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Abstract 
   Metal oxides such as ZnO, SnO2 and W2O3 with super properties are widely used in the different fields 

of science and proper synthesis of these materials is of the great importance. In this work, some metal 

oxides with nano structures including SnO2 nanopyramids, V2O5 nanowires and hierarchical structure of 

SnO2 nanopyramids and ZnO nanowires were grown at low temperature by hydrothermal method. Both 

bare and nano-textured silicon substrates were employed for the synthesis of mentioned nano structures. 

Nanotextures of silicon substrate are called nano-grasses and were obtained by a deep reactive ion 

etching (DRIE) method with successive etching and passivation sub-cycles, using an RF-plasma at 

different conditions. Comparing SEM images of the synthesized nanostructures on two simple and 

nanotextured silicon substrates show that there are great differences between growths on these 

substrates such as higher density and better uniformity. Therefore, application of nano-textured silicon 

substrates can improve the growth process of metal oxide nanostructures, which can promote various 

applications of these materials in the different scientific fields. 
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1. INRODUCTION 

   Binary metal oxides have super 

properties and nowadays are widely used 

as transparent conducting oxides, lithium-

ion batteries, gas sensors, supercapacitors 

and dye sensitized solar cells. Some of 

these metal oxides are ZnO, SnO2, W2O3, 

V2O5 and In2O3 [1]. 

Physical, chemical and biological 

properties of materials at the nanoscale are 

very different from the bulk of them [2]. 

For example, various quantum mechanical 

effects are observed, such as the increase 

in the energy gap of a semiconducting 

material with reduction in size [3]. These 

properties enable manufacturing complex 

and multifunctional materials which have 

great potential in the improving many 

aspects of our life. Recently, there are 

growing interest in the one-dimensional 

nanomaterials such as nanorods, 

nanowires, nanofibers and nanotubes of 

various metal oxides [2]. Nanowires have 

unique properties that arise from their low 

dimensions and high surface to volume 

ratio of them. Chemical species that adsorb 

on the nanowire surfaces, strongly affects 

their electrical conduction, therefore 

extremely efficient chemical and biological 

sensors can be developed. Other 

applications of metal oxides are in the 

optoelectronic devices, solar energy 

conversion, photoelectrochemical cells and 

heterogeneous photocatalysis [4]. 

Pyramidal nanostructures on a substrate 

can increase its surface and functionality in 

comparison with the flat one. This 

improved substrate, can be used for the 

subsequent growth procedures. 
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One of the metal oxides that receives 

significant attention these days is 

vanadium oxide and its compounds. This is 

because of their structural versatility 

combined with their unique chemical and 

physical properties. Vanadium oxide 

compounds have prominent properties and 

potential applications such as catalysts, 

chemical sensors, high-energy density 

lithium-ion batteries, electrochemical and 

optical devices [5, 6]. 

Because of these potentials, a wide range 

of V2O5 nanostructures has been 

synthesized to improve electrochemical 

properties before, such as nanowires, 

nanospheres, nanoribbons, nanosheets and 

nanobelts [7]. Researchers explored 

numerous methods toward synthesizing 

V2O5 nanostructures such as chemical 

vapor deposition (CVD), template assisted 

[8], reverse micelle synthesis, 

electrospinning, thermal evaporation and 

microwave [6]. Other approaches for 

synthesizing V2O5 nanowires are 

hydrothermal/solvothermal, sol–gel and 

electrodeposition [9]. Meanwhile, proper 

synthesis of V2O5 is quite essential. 

Another metal oxide that is one of the 

smart materials due to its good stability, 

non toxicity and low cost is tin dioxide. It 

is n-type semiconductor with a wide-

bandgap of 3.6 eV [1], large exciton 

binding energy, high electrical 

conductivity, high optical transparency and 

small exciton Bohr radius. SnO2 film is a 

good candidate to be used in solar cells, 

gas sensors and lithium batteries [10]. 

Some of its potential applications are in 

photocatalysis, far-infrared detectors, 

optoelectronic devices, catalyst supports, 

antireflective coatings and transparent 

electrodes. Several methods have been 

used to prepare SnO2 nanostructured films 

such as sol-gel, spray pyrolysis deposition 

(SPD), chemical vapor deposition (CVD), 

sputtering, hydrothermal [10] and 

evaporation of elemental tin in an oxygen 

atmosphere [4]. Anyway, proper synthesis 

of SnO2 for different applications is quite 

important. 

