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A limited area, to which ZnO nanoparticles are selectively adhered, is called a domain. Formation of the 
domain was controlled by using a coaxial gas-flow Ar/O2 pulse plasma. The mechanism of the domain 
formation was closely related to initial surface condition of Si substrate. Especially, cleaning process was 
crucial. Here, a patterning of the domain was employed by using a fine mesh as a template. Linear 
patterning was also established. The formation processes were estimated by SEM and EDX. The 
technique developed here will be applied to a selective nanoparticle patterning. 
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1. Introduction 

Zinc oxide (ZnO) is an n-type semiconductor with a wide band gap of 
3.37 eV, a large exciton binding energy of 60 meV, and high thermal and 
mechanical stability [1, 2]. ZnO nanostructures such as nanorods and 
nanoparticles showed a definite promise for an employment in nanoscale 
devices, including field emitters, UV lasers [3, 4], field-effect transistors [5-
7], dye sensitized solar cells [8-12], and gas sensors [13-15]. In addition, 
spherical ZnO nanoparticle was expected for an application to quantum 
dot solar cells [16-18]. Further, ZnO are applied to transparent electrodes 
[19], light-emitting diodes (LEDs) [20-23], and semiconductor materials 
[24]. 

Usually, ZnO nanorods and nanoparticles have been produced by vapor-
liquid-solid (VLS) process [25], chemical vapor deposition (CVD) [26], 
sputtering [27] and laser abrasion method [28]. Our group is focusing on 
a plasma process for the growth of ZnO nanostructures [29]. This process 
is superior to the other processes for low temperature deposition and 
large area deposition. Besides, when the energy of plasma is controlled, 
ZnO thin films or ZnO nanoparticles can be selectively produced. However, 
very few studies have dealt with energy-controlled plasma.  

In this report, formation of ZnO nanoparticles domain was investigated 
by focusing on its dependence on the initial surface condition of Si 
substrate. 
 

2. Experimental Methods 

Fig. 1 shows a schematic of the experimental apparatus [30]. The 
experiment was performed in a low-pressure plasma by employing 
reactive ion sputtering. As a source of Zn, a zinc rod electrode was used 
and installed in a glass tube. The flow rates of Ar and O2 gases were 
adjusted by mass flow controllers independently and the mixed gas was 
introduced into a stainless tube with a rod electrode. A negative square-
pulse voltage with pulse width of 5 μs was employed for the plasma 
production. 

Partial pressure ratio of Ar/O2, pulse repetition frequency and supplied 
voltage were controlled as a parameter. The substrate used was a Si wafer 
(p-type with crystal orientation of <100>), the surface of which was 
cleaned by methanol before the experiment. It was possible to change the 
gas pressure ratio Ar/O2, input power and substrate position. The 
wavelength of the optical emission from the plasma was measured by 

optical emission spectroscope (OES). ZnO deposition was analyzed by 
scanning electron microscope (SEM) and energy dispersive X-ray 
spectroscopy (EDX). 

 

 
Fig. 1 Schematic representation of experimental setup 

 

3. Results and Discussion 

The experiment was conducted when O2 and Ar flow rates were fixed at 
25 and 25 sccm, respectively, i.e., Ar/O2 = 1/1, and the total pressure was 
30 Pa. From the results of OES, the emission spectra of Ar and O2 were 
observed, but those of Zn were not clearly observed. Therefore, our 
experimental condition was in an oxide mode. The surface of the Zn 
electrode was oxidized by O2 and covered with ZnO thin layer during the 
deposition experiment. 

In our experiment, the sputtering took place only in a short pulse width 
of 5 μs. The sputtered ZnO molecules from the electrode would react and 
coagulate each other, and finally grow as clusters and nanoparticles of ZnO 
during the pulse-off time interval. Fig. 2 shows typical SEM images of the 
depositions on the Si substrate after 30 minutes deposition. As clearly 
shown in Fig. 2(a), many nanoparticles were observed only in a limited 
area forming a domain indicated by an arrow. Almost no nanoparticles 
were observed outside the domain. The shape of the domain was quite 
irregular and the domain size was in a range of 20 - 200 μm, much larger 
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than the nanoparticles. The size of the domain was enlarged with 
discharge time, and finally several domains were merged into one big 
domain. Fig. 2(b) shows a magnified image of nanoparticles deposited in 
the domain shown in Fig. 2(a). Many nanoparticles of average size of 150 
nm are observed. Particle size is quite uniform with an irregularity of 10 
%. From EDX analysis and Raman spectroscopy these particles are 
consisted of ZnO [30]. 

 

 
Fig. 2 (a) Formation of a domain, a limited area, to which inside nanoparticles are 
selectively adhered; Outside the domain no particle is adhered, and (b) Nanoparticle 
distribution inside the domain. The particle size is quite uniform. 

