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Abstract: Building 1D nanostructures like nanowires is important for numerous applications. 
Plasmas present a great opportunity since nanowires in plasmas are produced not only faster 
but in bulk quantities with high quality. An extreme importance here is understanding of the 
basic mechanisms underlying growth of any type of metal oxide nanowire. Moreover, it is 
important to understand the mechanisms of growth in low-pressure and atmospheric-pressure 
plasmas in comparison to high-temperature but the thermally stable gaseous environment. 
Here we are on the quest for deterministic concepts of plasma synthesis for nanowire growth 
or even their subsequent conversion principles.  
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1. General 

In the recent direction of research, plasmas are being 
used more and more for tailoring or synthesis of 
nanomaterials and advancing their properties, for example, 
to make them more efficient in catalysis or used as 
electrodes for water splitting.[1,2] Low-temperature plasmas 
have already proven to be a great source for the surface 
manipulations or supplying building blocks for 
nanomaterials and growth.[3] Similarly, such growths are 
also obtained at atmospheric pressure conditions, where 
impinging plasmas synthesise various types of 
nanostructures on surfaces.[4] Furthermore, the specific 
plasma-surface interactions are leading to synergistic 
effects, where very little is understood regarding basic 
processes taking place. To understand these processes at 
the atomic scale and mechanisms taking place, we 
implemented different low-pressure and atmospheric-
pressure plasma treatments of nanoscale materials such as 
nanowires or nanoparticles. As results of interactions of 
various plasma species including ions, electrons or neutral 
atoms, the intrinsic properties of nanomaterials change as 
well as different nanostructures are grown on surfaces. 
These observations are supported by analytical methods in 
order to unravel what is occurring on the nanomaterial 
surface or bulk. Through the changes in the crystalline 
structure of a material, the growth of thin layers or 
reorganisation of its surfaces, the functionality of materials 
in applications such as gas sensing, liquid purification or 
similar, are significantly changed. The typical case of such 
1D nanomaterial growth are nanowires of metal oxides.[5] 
Here in addition to growth in different plasmas and 
studying the role of plasma species, a comparison to 
thermally grown nanowires is done.[6] In some cases, the 
exhibited growth of nanowires grown at high-temperatures 
doesn’t match nanowires grown in plasmas. Metal oxides 
seem to be the easiest nanowires to grow, however, 
sometimes subsequent conversions to nitrides or sulphides 
or even reduce oxide forms are needed. All these can be 
achieved by using various approaches utilising either 

plasmas or separated species created within and compared 
to neutral gas molecule interactions.  

2.  The case of  copper-oxide nanowires 

To highlight previously stated remarks, a case of plasma 
grown copper oxide nanowires is given, due to its 
difficulties in growth. The nanoscaled copper oxide is one  

 

Fig. 1. a) SEM image showing the Cu2O and CuO layers on Cu 
substrate oxidized in RF plasma discharge for t = 12 min; and (b) 
surface temperature versus processing time obtained by with time 
of growth as a parameter. 



of the most demanded and perspective materials playing a 
pivotal role in many nanostructure-based emerging 
applications. Some unique electrical and mechanical 
properties of these new generation nanostructures are 
potentially able to boost the characteristics of sophisticated 
up-to-day devices. Nevertheless, a nontrivial technique 
commonly used for the synthesis of CuO/CuO2 
nanostructures (in particular nanowires), as well as very 
complicated growth and nucleation mechanisms, are their 
stumbling blocks significantly hindering the occupation of 
a relevant application niche. Here, we theoretically and 
experimentally demonstrate that the ultramodern plasma-
based fabrication technique ensures avoiding highly 

unfavourable, uncontrollable growth intrinsic to the 
commonly used thermal oxidation method. Moreover, it 
enables switching the process to a rapid, target-saturating 
mode leading to fast, highly controllable nucleation and 
growth of thin, long, densely packed, highly crystalline 
copper-oxide nanostructures directly on the copper surface, 
without involving any additional precursors and catalysts 
in the process. The developed multiscale numerical 
simulations reveal the basic mechanisms behind the target-
saturating growth mode and the key control factors 
enabling highly predictable synthesis of dense oxide 
nanostructures of pre-determined size and surface density.  

 

3. Results and Conclusions 

The presented research unveils the fundamental aspects 
behind the plasma-supported growth of metal-oxide 
nanostructures and underlying oxide layers in the case of 
copper oxide nanowires.[7,8] Moreover, this is compared to 
the standard thermal growth of nanowires. The effect of 
plasma influence manifests in the fast growth of the oxide 
layers (tens of minutes) with a saturation of the oxide layer 
thickness with time. At that, the density of the ion current 
from plasma determines the saturation mode – the higher 
is the ion current, smaller is the thickness of the oxide layer 
at the fixed temperature of the growth. This behaviour 
differs greatly from the thermal growth of the 
nanostructures, where the parabolic law determines the 
dependence of the oxide layers and nanowires on time of 
the growth, with a typical growth time of about few hours. 

By use of the developed advanced model[9,10,11], the 
obtained growth dynamics of Cu2O and CuO oxide layers 
on copper exposed to an RF oxygen plasma discharge were 
investigated, and the mechanisms of growth were unveiled. 
According to the simulations results, the use of plasma 
affects greatly three parameters of the growth process, 
namely: i) a number of channels to deliver the copper 
atoms from the substrate to the growth area; ii) rate of the 
temperature increase at the substrate heating; and iii) the 
internal stress generation. The radiation defects generated 
at the ion bombardment are considered as the main reason 
for the saturation mode since the defects worsen the 
conditions for the short-circuit diffusion of the species 
necessary to grow the oxide layer. The growing density of 
the defects decreases the number of the channels through 
which the copper and oxygen are delivered to the growth 
areas on the oxide and inter-oxide surfaces at the short-
circuit diffusion. Fast heating of the surface by use of 
plasma, in contrast to the slow heating by use of the thermal 
methods, results in enhancing the diffusion of the species 
involved into the reactions, and, hence, ensures the fast 
growth of the oxide layers. The internal stress generated at 
the oxide layer cannot be relieved at such fast growth, thus 
enhancing the rate of the growth by decreasing the energy 
of activation of the processes. 

Since the density of NWs can be considered as a factor 
describing the production yield of the selected technology, 
the results allows considering the ion flux as a powerful 
tool to adjust the density of the NWs to a specified quantity 
by changing the density of the ion current in addition to the 
control of the sample temperature and gas pressure. The 
application of plasma can intensify the growth process and 
provides tailoring of the density of the NW arrays by 
selecting an appropriate value of the processing ion 
current. 

Fig. 2. Dependencies of the oxide layer thickness 
(Cu2O + CuO) (a) and number density of nanowires (b) on the 
time: solid lines are the results of calculations from model, 
error bars correspond to the results of the experiment. 
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Fig. 3. Dependence of length of Cu2O and CuO oxide layers on time for the thermal oxidation at 450 C (after Yuan et al.[12]) (a); Total 

thickness of the oxide layer (Cu2O + CuO) (after Xu et al.[13]) (b); Thickness of the oxide layers under atmospheric pressure at 500 C (c) 

and 800 C (after Zhu et al.[14]) 


