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Abstract: Heterojunction solar cells (HSCs) with the structure of p-Si/n-ZnO nanorod (NR) arrays were prepared by synthesizing a
ZnO NR array film on patterned p-type silicon substrate through a low temperature hydrothermal method. ITO and Al films as the

front and back contact electrode layers were deposited by DC-magnetron sputtering, respectively. The influences of various factors,

such as annealing temperature for seed layer and hydrothermal synthesis time for ZnO NR arrays, on the crystal structure, surface

morphology, and optical property of the ZnO NR array film were investigated. Results show that the optimized short-circuit current

density and allover energy conversion efficiency of the p-Si/n-ZnO nanorod array HSCs are 11.475 mA-cm™ and 2.0%, respectively.
Compared with those of p-Si/n-thin film ZnO solar cell, the photovoltaic properties of the p-Si/n-ZnO nanorod array HSCs are

improved significantly.
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Zinc oxide (ZnO) has excellent properties and extensive
applications due to its wide direct band gap of 3.37 eV and
high exciton binding energy of 60 meV™. To fulfill the
performance requirements of novel devices, ZnO has been
made into various nanomaterials, including nanoparticles™,

" nanoflowers™, and nano-

nanorods (NRs) ®% nanowires
walls”. Among them, one-dimensional ZnO NR arrays have a
large specific surface area, high light trapping effect and good
directional electron conductivity”
increase the absorption rate of ultraviolet light and increase
the generation rate of photo-generated carriers, and also
reduce the recombination probability of photo-generated

carriers. Thus they are ideal materials for preparing novel
[12,13]

, which can effectively

devices, such as humidity sensor'', gas sensors
14,15

, dye-
1 field emission electron beam sour-
ces'"", and ultraviolet photodetector!”’. In order to improve the
performances, a variety of heterojunction devices have been

sensitized solar cells'

developed due to their advantageous features. As previously
reported, ZnO nanorod arrays/Si (GaN, NiO) heterojunction
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photodetector has reproducible results and fast recovery
time"**. And ZnO nanorod arrays/CuO (g-C,N,, BiOI)

heterojunction®*”

enhances photoelectrochemical perfor-
mance. But, there are few reports on ZnO NR array HSCs.

In this study, a novel design of p-Si/n-ZnO NR array HSCs
was proposed due to the following reasons. (1) ZnO NR
arrays grown as the front layer of HSCs function as the
antireflective layer to reduce the reflectivity of incidence
sunlight and thus improving the utilizing efficiency of the

incidence light®**”

. (2) ZnO material may help extend the
absorbed solar spectrum from visible light to ultraviolet light
due to its much larger energy bandgap than Si’s!"”. The
fabrication procedure of p-Si/n-ZnO NR array HSCs was
described, and their performance and the enhanced

mechanism were discussed.
1 Experiment

Fig. 1 shows the fabrication procedure of the p-Si (100)/
n-ZnO NR array HSCs. In Fig.1a~1d, in order to obtain ohmic
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Fig.1

contact (below 0.028 Q/sq) between silicon substrate (with a
resistivity of 1~5 Q -cm) and Al metal electrode, the rear
surface of Si substrate was heavily doped with boron by
following typical semiconductor manufacturing processing:
oxidation and photolithography, etching and thermal diffusion.
Then, a thin layer of the photoresist was spin-coated on SiO,/
p-type silicon substrate, and a shadow mask with a special
pattern was consequently placed on the surface of photoresist,
and irradiated by UV light, as shown in Fig.le. The patterned
photoresist and SiO, layer with an active area 0.5 cmx0.5 cm
were obtained by development and wet-etching processing in
Fig. 1f. After the p-type silicon substrate was sequentially
rinsed with deionization water, and dried with nitrogen purge,
a ZnO seed layer was RF-sputtered on the p-type Si surface
with the patterned photoresist and SiO, layer at room tem-
perature (RT), and the patterned ZnO seed layer was obtained
by stripping photoresist, as shown in Fig. 1g. After that, the
ZnO seed layers were annealed at 250, 350, and 450 °C for
6 h to improve the crystalline quality of the seed layers for the
subsequent NR growth. In Fig. 1h, the ZnO NRs were grown
by the following procedure: the aqueous solution containing
equimolar (~0.05 mol) zinc acetate dehydrate (Zn(CH,COO),)
and hexamethylenetetramine (C;H,,N,) were dissolved in 50
mL deionization water and stirred at room temperature for 30
min to ensure a complete mixing of the chemical solution. The
hydrothermal ZnO NR growth was carried out in a high
pressure reaction kettle by immersing the ZnO seed layer/Si
substrate in the mixed solutions and heating at 80 °C for 3 and
5 h. Particularly, the ZnO seed layer faced downwards and
leaned at ~45° against the reaction kettle in order to achieve a
minimum temperature gradient for NR array growth!”, Then,
the samples with ZnO NR arrays were taken out of the
solution, rinsed with the deionized water, and dried with N,
purge. ITO and Al films were DC sputtered on the front (n-
ZnO NR arrays side) and back (p’-type Si side) surfaces of the
samples to form the ohmic contact, respectively. The main
parameters during fabrication of the p-Si/n-ZnO NR array
HSCs are listed in Table 1.

