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particles with diameters ranging from tens 
of nanometers to several micrometers are 
commercially available; thus, a wide variety 
of patterns can be fabricated by colloidal 
lithography. The colloidal lithography tech-
nique has been extensively used to fabri-
cate various periodic structures including 
nanowire/nanopillar arrays of different 
materials such as Si, ZnO, InP. [ 6–8 ]  Despite 
being a very successful technique, [ 9 ]  the 
use of colloidal lithography in case of wet-
chemical synthesis has been very limited. 
The main limitation in using colloidal 
lithography in combination with solution-
based synthesis is that the masked region, 
that is, the contact area between the col-
loidal sphere and the substrate is very small 
while the rest of the substrate remains 
accessible for the solution. So, in a normal 
approach involving drop casting of solu-
tion on a monolayer of colloidal particles, 
the solution easily penetrates through the 
interstices between the colloidal spheres 
and settles down on the substrate making 
a continuous layer with periodic holes. 

 With respect to pattern fabrication 
using liquids, superhydrophilic-superhydrophobic micropat-
terns is a unique and rapidly developing fi eld, which is based 
on extreme differences in wettability between superhydrophilic 
and superhydrophobic regions on the same substrate. [ 10,11 ]  
Enormous research effort is being devoted to understand and 
control the wettability of the solid surface in order to uniquely 
and precisely control the geometry, position and the shape 
of the liquid droplets on the solid surface. In addition to the 
fabrication of periodic microdroplets, [ 10 ]  this technique is also 
widely used in various other applications such as surface ten-
sion confi ned micro channels, [ 12 ]  fi lling micro patterns, [ 13,14 ]  
passive dispensing by dewetting, [ 15 ]  controlling bioadhesion, [ 16 ]  
cell encapsulation droplet arrays [ 17 ]  and fabrication of complex 
micropatterns. [ 18 ]  However, this technique is only suitable for 
large (>50 µm) structures. 

 Here, we combine colloidal lithography with generation 
of hydrophobic-hydrophilic regions and demonstrate a novel 
interfacial energy driven colloidal lithography technique to 
fabricate periodic micron and submicron-size patterns from 
solution phase. We utilize self-developed periodic wettability 
of a Si substrate in the presence of self-assembled colloidal 
silica spheres. The feasibility and the versatility of the concept 
are demonstrated by fabricating periodically arranged ZnO 
nanowire (NW) ensembles on sol–gel derived ZnO seed pattern 
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  1.     Introduction 

 Colloidal lithography is an inexpensive, fl exible, and effi cient 
method for fabrication of two-dimensional patterns on large 
area. [ 1 ]  This process is based on self-assembly of colloidal par-
ticles on a surface. Several strategies [ 2–5 ]  have been developed to 
obtain a closed-packed monolayer arrangement of commercially 
available colloidal particles over a large-area. The void arrays, 
that is, the interstices in the close-packed arrangement are used 
to create 2D patterns either by depositing thin fi lms by evapo-
ration or sputtering or by etching the exposed substrate using 
a suitable anisotropic etching technique. Spherical colloidal 
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on Si substrates. The methods of growing ZnO NW ensem-
bles on sol–gel seed layers have been investigated extensively 
and are well documented. [ 19–22 ]  However, growing patterned 
arrays of ZnO NWs using colloidal lithography has mainly been 
demonstrated in case of vapor-phase methods. [ 8,23 ]  Attempts to 
grow patterns of ZnO NWs ensembles using colloidal lithog-
raphy and solution methods have not been very successful so 
far. Pyun et al. [ 24 ]  reported formation of ZnO nanotube arrays 
when they used colloidal polystyrene (PS) sphere on ZnO 
seed layer. Fragala et al. [ 25 ]  attempted to pattern ZnO seed by 
using monolayer of PS sphere arranged in a 2D arrays on Si 
substrate. By growing ZnO NWs on this patterned seed layer 
they realized an ordered array of Si holes spatially confi ned 
by ZnO NWs. In this article we demonstrate a pattern fabrica-
tion method that exploits different interfaces formed by sol–gel 
derived ZnO seed solution on hydrophobic Si substrate covered 
by monolayer of colloidal silica spheres. While the hydrophobic 
Si substrate prevents wetting by the seed solution, the wedge 
shaped region surrounding the contact point between the col-
loidal silica sphere and the Si substrate trap the solution due 
to interfacial forces. This method allows us to fabricate periodi-
cally arranged circular and ring-shaped patterns consisting of 
ZnO seed particles, on an area as large as several square cen-
timeters. ZnO NWs were then grown on the generated seed pat-
terns using a hydrothermal technique, resulting in well-defi ned 
periodic assemblies of ZnO NW bundles. Periodicity of the pat-
terns was varied from 500 nm up to 3 µm using silica spheres 
with different sizes. The total refl ectivity measurements were 
performed in order to investigate the interaction of these peri-
odic structures with light. In the wavelength range 300–400 nm 
the refl ectivity was less than 2%, resulting in enhanced absorp-
tion. In addition, compared to bare Si substrate the refl ectivity 
is also signifi cantly suppressed, by more than a factor of 2, 
for wavelengths 400–1300 nm. Finite difference time domain 
(FDTD) simulations of the wavelength dependent refl ectivity 
show good agreement with the experimental data. The demon-
strated method to obtain periodic patterns of ZnO seed-layer 
and ensembles of NWs is also applicable for other materials 
generated by solution chemistry, increasing the range of appli-
cations in optoelectronics and sensing.  