ZnO is a II–VI compound semiconductor 

[11], which gets lots of attention because 

of non toxicity, low cost and having good 

properties for a wide range of applications, 

such as photonics because of its wide 

bandgap of 3.37 eV and high exciton 

binding energy of 60 meV. Other 

applications of ZnO are transparent high 

power electronics, optical waveguides, 

piezoelectric converters, gas-sensors, 

window materials for display, solar cells, 

etc [12]. Properties and applications of 

ZnO crucially depend on its morphology, 

size and orientation. Therefore, 

controllable synthesis of the ZnO 

nanostructures is important. ZnO 

nanostructures have been synthesized by 

various physical and chemical methods 

such as vapor–liquid–solid, molecular 

beam epitaxy and solution processes [13] 

such as chemical precipitation, sol-gel and 

solvothermal/hydrothermal reaction [14]. 

Among all, room temperature solution 

ways such as hydrothermal are particularly 

attractive because they are simple, low-

temperature and catalyst-free process and 

there is no limitation for their substrate. 

Moreover, morphology of the 

nanostructures can be tuned effectively by 

changing synthesis parameters [13]. 

Vertically aligned one-dimensional 

nanowires can provide an interesting 

solution to achieve ultrahigh-density 

advanced nanoscale devices [15]. These 

devices increase effective surface and can 

be used as high sensitive electronic and 

photonic devices [16], gas and bio-sensors.   

In this paper, effects of substrate 

morphology on the formation of metal 

oxide nanostructes were examined. Simple 

and nano grass silicon substrates were 

employed for the synthesis of V2O5, SnO2 

and ZnO nano structures. The consequence 

of silicon grass formation is great increase 

in the effective surface of the substrate, 

which can be used for physical, electrical 

and chemical applications [17] such as gas 

and bio-sensors, ion-selective field effect 

transistors, microelectromechanical 

systems, solar cells [18], superhydrophobic 
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and hydrophilic surfaces. A modified RIE 

process were employ for the incorporation 

of nano grasses to the silicon substrate 

[17]. Employed RIE process is sequential 

like Bosch process [18-21].  

This paper is organized as follows: in the 

section 2 synthesis and fabrication 

methods are proposed. Next in the section 

3, different results of the prepared samples 

such as SEM images, EDS and XRD are 

presented and at last, this paper terminates 

with the conclusion. 

 

2. MANUFACTURING AND SYNTHESIS 

METHOD 
   In this study SnO2 nanopyramids, V2O5 

and ZnO nanowires have been grown on 

both simple and nano-textured silicon 

substrates. A modified RIE process is 

applied to the silicon substrate for the 

incorporation of nano-textures or nano-

grasses to it. 

 

2.1. Silicon Nano-Grass Formation 

   In this study, two simple and nano-grass 

silicon substrates were employ for the 

synthesis of different metal oxide 

nanostructures. After cleaning silicon 

substrates using RCA#1 solution 

(NH4OH:H2O2:H2O, 1:1:5), they blow 

dried. Silicon nano-grasses were 

incorporated to one of substrates 

employing a modified DRIE process which 

is reported elsewhere [18-21] as it is 

shown in the figure 1. This RIE process 

consists of successive steps of passivation 

and etching sub-cycles like Bosch process 

[22]. Passivation sub-cycle is done in the 

presence of a gas mixture of O2, H2 and 

SF6 with the proper plasma condition while 

etching sub-cycle is performed in the 

presence of SF6 with suitable plasma 

condition. Grass formation could be 

considered as one of the undesirable side 

effects of DRIE in the evolution of high 

aspect ratio features. The vertical etching 

process, however, can be adjusted to obtain 

grass-free structures at both micro and 

nanoscales with high aspect ratios. On the 

other hand, by using proper flows of gases 

during passivation and etching sub-cycles, 

one can manipulate vertical or spaghetti-

like Si nano-grasses with a height of 2-3 

µm and width of 30 to 100 nm with the 

aspect ratios of the order 50. Figure 2 

shows schematic of grass formation 

process. For such structures, in the 

passivation step, a mixture of H2/O2 gases 

with typical flows of 100 and 85 sccm and 

a trace value of SF6 was used, whereas for 

the etching step, SF6 was used as the inlet 

gas with typical flows of 10–40 sccm. 