Schematic diagrams of the fabrication procedure for p-Si/n-ZnO nanorod array HSCs

Table1 Main parameters during p-Si/n-ZnO nanorod array

HSCs fabrication process

Deposition

Parameter Oxidation ?ae;:r Al —
Temperature/°C 960 RT RT RT
Volume ratio of Ar/O, 0/1 21 1/0 1/0
Pressure/Pa In air 0.9 1.2 1.2

Gas flow/mL-min” 100 30 40 40
Time/min 90 10 15 15

Power/W - 150 (RF) 100 (DC) 100 (DC)

The crystalline phases of the samples were characterized by
small angle X-ray diffraction in Shimadzu diffractometer
(XRD-6000, The
morphologies of the samples were investigated by field
emission electron microscope (FESEM, JSM-6700F) operated
at 5.0 kV and high-resolution transmission electron
microscopy (HRTEM, JEOL, JEM-2010). The diffuse
reflectance spectra (DRS) were measured at room temperature
by UV-Vis-NIR spectrophotometer (PerkinElmer LAMBDA,
1050). The current-voltage curves of solar cells were obtained
employing precision source/measure unit (Keysight, B2902A)
under standard AM1.5 illumination (100 mW-cm®) using a
solar simulator (Abet Technologies Inc., 10500) equipped with
a xenon arc light source.

Japan) wusing Cu-Ko radiation line.

2 Results and Discussion

2.1 Crystal structure of ZnO seed layers and NRs

Fig.2 shows XRD patterns of the ZnO seed layers on Si
substrates and the as-grown ZnO NR arrays on ZnO seed
layer/Si substrates. All the peaks of ZnO NR arrays are
located at 34.62°, 36.36°, 47.70°, 63.02°, and 68.20°,
corresponding to the (002), (101), (102), (103), and (112)
orientations, respectively, which are contributed to the typical
hexagonal wurtzite structured ZnO (according to JCPDS card
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Fig.2 XRD patterns of ZnO seed layer annealed at 450 °C with the ZnO NR arrays growth for 0, 3 and 5 h (a) and the ZnO NR arrays grown on

the ZnO seed layers annealed at 250, 350, and 450 °C for 5 h (b)

No. 36-1451). And no peaks from any other phase are
observed. In Fig.2a, only a small (002) peak from the ZnO
seed layer (the 0 h curve) is observed, while five peaks appear
with the (002) peak as the strongest one after the ZnO NR
arrays start to grow for 3 h. When the ZnO NR arrays start to
grow for 5 h, the (002) peak intensity increases much higher
than that of other peak’s intensity, which indicates that the
ZnO NR arrays preferably grow with c-axis vertical to the
silicon substrate and the crystalline quality of the seed layers
also affects the growth of the ZnO NR arrays. In Fig.2b, the
intensity of (002) peaks of ZnO NR arrays becomes stronger
and sharper with the annealing temperature of the seed layers
increasing. This result is reasonable since the better crystalline
quality of the ZnO seed layer will bring fewer defects where
the ZnO NR will grow.
2.2 Microstructure of HSCs

Fig. 3 shows the FESEM micrographs of the ZnO seed
layers with different annealing temperatures and the corre-
sponding ZnO NR arrays grown on them for 3 and 5 h. In
Fig.3a~3c, the surface morphology of the seed layer is clearly
improved with the increase of annealing temperature. The
surface of the seed layers at 250 °C (Fig.3a) is composed of
many small particles and there are many holes/defects
randomly distributed on the surface. And the particle sizes at
350 (Fig.3b) and 450 °C (Fig.3c) become uniform and are ~25
and ~30 nm, respectively. In Fig.3d~3i, the sample surface is
densely filled with ZnO hexagonal NRs, the growth
mechanism of this NR-shaped morphology is attributed to the
substrate-induced oriental nucleation and fast growth under
thermodynamic equilibrium state™. Fig. 3d~3f exhibit the
morphology of ZnO NR arrays grown on Fig.3a~3c for 3 h
(marked sample 1~3), and the average diameters of ZnO NRs
are 80, 90 and 120 nm, respectively. The corresponding diame-
ters of ZnO NR arrays grown for 5 h (marked sample 4~6) are
~260, 270 and 350 nm, respectively. Compared with the insets
in Fig.3i and Fig.3f, the length and verticality to the Si surface
of ZnO NR arrays are enhanced with increasing the growth
time. The results indicate that the surface density, diameter
and length of the ZnO NRs strongly depend on the growth
time of ZnO NR arrays and the seed layers to a certain extent.

