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Abstract. In this work a study of the optical and structural propertiesof nanos-
tructured un-doped and doped with Al ZnO layers electrochemically deposited
on high conductive low cost poly-Si substrates is presented. The influence of
the plating time on the structural and the optical properties of the obtained ZnO
layers is investigated by Scanning Electron Microscopy (SEM), Atomic Force
Microscopy (AFM) and by spectra of optical reflection (specular and diffused).
The spectra of haze ratio in reflection are calculated as well. It is demonstrated
that ZnO have morphology consisting of nano-wiskers and hexagonal nano-
rods. The size of the nanostructures increases with the plating time. The de-
posited ZnO layers have very low value of reflection (< 1%) and can be used
as an antireflection coating for Si based solar cells. Moreover, such ZnO based
nanostructures deposited on highly doped low-cost Si substrates, can be consid-
ered as a supporting part with enhanced light harvesting properties for various
types of thin film based solar cells.

PACS codes: 73.63.-b, 78.20.-e, 78.68+m

1 Introduction

The dimension reduction of materials to a nanometer scale gives rise to several
advantages in terms of device applications. Crystalline nanostructures such as
nano-wires, nano-rods, nano-wiskers, have received increasing attention due to
their potential applications in solar cells, nanoscale electronics, optical devices,
gas and bio-sensors, in pharmacology and medicine,etc. ZnO is recognized
as one of the most promising oxide semiconductor materials,due to its useful
optical, electrical and piezoelectric properties [1-5]. Recently, development of
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cost-effective methods for fabrication of one-dimensional ZnO nanostructures,
such as nanowires, nanorods and nanotubes have attracted extensive attention
because of their potential applications for the advanced solar cell structures [6,7].
The nanometer size ZnO based nanostructures have very largesurface areas per
unit volume, which offers a possibility to improve light harvesting properties of
solar cell structures [7]. One of the most attractive methods for fabrication of
ZnO nanowires is electrochemical deposition because it is asimple and low cost
method, which can be used on industrial scale.

This paper reports results of fabrication of one dimensional nanostructures
(nanorods/nanowalls), obtained by electrochemical deposition of ZnO based lay-
ers on highly doped p+-Si substrates. Such substrates can beconsidered as sup-
porting highly doped low-cost substrates for thin film a-Si:H based solar cells
processed in a substrate configuration, Dye-sensitized solar cells, polymer solar
cells, etc. Such solar cells can be deposited on top of nanostructured ZnO/Si
structures, which exhibit enhanced light harvesting properties.

The surface morphology of the deposited ZnO layers is studied by means of
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM).
Measurements of the diffused reflection spectra of ZnO basednanostructures
deposited on p+-Si substrates have been performed as well.

2 Experimental

ZnO nanostructured films have been deposited by means of an electrochemi-
cal process from slightly acid aqueous solutions of ZnCl2 (5 × 10−3 M) and
KCl (0.1 M) with pH 6.0 at temperature of 88◦C using a three-electrode elec-
trochemical cell and saturated calomel electrode (SCE) as reference electrode.
Since the potential of Zn in the electrolyte is -1.05 V vs. SCEthe deposition
process of ZnO is carried out at -1.0 V vs. SCE preventing a metal Zn deposi-
tion. Good quality ZnO films have been obtained at a redox potential within the
range between +0.30 and +0.40 V vs. SCE. Zinc peroxide (ZnO2) was formed
on the samples with bad adhesion to the substrate at a redox potential higher
than +0.4 V. Two different sets of samples are deposited – undoped ZnO and
Al doped ZnO. In case of deposition of doped samples,4 × 10−5 M stock so-
lution of Al2(SO4)3 has been added to the electrolyte. Spectrally pure graphite
plate electrode is used as an anode. The electrolyte is agitated by magnetic stir-
rer. The deposition is carried out controlling the redox potential of the system.
The duration of the ZnO deposition is between 15 and 60 min. The thickness
of the grown ZnO films estimated from cross section SEM imageswas in the
range 0.5–1.0µm. ZnO layers have been deposited on high conductive p+-type
multi-crystalline Si (multi-Si) substrates with resistivity ∼ 100 mΩ/�. Multi-Si
substrates with thickness about 200µm have been fabricated using wire sawing
of a Si block obtained by casting method from a metallurgicalgrade Si feed-
stock. Si substrates have been heavily doped by Boron upon the Si ingot growth.
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Figure 1: SEM surface micrographs (a, c and e) and cross-view(b, d, and f) of
un-doped ZnO nano-structured films grown for a different time, 15 min (a and
b), 30 min (c and d) and 60 min (e and f). The markers correspondto 1µm.