Plasma power and duration of the 

passivation sub-cycle were set at 150 W 

and 50 seconds and for the etching sub-

cycle 130 W and 10 seconds respectively 

[18-21].  In the next step, a thermal oxide 

with a thickness of 0.1 µm was grown on 

both simple and silicon nano-grass 

substrates. 

 
Figure 1. Different sub-cycles of DRIE 

process, (a) passivation and (b) etching. 

These sub-cycles could be repeated several 

times as necessary [22]. 

 

2.2. Synthesis of SnO2 Nanopyramids 

   SnO2 nanopyramids were synthesized 

using hydrothermal method. Before 

employing this method, a seed layer was 

deposited on the substrate which could 

improve latter growing of nanostructures. 

Seed layer was prepared using stannic acid 

gel (SnO2.nH2O) which was obtained by 

adding a SnCl4.5H2O solution to NaHCO3 

solution (1:1) in a drop-wise manner. 

Then, obtained white precipitate was 

collected and washed with sufficient 
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amount of deionized water to remove 

chloride ions. Subsequently, this 

precipitates were dispersed in distilled 

water and adjusted pH of the solution to 

10.5 with ammonium hydroxide [22]. 

Afterward this solution spin coated 4 times 

on nano-grass silicon substrate and after 

each step substrate dried at 60-70°C. At 

last, annealing was done at 450°C for an 

hour. 

 

 
Figure 2. (a) Remained protective layer on 

the silicon substrate after passivation sub-

cycle and (b) Remained protective layer 

behaves as a mask in the etching sub-cycle 

and protects silicon beneath so grasses 

form [18-21]. 

 

Another method for creating sol-gel for 

spin coating is preparing a mixture of 

SnCl2.2H2O (0.05 M) in 10 ml of absolute 

ethanol. After preparing this mixture, it 

was stirred on a hot plate at 40-50°C for 

10-30 min. This process was done for 

creating a seed layer of simple substrate 

and after spin coating of the gel, annealing 

was done for 2 hours. SnO2 nanopyramids 

were synthesized using hydrothermal 

method with a mixture of 4 ml SnCl4.5H2O 

(0.5 M), 10 ml NaOH (5 M) and 80 ml 

ethanol/water solution. Then, this solution 

was stirred for 10 min [23]. After 

preparing solution, the above mentioned 

samples were floated and kept in it for 15 

hours at 90°C. 

 

2.3. V2O5 Nanowires Growth 

   In the first step, V2O5 seed layers were 

prepared by spin-coating seed solution on 

the Si substrates, followed by a thermal 

annealing treatment. For it, 6 mmol 

ammonium metavanadate (NH4VO3) was 

dissolved in 30 ml deionized water at 50 

ºC and stirred magnetically. Then nitric 

acid was added drop-wise to form an 

orange solution with a pH value of 2.1–2.5, 

which was served as the seed solution. 

Then the seed solution spin-coated on the 

simple and nano-grass silicon substrates 

with spinning speed of 1500 rpm for 30 

sec. After that, substrates were baked for 

10 min at 80 °C on a hot plate. Spin-

coating and baking procedures were 

repeated six times to guarantee an adequate 

coverage of the V2O5 seeds on the 

substrates. After spin-coating, annealing 

was done to transform the precursor into 

V2O5 seed particles and to guarantee good 

adhesion between seeds and substrate [24]. 

Finally, obtained substrates were annealed 

at 600 ºC in the air pressure for 2 h. For 

growing nanowires, NH4VO3 was used as 

vanadium source again. The 

peroxovanadate were prepared by 

dissolving 0.004 mol NH4VO3 in 40mL of 

H2O and C2H5OH solution. Then HNO3 

was added to the solvent to adjust the pH 

of the solution to 3–4. Mixture 

ultrasonically mixed at room temperature 

for 15 min and then samples were placed 

in this solution and kept at 130 ºC for 2 h 

[8]. 

 

2.4. ZnO Nanowires Growth 

   For growth of ZnO nanowires, ZnO seed 

layer was prepared followed by the 

hydrothermal synthesis process. Seed layer 

was prepared with dissolving zinc acetate 

dihydrate (Zn(CH3COO)2.2H2O) in the 

ethanol with concentration of 0.05 M. 

