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Abstract 

Graphene has achieved an amazing interest from the science community 
through the world in term of multidisciplinary fields of nanotechnology owing to 
its outstanding mechanical, thermal, and physical characteristics. The plasma-
related etching of chemical vapor deposition (CVD) grown-graphene and 
graphene oxide (GO) utilizing different methods related to chemistry, physics, 
nanotechnology, and engineering are emerging as the “hot issue” for achieving 
the thinner graphene layer and cleaner surface in order to improve their 
electronics and optoelectronics in high performance device fabrication. The 
resided impurities and the high roughness surface due to the nature of 
graphene materials induced the deteriorating in its performance. Removing the 
impurities by surface cleaning or plasma-related graphene etching regarding 
layer-by-layer thinning method as the top-down lithography. In particular, the 
plasma-related graphene etching which is no inducing any damage for graphene 
lattice while maintaining the bonding-π  of its, which affects conductivity will 
be attracting study and highly demand. This mini review will briefly address 
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the recent advances of etching technology based on emerging plasma strategies. 
From here, it could be used to apply similarly for the etching on other 
nanomaterials. 

1. Introduction 

By the mechanical graphite exfoliation utilizing the scotch tape in 
2004 [1, 2], an ultrathin graphene layer has discovered and emerged as 
the most promising nano-sized material with the amazing electronic 
properties [1-17]. Unfortunately, the conductive graphene with gapless 
characteristics limited its novel physical and chemical properties. 
Therefore, the modification of graphene by using various strategies 
related to chemistry, physics, nanotechnology, and engineering for layer-
by-layer removal or contaminant removal is desirable for highly 
performance applications (Figure 1). To do this, the etching technology 
shows the great ability and gets the interests of the scientists and 
researchers in academy and industry through the world [18-27]. 

 

Figure 1. Schematic of plasma-related etching of graphene multilayers 
by chemistry, physic, nanotechnology, and engineering for tuning their 
electronics. 
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Some novel methods have found out including (i) plasma (the 
inductively coupled plasma (ICP), neutral beam assisted atomic layer 
etching (ALET), ion beam ICP, the reactive ion etching (RIE)) [18-25],    
(ii) the chemical vapor deposition (CVD) [26], or (iii) thermally activated 
Fe nanoparticles [27]. Plasma has been used to etch fine features in Si 
integrated circuits in the last four decades [18]. Among the many 
breakthroughs that were required to make this all possible, plasma 
etching plays an important role for the silicon ( )2SiOSi,  and nonsilicon 

(metal)-based devices. In this editorial, I would like to present the role 
and the progress of the etching processes on graphene using different 
innovation methods, in addition, the related applications are also briefly 
addressed. 

Foremost, the plasma etching showed the superior advantages, for 
instance, easily to scaleup as well as manipulation and mass production. 
By using the 2O  plasma, the graphene multilayers were etched well on 

various substrates such as 2SiO  [19, 21], or on SiC [20]. In 2014,            

Al-Mumen et al. reported a singular sheet etching from bilayer graphene 
using 2O  using the grounded electrode ICP and RIE systems regarding 

the different plasma directions (vertical and horizontal plasma etchings) 
(Figure 2(a)) [19]. However, this method introduced the few defects on 
both, but the defects occurred much less if treated by the ICP compared 
than the RIE due to the higher energy damage from the RIE. The Raman 
data also provided the proof through the disorder characteristics based 
on the GD II  ratio which are 0.94 and 1.18 of when using the RIE and 

ICP, respectively [19]. Treating on another substrate, SiC, the water 
droplet contact angle data changed from 92.7° (multilayer), 91.9° 
(bilayer), 92.5° (single layer) down to 70° when one layer etched away at 
the conditions of 10W and 2 min of epitaxial graphene (Figure 2(b)) [20]. 
In another report, by nanosphere lithography using low-power 2O  

plasma etching, Liu et al. showed the ordering of etched graphene 
nanoribbons (GNRs) on 2SiO  was well-formed with different shapes 

including branches, chains, connected rings, and circular rings (Figure 
2(c)) [21]. 
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Figure 2. (a) The schematic of the graphene etching process by 2O  

plasma. (b) The schematic of epitaxial graphene on SiC after etching, the 
contact angle was reduced from 90° to 69°. (c) On-chip device based on 
oxygen-etched nanosphere graphene; (a) is reproduced with permission 
from [19], copyright 2014, Springer. (b) is reproduced with permission 
from [20], copyright 2010, American Chemical Society. (c) is reproduced 
with permission from [21], copyright 2011, Wiley-VCH Verlag GmbH & 
Co. KGaA, Weinheim. 
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Another method in combination of plasma treatment and post-
annealing for layer-by-layer etching, Yang et al. utilized the 2N  plasma 

and post-annealing ( 2OAr  mixture in 900°C). As the result, this dry etch 

method thinned the layer-by-layer successfully from the intrinsic 
multilayer graphene (Figure 3(a)) [22]. 

In a recent innovative etching method was showed by Lim et al. [23] 
and Kim et al. [24], Lim et al. utilized a neutral beam assisted ALET for 
a two-step process of 2O  radical absorption and desorption Ar neutral 

beam irradiation (Figure 3(b)). Consequently, the multilayer graphene 
was etched layer-by-layer. Although, this plasma etching method is much 
better than the previous report [19-22], however, the defects still occur 
slightly on the graphene as the D peak of the showed Raman spectra [23]. 
Therefore, in the most recent report in 2017, Kim et al. innovated by 
inserting the double mesh grid between the plasma source and the 
substrate holder in plasma system (Figure 3(c)) [24]. By this strategy, the 
damage on graphene surface did not occur during a new two-step plasma 
etching process using the 2O  radical chemical absorption and desorption 

Ar physical ion beam irradiation in ICP system with the controlled 
plasma energy at lowering (11.2eV) [24]. 
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Figure 3. (a) Schematic of one-layer removal etching process by plasma 
irradiation ( 2N  gas) and oxidative etching (annealing in Ar and 2OAr ). 