 

Particle density and particle size were increased with deposition time. 
A cross-sectional TEM image of the deposition on Si substrate is shown in 
Fig. 3. One nanoparticle with irregular shape is found to be adhered to the 
surface of the background layer deposited on the Si surface. It was 
remarkable that there were no particles buried in the background layer. 
Therefore, these particles were supposed to grow in a space of plasma. 
Then, these particles were transported toward the substrate and adhered 
to the surface of background layer grown on Si substrate, when the 
discharge was switched off. If the particles were attached to the substrate 
surface during the discharge, a thin film same as the background layer 
should cover the particles as well as the background layer. As a result, the 
particles would be buried in the background layer. The result in Fig. 3 can 
be explained only when the particles arrive at the surface of background 
layer after the growth of the background layer. That is, the particles 
growing in the plasma attached to the background layer surface at the time 
when the discharge was switched off. 

 

 
Fig. 3 Cross sectional view of the deposition inside the domain, shown in Fig. 1. One 
nanoparticle, shown by a red circle, adhered to top surface of background layer 
deposited on Si substrate. 

 

It is well known that the particles of several 100 nm can be charged 
negatively by electron attachment in the plasma [31]. These charged 
nanoparticles would be electrically trapped and levitated at the sheath 
edge in front of the substrate. Finally, these particles would be detrapped, 
when the discharge was switched off. Then, these particles were 
transported toward the substrate and arrived at the surface, and adhered 
to the surface of the background layer just after switching off the plasma 
discharge. The particle size and density were increased with time during 
their trapping. 

Next question is why the domain is produced. The nanoparticles 
levitated in the sheath edge would distribute homogeneously in front of 
the substrate because of the force balance acting on these particles in the 
space, i.e., gravity, ion drag, force and electrostatic forces. On the other 
hand, condition of the surface of the background layer might be 
inhomogeneous, depending on the initial Si surface condition. Therefore, 
the particle adhesion was supposed to be caused by such surface 
condition. Assuming that there existed surface charge inhomogeneity on 
the background layer, negatively charged nanoparticles would preferably 

move to relatively positive area by attractive force acting on the particles, 
rather than to relatively negative area evolving repulsion force. The 
surface charge inhomogeneity of the background layer would depend on 
the initial condition of Si substrate. 

In order to verify the above hypothesis, two deposition processes were 
adopted, i.e., the first step for pretreatment process of Si surface during 5 
min deposition, and the second step for successive 30-min deposition 
process similar to the previous experiment as in Fig.  2. Here, pretreatment 
in the first step was established by covering Si surface by a fine grid of 635 
mesh/inch made of stainless steel (wire diameter 20 μm, wire distance of 
40 μm) as schematically shown in Fig. 4(a). ZnO thin film was 
simultaneously deposited not only on the top wire surface, but also on the 
Si surface through an open space between wires of mesh. Time duration of 
5 minutes is too short to generate visible nanoparticles as in usual 
experiments. Therefore, only thin background layers made of ZnO film was 
deposited both on wires and Si surface between wires. 

 

 
Fig. 4 (a) First step for pretreatment of Si substrate. Patterned Si substrate is 
produced by plasma sputtering with fine mesh of 635 mesh attached to Si substrate 
and  (b) Second step for main plasma sputtering with a patterned substrate. 

 

After taking out the mesh, the second step deposition was proceeded 
for 30 min as in Fig. 2, as shown in Fig. 4(b). Fig. 5 shows the depositions 
on a patterned substrate after the two processes. It was clearly observed 
that the particles were selectively adhered only to the shallow area (Circle 
1) behind the mesh. The close up SEM image is shown in Fig. 6(a), where 
many nanoparticles are adhered. On the other hand, no nanoparticles 
were adhered to the open area (Circle 2) between wires of mesh as also 
shown in Fig. 6(b). 

 

 
Fig. 5 SEM image of the deposition on patterned Si substrate. Circle 1 corresponds to 
the shallow area behind wires of mesh. Circle 2 corresponds to the open area 
between wires of mesh. Nanoparticles are observed only at the area behind wires of 
mesh (Circle 1). 

 

 
Fig. 6 Magnified SEM images of the depositions on patterned Si substrate (a) behind 
wires of mesh (Circle 1 in Fig. 5) and (b) between wires of mesh (Circle 2 in Fig. 5). 
Nanoparticles are observed only in (a), but no particle is adhered in (b). 