Then, solution was stirred at 60°C for 10-

30 min to yield a clear and homogeneous 

solution [14]. In the next step, solution 

were spin coated on the Si substrates. Spin 

coating of the substrates were done with 

speed of 2500 rpm for 10 Sec and repeated 
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4 times for better uniformity of the attained 

seed layer. Finally, the substrates were 

annealed at 450°C for an hour to achieve 

ZnO seed layers. ZnO nanowires were 

synthesized hydrothermally at 90 °C. For 

this synthesis, C6H12N4 (HMT) and 

Zn(NO3)2.6H2O with concentrations of 

0.035 M were dissolved in 50 mL of DI 

water, then the substrates were placed in 

the solution and heated at 90 °C for 4 

hours in an oven. Finally, samples with 

ZnO nanowires were washed thoroughly 

with DI water and blow dried [13]. 

For hierarchical structure of SnO2 

nanopyramids and ZnO nanowires, 

depicted process in sections 2.2 and 2.3 

were employed to the simple and nano-

grass silicon substrates respectively. At 

last, sintering was done for 1 h at 400 °C. 

 

3. RESULT AND DISCUSSION 

   SEM image of a silicon nano-grass 

substrate is shown in figure 3. In 

comparison with a simple silicon substrate, 

effective surface area is highly increased. 
 

 
Figure 3. SEM image of nano-grass 

silicon substrate. 

 

Figure 4 shows SEM images of the 

synthesized SnO2 nanostructures on two 

different silicon substrates. It is obvious 

that these nanostructures are pyramid 

shape. Part (a) of this figure shows 

synthesized SnO2 nanopyramids on silicon 

nano-grass substrate, while part (b) shows 

these textures on the simple silicon 

substrate.  

 

 

 
Figure 4. SEM images of synthesized SnO2 nanopyramids, (a) on a nano-grass silicon 

substrate and (b) on a simple silicon substrate. 

 

As it is observed in parts of figure 4, 

growth of SnO2 nanopyramids on a 

nanostructured silicon substrate is better 

and more regular. It can be seen in part (a) 

of this figure, apex of nanopyramids is 

sharper. There are some other 

nanostructures on each pyramid face, 

which promotes the performance and the 

effective surface area of the substrate 

drastically. In part (b) of figure 4, 
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formation of nanopyramids is very 

irregular and is similar to a destroyed 

region. Therefore, application of a 

nanostructured base, like silicon nano-

grass substrate, promotes morphology of 

the created nanostructures on it and this 

improves various applications of this 

material in different science fields. 

Figure 5 shows SEM images of the 

synthesized V2O5 nanowires on the simple 

and nano-grass silicon substrates. These 

nanowires are with height of 1-2 µm and a 

width under 100 nm. 

 
Figure 5. SEM images of V2O5 nanowires, (a) on a nano-grass silicon substrate and (b) on a 

simple silicon substrate. 

 

As it is obvious in the figure 5, density of 

grown nanowires on the nano-textured 

silicon substrate is different from simple 

one so, the effective surface area of the 

synrhesized nano wires could be greatly 

enhanced by using such a nano-textured 

substrate. Another issue is number of 

vertically aligned V2O5 nanowires which 

have been increased on the nano-textured 

substrate. This can be attributed to the 

nano-grasses of the substrate which help 

better alignment of the nanowires. 

However seed layer that was used before 

synthesizing V2O5 nanowires, couldn’t 

stay horizontally on a bare or simple 

substrate and all of them laid down. In the 

previous works [9, 25], V2O5 nanowires 

aren’t grown vertically by hydrothermal 

method because of easily self-aggregation 

[25], however in this work the ratio of 

aligned nanowires could be increased 

because of the nanotextured substrate. 

Also the effect of nano-textured substrate 

on the synthesis of hierarchical structures 

were surveyed, which has been 

demonstrated in the section 2.4. SnO2 

nanopyramids were grown on both simple 

and nano-grass silicon substrates and in the 

next step, ZnO nanowires were synthesized 

on the SnO2 pyramids. SEM images of 

these samples can be observed in the figure 

6. 

As it is shown in the figure 4 that synthesis 

of SnO2 nanopyramids on the simple 

silicon substrate is irregular while surface 

of the formed pyramids is nanotextured. 