  2.     Results and Discussions 

 Scanning electron microscopy (SEM) was performed after dif-
ferent fabrication steps.  Figure    1   shows representative SEM 
images of self-assembled silica spheres on a Si substrate. 
Figure  1 a shows a large surface area uniformly covered with a 

monolayer (ML) of 3 µm silica spheres. Some domains with dif-
ferent sizes and position can be seen in Figure  1 a. The reports 
in the literature [ 26 ]  suggest that it is very challenging to achieve 
domain-free MLs. Domain size larger than few hundreds of 
micrometer is diffi cult to achieve. In case of self-assembly one 
of the inherent problems is that the commonly used colloidal 
particles, as in this work, often have a large size distribution. In 
addition, on a solid surface the dewetting of the solvent as well 
as the substrate roughness also infl uences the self-assembly 
process. With the self-assembly method used in this work, we 
have observed domain sizes within 100–300 µm. The results 
might be improved by using mono-disperse silica particles. 
As evident from Figure  1 b, the colloidal spheres assemble in a 
hexagonal-close-packed (hcp) pattern, which is the most com-
monly observed pattern in self-assembled monolayers of col-
loidal spherical particles. [ 1 ]  Wetting properties of the substrate 
also plays an important role in the self-assembly process on 
a solid substrate. [ 27 ]  A good hydrophilic surface is necessary 
so that the colloidal suspension can homogenously spread 
on the substrate. [ 27 ]  In our experiment, the Si substrates were 
fi rst subjected to RCA 1 standard cleaning, [ 28 ]  which improves 
the hydrophilicity of the silicon oxide surface. The procedure 
to form a monolayer of silica particles, as described in the 
experimental section, works very well for large particle sizes 
(>500 nm). High quality colloidal silica monolayers extending 
over ≈1 cm 2  were routinely obtained.  

 The SEM images of periodically arranged ZnO seed patterns 
are presented in  Figure    2  . Figures  2 a-d show the seed pattern 
fabricated by using 0.5, 1, 2, and 3 µm silica spheres, respec-
tively. Insets in Figure  2 a, c and d show magnifi ed images 
of the corresponding samples. All the samples show fairly 
uniform circular-shaped seeded regions. Figure  2 c,d show uni-
form seed patterns on a large area. The average diameter of the 
circular region of the ZnO seed layer varies as 0.3, 0.6, 1, and 
2.1 µm as the diameter of the colloidal silica particle increases 
from 0.5 to 3 µm, whereas the period closely follows the diam-
eter of the corresponding silica spheres. However, some varia-
tions in the diameter and period of the ZnO seed patterns can 
be seen in Figure  2 c. Other samples also show similar varia-
tions, which we attribute to the size distribution of the colloidal 
particles. The hexagonal arrangement of the circular ZnO seed 
layer shows that the seed solution follows the hcp arrangement 
of the silica spheres.  

  Figures    3  a,b show magnifi ed SEM images of the circular 
seeded regions fabricated using 2 and 3 µm silica spheres, 
respectively. Three distinctly different concentric regions can be 
identifi ed in each of these images. The center (e.g., region “a” 
in Figure  3 a) remains mostly free of seed particles, followed by 
region “b” where some random clusters of white ZnO seed parti-
cles are visible. Finally, a relatively uniform ZnO seed layer cov-
erage can be seen in the outer ring (region c). ZnO seed layers 
grown on samples with other silica sphere sizes (0.5 and 1 µm) 
also exhibit similar patterns. However, the relative widths of the 
different concentric regions, as depicted in Figure  3 a, depend 
on the size of the colloidal particles. The average diameter of 
the region “a” increases from 85 nm to 350 nm as the colloidal 
particle size increases from 0.5 µm to 3 µm.  