Si substrates have been cleaned in acetone, isopropanol anddeionized water fol-
lowed by treatment in 5% HF solution and washing in deionizedwater before
ZnO deposition. The surface morphology of the deposited ZnObased structures
has been studied by means of Scanning Electron Microscope (SEM) Philips 515,
and the thickness of the coating is estimated from the cross section images. The
Atomic Force Microscope (AFM) measurements have been performed by appa-
ratus NT-MDT Solver 47 Pro system in a semi-contact (taping)mode and the
root mean square roughness – (Rq) is calculated by program Gwyddion. Direct
and diffuse reflection spectra have been measured by a spectrophotometer Shi-
madzu UV-3600 in the range of 300–2600 nm employing an integrating sphere
for the diffuse reflection.
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Figure 2: SEM surface (a, c and e) and cross-view micrographs(b, d, and f) of
Al doped ZnO nano-structured films grown for a different time, 15 min (a and
b), 30 min (c and d) and 60 min (e and f). The SEM surface pictureof multi-
crystalline p+-Si substrate is presented as well (g). The markers correspond to
1 µm.
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3 Results and Discussions

Figure 1 and Figure 2 show the SEM micrographs of undoped and doped with
Al ZnO nano-structured thin films, respectively, depositedat constant charge
density. For a comparison, SEM image of the p+-Si substrate is given as well
(Figure 2g). From Figures 1 and 2 it can be seen that surface ofZnO based
nanostructures consists of planar hexagonal ZnO walls (nano-wiskers, NWs)
with different lengths in the range of 1µm and 100–200 nm thick, grown on
the top of Si supporting substrate. It can be see also that ZnOnano-rods with
hexagonal shape and thickness of about 200 nm are grown between the NWs.
The density and the size of nano-wiskers are increased with the time of plating
from 15 to 30 min. In the case of deposition time of 60 min only the nanorods
can be seen on Si substrate. The micrograph of the p+-Si substrate surface is
shown in Figure 2g. The surface morphology is very rough due to the presence
of different poly-crystals with the size of about severalµm. The presence of
poly-crystals with different orientations in the multi-crystalline Si substrate can
be a reason for differences in the shape of the grown ZnO nano-features. It can
be speculated that in the case of un-doped ZnO sample deposited for 60 min
the SEM picture is taken from the area where the orientation of the Si poly-
crystal stimulates nano-rods growing (Figure 1e). More detailed investigations
are required to investigate this question.

The surface of Al doped ZnO layers consists of planar hexagonal walls, which
are oriented almost perpendicularly to the substrate. Their thicknesses and
lengths are increased with the deposition time from 100 till800 nm, and from 0.5
till 1.5 µm, respectively. At the same time their densities are decreased. Some of
the nano-wiskers on the layer deposited for longer time – 60 min., are covered
by small grains, probably consisting of Al compounds like Al2O3 or Al(OH)3.

The AFM pictures of the deposited ZnO layer are presented in Figure 3. The
mean root square roughness (Rq) of the p+-Si substrate is determined to be 138
nm. The values Rq of the deposited ZnO layers are higher and increase from
187 nm to 231 nm for undoped ZnO layers, and decrease from 495 nm to 270 nm
for doped ones with increasing in deposition time from 15 to 60 min. The Rq is
higher in the ZnO layer deposited in the electrolyte containing Al2(SO4)3. The
presence of features with smaller size, cactus like, grown on the surface of ZnO
NW can be a reason for the higher values of the roughness in doped ZnO layers.

The spectra of direct reflectance, diffuse reflection and of haze ratio in reflec-
tion of the deposited ZnO layers on multi-Si substrates are shown in Figure 4.
The spectra have been recorded in the optical range of 350–1200 nm. For com-
parison, the corresponding spectra of the multi-Si substrate are shown as well.
The values of reflectance and diffuse reflection of both sets of samples, undoped
(Figure 4a, b and c) and doped ZnO layers (Figure 4d, e and f), are lower (< 1%)
than those for the Si substrate. In the case of undoped ZnO films the values do
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Figure 3: AFM pictures of electrochemically deposited undoped (a and b) and
doped (c and d) ZnO layers for 15 (a and c) and 60 (b and d) min; multi-
crystalline p+-Si (e).

not depend on the plating time, however in the case of doped ZnO layers the val-
ues of reflectance and diffuse reflection slightly increase with the deposition time
and are still lower than those for the Si substrate. The values of the haze ratio
in reflectance of the deposited layers are high, close to those for the Si substrate
95–98%. These values are slightly higher for the doped ZnO layers antireflection
coatings (ARCs). It can be concluded that such ARCs can be deposited on the
top of Si based solar cell structures to enhance their light harvesting properties.

4 Conclusion

It is demonstrated that ZnO layers grown by electrochemicaldeposition on
highly conductive multi-crystalline p+- Si substrates have morphology consist-
ing of nano-wiskers and hexagonal nano-rods. The size of nanostructures in-
creases with the increase of the plating time. ZnO layers with the nanostructured
morphology have a large effective surface area. It is shown that ZnO nanostruc-
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Figure 4: Spectra of reflectance (a and b), diffuse reflection(c and d) and haze
ratio in reflection (e and f) of un-doped (a, c and e) and Al doped (b, d and f)
ZnO layers. For comparison the corresponding spectra of themulti-crystalline
Si substrate is shown as well.
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tured layers deposited on low cost multi-crystalline Si substrates provide for-
mation of an antireflection coating (ARC, reflection< 1%), which can be used
for Si based solar cells. Moreover, such ZnO based nanostructures deposited
on highly doped low-cost Si substrates, can be considered asa supporting part
with enhanced light harvesting properties for various types of thin film based
solar cells. Although further optimization of such ZnO NRs based structures
is required, the obtained results can be considered as a promising technological
development towards a low-temperature and cost effective non-vacuum technol-
ogy for the processing of advanced ARCs for Si based as well asother types of
solar cells.
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