivity spectra of above ZnO 
nanostructure arrays were characterized. As shown in Fig. 5, 
the nanowire array grown in 0.01 M exhibited very low 
reflectivity at long wavelength range. We believed that the 
decrease of reflectivity should be from the light scattering 
caused by disordered nanowire distribution (Fig. 2(a)), instead 

Fig. 3 SEM photographs of ZnO nanowire and nanorod arrays grown
in the precursor concentration of (a,b) 0.01, (c,d) 0.03, and (e,f) 0.05
M, respectively. 
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Fig. 4 Plots of average length and diameter of nanostructures as a 
function of (a) growth time and (b) concentration of precursors, 
respectively. The solid lines are drawn for eye guidance. 
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of the increase of transmittance. We also noted the reflectivity 
may be increased with the nanorod diameter, which may be 
attributed to the large and flat top surface of rods originated 
from large diameters. According to the SEM and reflectivity 
results, we concluded that ordered nanoneedle arrays with less 
rod-coalescence could be obtained from the long time growth 
in precursor concentration of 0.02 M, likewise. The SEM 
photographs shown in Fig. 6 exhibited that highly-ordered and 
vertically-oriented ZnO nanoneedle arrays were with an 
average diameter of 106 nm, a moderate length of 2.4 μm, and 
the density of 7.2×109 cm-2. The current density-voltage (J-V) 
curves and incident photon-to-current efficiency (IPCE) 
spectra of SCs with and without the nanoneedle array are 
shown in Fig. 7. Due to the increase of incident light intensity 
by attaching the nanoneedle array, the short-circuit current 
density (Jsc) was increased from 12.75 to 18.46 mA/cm2. In 
addition, it turned to be the increase of power conversion 
efficiency (PCE) from 7.3 to 12.2%, which corresponded to a 

67% improvement. If we take into account the solar spectrum 
and define the solar-weighted reflectance (SWR) as [21]: 
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where SI(λ) is the spectral irradiance, Rs(λ) the real reflectivity 
spectrum, and E(λ) the photon energy, respectively. A 
reflectance (SWR) of 12% can be calculated for our ordered 
nanoneedle array over the entire spectral region. With this 
demonstration, it provides the direct evidence that the decrease 
of the reflectivity of GaAs substrates with nanostructure array 
attached is mainly due to the increase of light absorption, 
instead of the light scattering. 

IV. CONCLUSION 
In conclusion, ZnO nanostructures were demonstrated to be 

deposited on GaAs substrates by cost-effective two-step 
process for the first time. The spin-coating and annealing 
procedures of ZnO seed layer prepared by sol-gel process 
played a determinative role in the following 
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Fig. 5 Reflectivities of ZnO nanostructures on GaAs substrates. Also
shown is the reflectivity of bare GaAs substrate for comparison. 

Fig. 6 SEM photograph of ZnO nanoneedle array grown in the 
precursor concentration of 0.02 M for 18 hours on designed SCs. 
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Fig. 7 (a) J-V curves and (b) IPCE spectra of designed SCs with and 
without the nanoneedle array shown in Fig. 6. 
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hydrothermally-synthesized ZnO nanostructures. With the 
growth time prolonging, the nanostructures could evolve to be 
nanowires, nanorods, and finally nanoneedles. Through the 
proper manipulation of the precursor concentration and growth 
time, highly-ordered and vertically oriented nanoneedles could 
be successfully integrated to GaAs-based single junction solar 
cells, which enabled the power conversion efficiency to be 
significantly boosted from 7.3 to 12.2%. 
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