  Figures    4  a–c show the SEM images of hydrothermally grown 
ZnO NWs on the ZnO seed layer patterned by 1, 2, and 3 µm 
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 Figure 1.    SEM images of a) the monolayer of silica spheres, which are 
hexagonally arranged b) magnifi ed view.
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silica spheres, respectively. As expected, the growth of ZnO 
NWs follows the periodic arrangement of the seed layer (pat-
terns). Magnifi ed images of the periodic ZnO NW ensembles 
are presented in Figures  4 d–f. As the size of the colloidal 
particle increases the diameter of the central region (region 
“a” without any seed particles as shown in Figure  3 a) also 
increases. This leads to the formation of ring-shaped pattern 
of ZnO NW patches as can be seen in Figures  4 c,f. The lateral 
extents (diameters) of the NW ensembles are comparable to 
the corresponding seed pattern. In all samples, the grown ZnO 
NWs have hexagonal cross sections and their lateral size dis-
tribution is within 50–150 nm. The vertical orientation of the 
NWs improves as the size of the ZnO seed area increases.  

 The morphology and the crystalline quality of the as prepared 
ZnO nanowires were further investigated by transmission elec-
tron microscope (TEM).  Figures    5  a,b show typical TEM images 
of the fabricated NWs. Figure  5 b shows some isolated NWs 
with a diameter of ≈50 nm. The high-resolution TEM (HRTEM) 
images taken from selected areas of Figure  5 a,b are presented 
in Figure  5 c,d. The clear lattice fringes demonstrate that the 
NWs are single crystalline. The interplanar spacing calculated 

from the HRTEM image is about 0.28 nm, 
which corresponds to the separation between 
0110( ) set of planes of hexagonal wurtzite 

ZnO crystal. Clearly, these planes are parallel 
to the axis of the nanowire indicating that the 
NWs grew along  c -axis (<0001> direction), 
as usually observed in most of the synthesis 
methods reported in the literature. [ 19,20 ]   

 Formation of the seed pattern is the 
most important requirement in order to 
achieve periodic arrangements of ZnO NWs 
using the technique described here. Sol–gel 
technique is widely used to make homo-
geneous layers of ZnO fi lms on different 
substrates. However, the stability of such a 
liquid fi lm crucially depends on different 
interfacial forces as schematically depicted 
in  Figure    6  a. In air, the interfacial energy of 
the solid surface is usually described by the 
“surface energy”  W  SV , whereas the liquid–air 
interface is described by the “surface ten-
sion”  W  LV . When a liquid drop is placed on a 
solid surface, three interfaces are formed as 

shown in Figure  6 a. The liquid drop will tend to spread on the 
surface if the combined interfacial energy of the liquid droplet 
( W  LV  +  W  LS ) is less then the surface energy ( W  SV ) of the solid. 
Conversely, when the surface energy of the solid is low the sur-
face is said to be stable and it will cause the liquid to bead up 
in order to maximize the free surface. The situation is usually 
described in terms of spreading pressure or spreading coeffi -
cient “ S ” defi ned as: [ 29 ] 

   S W W WLS SV LV LS( )= − +   (1)    

 A liquid will spread on a solid surface only for positive 
spreading pressure. High surface energy, or in other words a 
proper wettability of the substrate is thus required in order to 
achieve a homogeneous liquid fi lm on it. 

 Due to their enormous technological importance, the wet-
tability of Si surfaces has been extensively investigated. [ 30–34 ]  
A number of factors such as the absorbed molecules, surface 
oxide thickness, surface roughness, humidity etc. have been 
reported to infl uence the surface energy and hence the wetta-
bility of Si surfaces. [ 30,31,33 ]  A suitable surface preparation pro-

cedure is thus necessary to obtain a homo-
geneous liquid fi lm on Si surfaces. For 
growing ZnO thin fi lms on Si using sol–gel 
technique, HF treatment or RCA 1 standard 
cleaning [ 28 ]  is usually performed prior to the 
coating step. However, the wettability of the 
Si surfaces deteriorate over time, particu-
larly in the presence of high humidity. [ 30 ]  It 
is well known that an amorphous SiO 2  layer 
on Si absorbs water from the humid envi-
ronment. At room temperature and at low 
relative humidity (RH) the absorbed water 
layer in SiO 2  is believed to form an ice-like 
monolayer, which helps in increasing the 
surface energy. [ 35,36 ]  However, at high RH 
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 Figure 2.    SEM images of ZnO seed patterns fabricated using a) 0.5 µm, b) 1 µm, c) 2 µm and 
d) 3 µm colloidal silica spheres. Insets show magnifi ed images of corresponding samples.