Fig.4 reveals the TEM images of individual ZnO hexagonal

NRs, which correspond to the sample in Fig.3e to confirm the
detailed morphology and structure of FESEM image. The
individual ZnO NRs are clearly seen in Fig.4a and 4b with
different low-resolution magnification scales. Particularly in
Fig.4b, the ZnO NR has a diameter of around 90 nm and an
outer amorphous layer of ~7.8 nm in thickness. This outer
layer is believed to be unreacted chemical, the mixture of
Zn(CH,COO), and CH,,N,, which can be removed by high
temperature anneal processing”™. The high resolution TEM
image of the individual ZnO NR is shown in Fig. 4c,
confirming not only the NR growth along the [002] direction
(the lattice spacing of ~0.266 nm along the longitudinal axis
direction), but also the high crystalline quality of it (according
to the SAED pattern in Fig. 4d). The result is in good
correlation with the XRD patterns in Fig.2.

Fig.5 shows the FESEM images of ZnO NRs sputtering-
coated with an ITO film from the top and cross-sectional
view. Different from the isolated ZnO NRs in Fig.3i, the ZnO
NRs in Fig. 5a have been connected with ITO film, which
provides uninterrupted conduction paths to collect photon-
generated electrons in HSCs. In Fig. 5b, the ZnO nanorods
covered with ITO film change from uniform hexagonal rod to
match rod shape, and their diameter is increased by ~50%
from the bottom to the top. The inset in Fig.5b further reveals
that the “match head” of the ZnO NRs is close to a
hemisphere and composed of many small ITO particles both
on the top surface and on the side wall. It should be noted that
the “match head” shape may help to focus the incidence
sunlight into the ZnO NR and promote the sunlight absorption
of the HSC:s.

2.3 DRS of as-grown ZnO NR arrays

Fig. 6 shows the UV-Vis diffuse reflectance spectra (DRS)
of as-grown ZnO NR arrays. For the samples 1~6, their
averaged reflectance values are 49.8%, 26.6%, 37.7%, 27.7%,
21.1%, and 24.2% in the wavelength range of 200~1100 nm,
respectively. In Fig.6a, the absorption peak of samples 1~6 at
room temperature is located at about 390, 389, 395, 388, 393,
and 392 nm, respectively. The optical band gap (E)),
determined from the Kubelka-Munk mode, is calculated to be
3.18, 3.19, 3.14, 3.20, 3.16, and 3.16 eV, which are consistent
with Ref.[29]. Compared with samples 1~3, the samples 4~6
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Fig.3 FESEM micrographs of the ZnO seed layers annealed at 250 °C (a), 350°C (b), 450°C (c), and corresponding ZnO nanorod arrays grown

on them for 3 h (d~f) and 5 h (g~1), respectively

show a much lower reflectance in the wavelength range of
380~1100 nm, which indicates that the hydrothermal synthesis
time can increase the absorption of the ZnO NR arrays for
incidence light. The result in Fig.6b shows that the averaged
reflectance of samples decreases at first and then increases
with increasing the annealing temperature for ZnO seed layer,
and sample 5 has the lowest average reflectance of 21.1%.
Another interesting point is that the reflectance ratio varies
greatly, from 25% to 45% for samples 1~3, while it keeps
relatively stable at ~20% for samples 4~6.
2.4 Photovoltaic performances of HSCs

Fig.7 plots the current-voltage curves of samples 1~6 cove-
red with ITO front electrode and Al back electrode illuminated
under a standard AM1.5 sunlight. As shown in Fig.7 (samples
1~3), the average short-circuits current density (J,) 10.591
mA-cm” and open-circuit voltage (V) 0.327 V are observed.
With increasing hydrothermal synthesis time, the average J
and V,, values (samples 4~6) are 11.437 mA-cm™ and 0.345 V.
The results suggest a small increase in the average V, and J_
for samples with increasing hydrothermal synthesis time.

The best stabilized conversion efficiency () of 2.0% (V, =
0.355 V, J =11.475 mA-cm?, fill factor (FF)=0.499) was
achieved with an area of 0.25 cm’ without any antireflection

coatings (sample 5). The allover energy conversion efficiency
of p-Si/n-ZnO nanorod array HSCs is below the state of the
silicon solar cell. The main reason is the presence of interface
defect energy levels due to the difference of crystalline
structure and lattice mismatch between the ZnO NRs and the
Si substrate, which reduces the lifetime of the photogenerated
carriers and increases its recombination rates. Compared with
other thin-film ZnO/Si HSCs", the photovoltaic properties of
the p-Si/n-ZnO nanorod array HSCs are
significantly, which may provide useful information for

enhanced

potential application in future research.

3 Conclusions

1) A new solar cell model based on n-ZnO nanorod (NR)
array film as front layer and p-type silicon as rear region is
proposed. The ZnO nanorod array film can act as an active n-
type layer as well as antireflection coating saving considerable
processing cost.

2) The structure, morphology, and optical properties of the
ZnO NR arrays strongly depend on the seed layer property
resulted from thermal annealing temperature and the growth
time of the ZnO NR arrays.

3) The ZnO NR arrays have a prominent wurtzite
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