Grown ZnO nanowires on such a nano-

textured substrate are longer and a dense 

network of nanowires are formed which is 

obvious in the figure 6. This can be 

attributed to the nano-textures of irregular 

SnO2 pyramids that behave like defect sites 

and help growth of ZnO nanowires. 

Similar to the previous results, growth on 

the nano-textured substrates is denser and 

more regular. 
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Figure 6. SEM images of hierarchical structure of SnO2 pyramids and ZnO nanowires on, (a) 

nano-grass silicon substrate and (b) simple substrate. 

 

The crystallographic structure information 

about the hierarchical SnO2-ZnO structure 

is characterized by X-ray diffractometry 

(XRD) as is shown in figure 7. The main 

diffraction peaks are at 28.952, 31.448, 

35.404, 35.950, 38.886, 42.621, 47.019, 

47.907, 56.798 and 64.012 degrees, which 

correspond to SiO2, SnO2 and ZnO as it is 

shown in the figure 7. The crystal structure 

of SiO2 is tetragonal with a lattice 

constants of a = 10.24 Å, b = 10.24 Å and 

c = 34.38 Å which is based on the 

reference code 00-040-1498. For SnO2 

crystal structure peaks are accrued in 

(110), (101), (210), (221), (301) and (320) 

crystal planes which confirms the 

tetragonal crystal structure of the as-

synthesized SnO2 with lattice constants of 

a = 4.74 Å, b = 4.74 Å and c = 3.19 Å 

based on the reference code of 00-041-

1445. Related peaks to ZnO crystal 

structure are for (100), (002), (101), (102), 

(110), (103), (112), (201), (004) and (202) 

crystal planes which confirms crystal 

structure of hexagonal with a = 3.25 Å, b = 

3.25 Å and c = 5.21 Å as lattice constants 

according to reference code of 00-036-

1451.  

Finally, using Debye-Scherrer equation, 

which is shown in equation 1, and FWHM 

from XRD pattern [26], crystal size of 

SnO2 and ZnO are calculated. For SnO2, 

sizes change from 12.97 nm to 39.89 nm 

with an average of 23.91 nm while for 

ZnO, sizes change between 13.18 nm and 

41.92 nm with an average of 24.51 nm. 

Dhkl = Kλ/(Bhklcosθ)                    (1) 

In Equation 1, Dhkl is the crystalline size in 

the direction perpendicular to the lattice 

planes, hkl are the Miller indices of the 

planes that has been analyzed, K is a 

numerical factor that often mentions as the 

crystalline-shape and normally equals to 

0.9, λ is the wavelength of the X-rays, Bhkl 

is the width (full-width at half-maximum) 

of the X-ray diffraction peak (radian) and θ 

is the Bragg angle [26]. 

Results of Energy-Dispersive X-ray 

Spectroscopy (EDS) measurements for the 

hierarchical SnO2-ZnO structure are shown 

in Fig. 8. This analyze again confirms 

existence of Zn, O, Sn and Si with weight 

percentage of 53.91%, 15.9%, 0.14% and 

2.34% respectively. Therefore, as-

synthesized nanostructures do not have 

impurity. Some other peaks that are 

observed in the analysis figure are created 

at characterization stage. 
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Figure 7. XRD patterns of the hierarchical SnO2-ZnO structure on simple and nano-grass 

silicon substrate. 

 
Figure 8. EDS measurement of hierarchical SnO2-ZnO structure on simple and nano-grass 

silicon substrate. 
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4. CONCLUSIONS 

   Several metal oxides on two types of 

simple and nano-grass silicon substrates 

were successfully synthesized using 

hydrothermal method. Plasma etching of 

silicon with two successive sub-cycles of 

passivation and etching was utilized for the 

evolution of nano-grasses on the silicon 

substrate. Comparing SEM images of the 

obtained results indicate that growth on the 

silicon nano-grass substrate is uniform and 

better. It seems that defects which are 

formed during nano-grass configuration on 

the silicon substrate, decrease mismatch 

between silicon and metal oxide lattice, 

therefore formation of the primary seed 

layer improves which leads to the more 

uniform growth. For the high-quality 

growth of metal oxide nanostructures, 

silicon nano-textured substrates are good 

options to achieve this goal. 
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