 Figure 3.    SEM images showing magnifi ed views of circular ZnO seed patterns fabricated using 
a) 2 µm, b) 3 µm; scale bar in both images is 200 nm.
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the structure of the absorbed water changes 
from ice to water which lowers the surface 
energy. [ 30,37 ]  The freshly treated Si substrates 
used in the present investigation show 
good adhesivity with the ZnO seed solu-
tion. However, during deposition of the col-
loidal silica monolayer, as the substrate is 
kept in an aqueous solution for a long time 
(typically 2–3 h) the adhesivity of the sub-
strate strongly reduces. This explains why 
the ZnO seed solution does not adhere to 
the exposed silicon substrate in between the 
colloidal spheres. In contrast, a completely 
different situation arises under the colloidal 
silica sphere and is schematically presented 
in Figure  6 b. The wedge-shaped space in 
between the substrate and the colloidal 
sphere will effectively replace a major part 
of the air–liquid interface by a solid–liquid 
interface. In addition, the curved surface of 
the colloidal sphere reduces the contact angle 
of the liquid towards the centre (Figure  6 b). 
As a result, the seed solution under the col-
loidal sphere forms a stable fi lm. 

 Three distinct regions, as shown schemati-
cally in  Figure    7  , are expected in the ZnO seed 

pattern if the seed solution settles down on 
the substrate following the above model. At 
the center (region a) where the silica spheres 
are in close contact with the substrate, no seed 
particles are expected. Away from the center, 
a seed layer with gradually increasing thick-
ness is expected (region b), where seed solu-
tion will be in contact with both the substrate 
and the colloidal particles. Finally, a more 
homogeneous region is expected in the outer-
most ring (region c) where the seed solution 
is in contact only with the substrate. Upon 
annealing, the seed layer crystalizes main-
taining the generated shape and the pattern.  

 The hydrothermal growth of ZnO NWs 
in aqueous solution containing hexamethyl-
enetetramine (HMT) and zinc nitrate is well 
documented in literature. [ 38–40 ]  The patterned 
layer of ZnO seed crystals provides preferen-
tial sites for heterogeneous nucleation, which 
anisotropically grows leading to periodic pat-
tern of single crystalline ZnO NW assem-
blies. The simple model presented above 
is in very good agreement with the experi-
mental results (Figure  2,4 ) discussed earlier. 

 One of the key advantages of the fabrica-
tion method presented here is that the seed 
pattern only follows the pattern of the fi rst 
layer of the colloidal silica spheres. Multi-
layer colloidal silica particles, if present, does 
not infl uence the seed pattern as long as the 

Adv. Funct. Mater. 2014, 24, 4577–4583

 Figure 4.    SEM images of ZnO NWs patterns fabricated using a) 1 µm, b) 2 µm, c) 3 µm. 
Magnifi ed view of the corresponding samples are presented in d–f), respectively.

 Figure 5.    A typical TEM image of the fabricated ZnO NWs. a) A bunch of NWs and b) few 
isolated NWs. HRTEM image taken from a selected area (indicated by black square) of 
(a,b) are presented in (c,d), respectively.
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periodicity of the fi rst layer is maintained. The method thus 
enables us to prepare periodically ordered arrays over a very 
large area. Such structures are very important for periodic mod-
ulation of refractive index (RI), which allows to design tunable 
light trapping structures. We performed total refl ectivity meas-
urements of the samples using a spectrophotometer (Perkin 
Elmer LAMBDA 950) equipped with a 150 mm integrating 
sphere. All the samples were illuminated with a beam con-
denser on a small spot of about 2 mm in diameter. Measure-
ments taken at different parts of the samples show consistent 
results. The infl uence of the periodicity of the ZnO NW assem-
blies, on the refl ectance spectra was analyzed. These results 
were compared with those obtained from bare Si substrates, 
Si substrates uniformly coated with ZnO seed layers and Si 
substrates densely covered with ZnO NWs (referred to as ZnO 
NW coated Si). The refl ectance measurements are presented in 
 Figure    8  . As compared to the reference Si substrate (uncoated), 
ZnO NW coated Si shows a strong reduction in total refl ec-
tivity in the entire spectral range below 1000 nm. The drops at 
around 375 nm and 1100 nm are due to band edges of ZnO 
and Si, respectively. The reduction in refl ectivity for ZnO NW 
coated Si is mainly due to presence of the low index ZnO (RI ≈ 
2) in between Si (RI ≈ 3.5) and air. Previous studies also suggest 
a contribution from gradient index profi le that might result 
from tapered profi le of NWs as well as height variations. [ 6,41 ]  
Clearly, samples with periodic NW ensembles also exhibit sim-
ilar low refl ectivities below 1000 nm (Figure  8 ) despite the fact 
that the surface coverage of the NWs in case of periodic ensem-
bles is less than 40% as compared to continuous NWs layer.  