 

A model of patterned domain formation in the above processes is 
schematically shown in Fig. 7. Here, it should be noted that background 
layer would deposit on the top surface of wires and not deposit on the 
masked shadow area (Circle 1) of Si surface during the first step, because 
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the wires of mesh, acting as a mask, made shallow on the Si substrate (see 
Fig. 7(a)). Here, dotted arrows directed downward show the flow of ions 
and radicals of ZnO*, Zn*, and O* for the background layer formation. On 
the other hand, background layer would deposit directly on the open area 
(Circle 2) of Si surface with the same height as those on the wires, because 
no shadow effect was acting from wires of mesh. In this way, a patterned 
substrate with a height difference of background later was produced after 
the first step treatment. Since the background layer was consisted of ZnO 
semiconductor, local electric conductivity between the background layer 
surface and Si surface depends on the height of background layers. 
Conductivity will be increased in the thin layer (Circle 1), while the 
conductivity will be relatively low in the thick layer (Circle 2). In the 
second step, the background layer further grew with an equal height on 
the patterned substrate as shown in Fig. 7(b). During this growth of 
background layer, negatively charged nanoparticles were also growing 
simultaneously in the plasma and levitated in front of the substrate. 

 

 
Fig. 7 A model of domain formation. (a) 1st step: patterning of background layer 
deposition by using wires of mesh as a mask. Dotted arrows directed downward 
show the flow of ZnO*, Zn*, and O* for background layer formation. Circle 1: masked 
shadow area, Circle 2: open area with background layer deposited. (b) 2nd step: 
nanoparticle formation using a patterned substrate. Negatively charged particles are 
levitated in the plasma. Relative surface charge difference ΔQ induced on background 
layer surface. And (c) Switching off discharge causes selective adhesion of 
nanoparticles to patterned less negative charge area to form a patterned domain. 

 

During the discharge, the surface of background layer would be also 
negatively charged by the electron flow from the plasma, evolving a so-
called sheath potential. However, these negative charges would leak to 
external circuit through background layer and Si substrate with finite 
conductance. Since such charge leakage depends on the conductivity, there 
appears patterned inhomogeneity of surface charges ΔQ on the 
background layer. During the discharge negative surface potential 
repelled the negatively charged particles. However, once the discharge 
was switched off, the surface negative charges started to leak to the 
external circuit through background layer. Decay of negative charges at 
the thin background layer was faster that that at the thick background 
layer. Then, relative surface charge difference ΔQ would be induced on 
background layer surface. Then, the negatively charged nanoparticles 
could move to such thin film area with relatively positive potential, and 
could adhere to the background surface as shown in Fig. 7(c). On the other 
hand, negative charges remained at thick film area would repel negatively 
charged particles, then no particle adhesion takes place in this area. In this 
way, the surface charge difference ΔQ evolving on the patterned substrate 
during the deposition plays a key role for the selective particle adhesion. 
Negatively charged nanoparticles were preferentially adhered to 
relatively thin film area patterned by the mesh template and eventually a 
patterned domain was generated. 

 As shown in Fig. 2 the domain can be naturally formed without 
patterning the substrate, although the shape is quite irregular. This 
domain formation is also related to the initial surface condition of Si 
substrate. In our experiment the surface of Si substrate was usually 
cleaned by methyl alcohol. The surface was wiped by hand with fine 
tissues wetted with methyl alcohol. It was found that initial surface 
condition was determined by this cleaning process. Here, we adopted the 
following cleaning process. In the first process, Si substrate surface was 
wiped by fine tissue with methanol only in one direction linearly for 
several times, and then, as the second process, the surface was wiped 
linearly for several times in the other direction with an angle of about 45 
decrees with respect to the initial direction. After these cleaning 
procedures, similar deposition experiment was proceeded under the same 
conditions as in Fig. 2. The result is shown in Fig. 8, where we can find a 
linearly aligned nanoparticles along two directions with an angle of about 
45 degrees. That is, the nanoparticles are adhered only on lines with 
different angle made initially in the cleaning process.  

 

 
Fig. 8 Linearly aligned nanoparticles arrays in two directions with an angle of about 
45 degrees 
 

It was also observed that natural drying process of much amount of 
methanol after linear wiping caused self-organized circular domains with 
circular patterns of nanoparticles inside as shown in Fig. 9. Nanoparticles 
were selectively adhered to circular area, forming a circular domain where 
nanoparticles arranged circularly inside. The initial patterning would be 
closely related to an evaporation phenomenon of methanol from Si 
surface. Methyl alcohol evaporates from Si surface, forming many small 
circular islands of micron scale during the evaporation, where circularly 
patterned materials containing methyl bonding might be left on the Si 
substrate. This technique would be very convenient for an application to a 
circular domain formation of nanoparticles in future. 
 

 
Fig. 9 (a) Self-organized domains of nanoparticles with circular and linear 
arrangements, and (b) Magnified image of a rectangular area in image (a)  

 

4. Conclusion 

We focused on the control of domain formation of ZnO nanoparticles in 
Ar/O2 plasmas. The domains could provide only a limited area for the 
nanoparticles adhesion. The size and shape of the domain produced 
naturally were quite irregular. However, the shape of the domains was 
controllable by patterning the substrate surface before the deposition. Our 
sputtering system was quite effective for controlling nanoparticle 
adhesion only to a pre-patterned limited and selected area called a 
domain. 
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