(b) Schematic of atomic layer etching (ALET) of graphene by 2O  radical 

absorption and desorption Ar neutral beam irradiation. (c) Schematic of a 
two-grid ICP-type ion beam system for graphene etching by 2O  chemical 

absorption and physical desorption low-energy Ar ion beam. (a) is 
reproduced with permission from [22], copyright 2011, IOP Publishing. 
(b) is reproduced with permission from [23], copyright 2012, Elsevier. (c) 
is reproduced with permission from [24], copyright 2017, Nature 
Publishing Group. 

In addition, there are still strategies in many different reports on the 
etch treating of graphene surface such as plasma etching by 2HAr  

mixture in RIE (Figure 4(a)) [25], or Helium (He) ion beam lithography 
etching (Figure 4(b), (c)) [26], or low energy He plasma etching (Figure 
5(a)-(d)) [27]. But the demonstrated results showed high defects with 
high D bank in Raman spectra [25]. As compared to the existing 
methodologies developed for etching above [26, 27], the etching method in 
Kim et al. [24] revealed the most superior to date due to the free-damage 
and perfect layer-by-layer etching on graphene surface during the plasma 
etching from this innovative system. 
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Figure 4. (a) Schematic of the reactive ion etching (RIE) system using 
Ar/H2 mixture for etching of graphene/ .SiO2  (b) Schematic of a graphene 

device. Inset: photograph of the microscope chamber with installed chip. 
(c) HeIM image (with false color) of a suspended graphene device after 
etching with minimum feature sizes of about 10nm. (a) is reproduced 
with permission from [25], copyright 2011, AIP Publishing. (b)-(c) are 
reproduced with permission from [26], copyright 2009, American 
Chemical Society. 
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Figure 5. (a) Multilayer graphene before and (b) after He plasma 
exposure; (c) few-layer graphene before and (d) after He plasma exposure. 
(a)-(d) are reproduced with permission from [27], copyright 2012, IOP 
Publishing. 
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For applications from the plasma-related graphene etching studies 
with various strategies and their related applications as summarized in 
Table 1. A chip device based on nanosphere-etched GNRs by low-power 

2O  plasma have carried out [21], and showed the superior electronic 

quality device as well as achieved the expected GNRs architectures 
(chains, branches, circular rings). Or a transistor has fabricated as a 
metal-oxide semiconductor (MOS), unfortunately, the etching effect of 
graphene was obtained but simultaneously the high energy plasma 
damage also occurred in resulting the poor electrical characteristics [23]. 
Or the fabrication of the monolayer-deep pattern based on the etched 
graphene by 2N  plasma and annealing in ,OAr 2  Yang et al. showed its 

rather quality with a few defects [22]. Or for fabrication of FET device 
based on the thinned graphene sheet by He ion beam etching, as the 
result, the graphene sheet was as thin as 10nm size [26]. 
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Table 1. A summary of plasma-related graphene etching strategies and 
their related applications. Note that “NA” means “not applicable” 

Etching strategy Substrate 
Applications of 

etched-graphene 
Results Ref. 

Nanosphere lithography using  
low-power 2O  plasma etching 2SiO  

Chip device based 
on nanosphere-

shaped graphene 
nanoribbons 

(GNRs) 

Superior electronic 
quality and achieved 
GNRs architectures 

included chains, 
branches, circular 

rings, and connected 
rings at low cost 

[21] 

2O  plasma etching SiC NA NA [20] 

2O  plasma etching by ICP-RIE 2SiO  NA NA [19] 

2N  plasma + Post annealing 

(Ar/ 2O ) 2SiO  
Monolayer-deep 

patterns 
Thinned graphene 
with good quality 
with few defects 

[22] 

2O  absorption + Ar etching  
by neutral beam 2SiO  

Metal-oxide 
semiconductor 
(MOS) devices 

Poor electrical 
characteristic due to 
high energy damage 

[23] 

2O  absorption + Ar etching  
by ion beam 

2SiO  NA NA [24] 

Reactive ion etching (RIE)  
system using Ar/ 2H  mixture 2SiO  NA NA [25] 

He ion beam lithography  
etching 2SiO  FET 

Suspended graphene 
size about 10nm 

[26] 

Low energy He plasma etching 2SiO  NA NA [27] 

2. Conclusion 

In general, there are still many unexploited huge potentials from the 
etched graphene products. But, the perspectives on that would be bright, 
in addition, if these etching methodologies are applied to the other low-
dimensional materials such as transition metal dichalcogenides (TMDs) 
or transition metal carbides, nitrides, and carbonitrides (MXenes). Surely 
that, it could unlock a new chapter in many further high-quality 
electronics and optoelectronics. The increasing the controlled bandgap of 
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2D materials would be raising up the current on-off ratio, 
photoluminescence, and other unexploited and unexplored exotic 
properties. Especially, the layer-by-layer etching of 2D materials by low-
energy plasma (low-damage, neutral beam, ion beam) without inducing the 
physical and chemical damage has successfully demonstrated in 2017 [24]. 
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