 In addition, the samples with periodic ZnO NW ensembles 
exhibit better antirefl ection properties in the longer wavelength 
range (>1000 nm). Considering the larger spatial periodicity, the 
reduction in refl ectivity cannot be explained by gradient index 

concept. However, for large structures the 
refl ected and transmitted intensity can redis-
tribute from the specular to the diffracted 
components increasing large angle diffuse 
scattering. [ 42,43 ]  As a result, photons are 
trapped and coupled into the guided modes 
of the absorber due to total internal refl ec-
tion occurring at large scattering angle. [ 44 ]  
To qualitatively understand the experimental 
results, refl ectivity from similar structures 
were simulated using the Finite-difference 
time-domain (FDTD) method. A commer-
cial FDTD software package (Lumerical) was 
used to simulate the total refl ectivity of the 

different structures. For the simulation, each circular structure 
of the periodic ZnO NW ensembles was approximated by a cyl-
inder having a length of 1 micron and diameters equal to the 
circular patches of the corresponding sample, that is, 0.3, 0.6, 
1 or 2.1 µm for the patterns fabricated using 0.5, 1, 2, or 3 µm 
silica spheres, respectively. A hexagonal arrangement has been 
assumed ( Figure    9  b) with each cylinder having an effective 
refractive index of 1.8 to take into account the porous nature of 
the ZnO NW ensembles. On the other hand, the un-patterned 
ZnO NW arrays has been approximated by a dense array of ZnO 
cylinders in a hexagonal lattice with each ZnO cylinder having a 
length and diameter of 1 µm and 75 nm, respectively. The sepa-
ration (center-to-center) between the cylinders was assumed to 
be 100 nm and refractive index of 2.0 (Figure  9 d). In addition, 
a rough ZnO layer of 75 nm is assumed in between ZnO NWs 
and Si substrate in all cases to account for the residual ZnO seed 
layer in the actual samples. The refractive index and extinction 
coeffi cient for ZnO in the above wavelength range was used in 
the simulations. The simulated data for the total refl ectivity vs. 
wavelength obtained for the different structures are shown in 
the  Figure    10  . Other than the strong interference fringes the 
simulated spectra show a similar trend as observed experimen-
tally, for example the average refl ectivity of about 10% from 
ZnO NW coated Si substrate in the wavelength range 400–1000 
nm The interference fringes in the simulated spectra, in con-
trast to the smoother profi les observed experimentally (Figure 
 8 ), is mainly due to the fl at top approximation of the NWs in 
the simulations, whereas the actual sample contains NW of 
varying heights and orientations. However, the overall trend in 
the investigated wavelength range shows good agreement with 
the experiment. The sharp drop in refl ection at around 375 nm 
is due to the band edge absorption of ZnO. The strong interfer-
ence fringes, however, subdue the expected drop in refl ection 

close to Si band edge at around 1100 nm. The 
sharp increase in refl ection at around 400 nm 
can be attributed to the material properties 
(refractive index and extinction coeffi cient) of 
ZnO. The behavior of the periodic structures 
in the longer wavelength (>1000 nm) also 
shows quite good agreement with the experi-
ment with lower refl ectivity as compared to 
the un-patterned sample. Considering their 
good antirefl ection properties in a large spec-
tral window, such architectures may also be 
interesting for near infrared devices.    
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 Figure 6.    Schematic sketch showing different interfaces formed in the liquid–solid system: 
a) Between a liquid droplet and a fl at solid surface, and b) between a liquid droplet and a fl at 
solid surface in the presence of a colloidal silica sphere.

 Figure 7.    Schematic showing the origin of different concentric regions in circular ZnO seed 
patterns.
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  3.     Conclusion 

 In summary, we demonstrate a novel technique to fabricate 
2D periodic patterns from solution by exploiting different 
interfaces formed between the solution, substrate and the self-
assembled colloidal silica particles. The effi cacy of the tech-
nique is demonstrated by fabricating circular and ring-shaped 
periodic assemblies of vertically aligned ZnO NW. Hexagonally 
arranged circular seed patterns were fi rst formed on Si sub-
strates by using sol–gel technique. As the hydrophobic Si sub-
strate prevents wetting by the seed solution, the wedge shaped 
region below the colloidal particles facilitates wetting due to 
reduced air–liquid interface. The technique allows wafer-scale 
fabrication of 2D pattern from solution. We also demonstrate 
easy controllability of feature size and periodicity by using 
different sizes of colloidal silica sphere. The patterns can be 
further tuned by using isotropic etching of the hexagonally 
arranged colloidal silica particles. Considering the wide range 

of applications of such periodic structures for effi cient photon 
management, total refl ectivity of the samples was measured 
which shows strong suppression of refl ectivity in a very large 
spectral window. The simulated refl ectivity spectra obtained by 
FDTD simulations also show good qualitative agreement with 
the experiments. The simple fabrication process, combining 
colloidal lithography and solution synthesis, presented here can 
be adopted to fabricate periodic structures from a wide variety 
of materials, increasing the range of applications in optoelec-
tronics and sensing.  

  4.     Experimental Section 
 Colloidal lithography on silicon substrates: Silicon substrates were fi rst 
cleaned following RCA 1 standard cleaning procedure. [ 28 ]  The substrate 
were boiled for 15 min at 70 °C in an activation solution containing a 
mixture of H 2 O 2  (30%), NH 4 OH (30%), and DI water in a ratio of [1:1:5] 
and then rinsed in DI-water. An aqueous suspension of SiO 2  particles 
(Sigma Aldrich) was made with different concentrations of silica 
particles depending on the particle diameter and the substrate area. 
Silica spheres with four different diameters, 3, 2, 1, and 0.5 µm were 
used. The substrate was placed inside a glass petri dish slightly bigger 
than the substrate and the prepared colloidal suspension was dropped 
on it making the substrate completely submerged under the suspension. 
After a few hours, depending on the particle size, the silica particles 
settled down forming a monolayer on the substrate surface. The liquid 
remaining on the top of the substrate was then removed by a syringe, 
and the substrate was left to dry in air. 

  Patterned Seed Layer Preparation : For ZnO seed layer preparation, 
zinc acetate dehydrate [Zn(CH 3 COO) 2 , 2H 2 O] was dissolved in dry 
ethanol (100 m M ). In order to make zinc acetate soluble in ethanol, 
a few droplets of diethanolamine (DEA) was added and then stirred 
for around 30 min. The solution was then spin-coated on the silicon 
substrates covered with a monolayer of silica spheres. The substrates 
were fi rst dried on a hotplate at 80 °C and, then annealed in an oven at 
400 °C in ambient air. The samples were sonicated in ethanol for about 
30 seconds to remove the colloidal spheres from the surface. 

  Growth of Periodic ZnO Nanowire Assemblies : For the growth of 
ZnO NWs 50 m M  zinc nitrate and 50 m M  hexamethylene tetramine 
(HMT) were dissolved in 30 mL of DI-water. The samples were placed 
horizontally in a glassware with the seeded surface facing down. The 
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 Figure 8.    Total refl ectance spectra of bare Si substrate and substrate cov-
ered with ZnO seed layer, continuous ZnO NW arrays and periodic ZnO 
NW assembly fabricated using 0.5, 1, and 2 µm SiO 2  particles.

 Figure 9.    SEM images of representative sample, a) patterned assemblies 
of ZnO NW ensembles, c) continuous layer of ZnO NW arrays; Schematic 
showing the structure assumed for simulation b) patterned assemblies of 
ZnO NW ensembles, d) continuous layer of ZnO NW arrays.

 Figure 10.    Simulated total refl ectance spectra of Si substrate covered 
with continuous and periodic ZnO NW assemblies with 1, 2, and 3 µm 
periodicity.
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growth solution was added to the glassware and refl uxed at 95 °C in 
an oil bath for one hour. Finally, after ZnO NW growth the samples 
were removed from the solution and rinsed in DI-water and dried under 
nitrogen fl ow.  
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