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The present comparative study on the morphological evolution of silicon 
(Si) surfaces generated by two different nanoetching methods: the DC 
jet plasma physical etching and the wet chemical etching with potassium 
hydroxide (KOH), with respect to the processing time (1, 2 and 3 min. The 
obtained surfaces were characterized by atomic force microscopy (AFM) 
and quantitatively analysed following the international area roughness 
standards (ISO 25178). The results showed that plasma etching is based 
on a nonlinear mechanism according to the Bradley-Harper theory and 
the sharpness of the nanostructures reached a maximum at 2 min before 
the start of ion polishing at 3 min. Chemical etching results in stable 
and uniform growth of nanopyramids with geometric dimensions and 
roughness increasing gradually with time due to anisotropic etching. The 
study reveals that plasma etching is best suited to produce sharp, isolated 
needle-like peaks in record time and KOH etching results in surfaces with 
a homogenous geometric distribution and stable functional surface area. 
These results provide a framework for nanosurface engineering and the 
selection of the best etching method based on the topographic requirements 
for advanced electronic and optical applications.

INTRODUCTION
Nanosurface engineering of semiconductors, 

especially Si, is an important foundation stone for 
the development of next generation optoelectronic 
devices and microelectromechanical systems 
(MEMS) [1]. The move from conventional flat 
surfaces to three-dimensional nanostructures 

gives vast possibilities to tune the physical and 
chemical properties of the material as the rise of 
the surface-to-volume ratio results in extremely 
enhanced surface-to-environment interaction [2, 
3]. In this context, plasma technologies, particularly 
DC plasma jet systems have emerged as strategic 
tools for the fabrication of these nanostructures 



3824

R. Lateef et al. / Evolution of Silicon Nanopins and Nanopyramids 

J Nanostruct 16(3): 3823-3834, Summer 2026

due to their ability to offer high ionic energies and 
better etching rates than conventional chemical 
methods [4]. In plasma etching, the mechanism 
is complex and involves physical ion sputtering. 
The final surface morphology is determined by the 
dynamic balance between the induced roughening 
and the diffusion-driven smoothing [5]. The 
most accepted mathematical model for this 
development is the Bradley-Harper Theory, which 
states that the surface instability and formation 
of nanostructures depend critically on the energy 
of the incident ions and the exposure time [6, 7]. 
However, there is still a research gap that needs 
to be addressed to have the ability to control 
the formation of nanospikes and their statistical 
distribution by DC jet plasma, despite the growing 
amount of knowledge in this field, especially if 
we want to correlate these advanced topographic 
properties to specific functional applications [8,9]. 

The most exciting aspect of these nanostructures 
is their outstanding performances in gas sensing 
applications. The electric field is concentrated at 
high concentrations in the “hotspots” formed by 
structures with high statistical parameters, such as 
kurrhagia( kuS) and symmetry ($S_sk$), promoting 
molecular adsorption and accelerating charge 
transfer between the gas and the surface [10, 
11]. This physical behaviour is the cornerstone to 
develop highly sensitive and selective gas sensors 
at room temperature, which is a major technical 
challenge in environmental and industrial sensing 
[12,13]. 

This study aims to systematically analyse 
the evolution of silicon surface morphology 
under the argon plasma for time periods from 
one to three minutes. This work is based on the 
ISO 25178 standards for quantitative analysis 
of the surface roughness with a focus on the 
morphological transition from sharp peaks to 
ion-polished surfaces. The work also provides a 
new physical insight relating etching time with 
improved performance of gas sensors, aiding in 
the development of new fabrication standards 
for silicon based nanosensor platforms with 
unprecedented performance parameters [14, 15]. 
Based on the research gap identified in previous 
studies, this research aims to investigate the 
dynamic effect of wet chemical etching time using 
potassium hydroxide (KOH) and plasma etching on 
the micromorphology and surface topography of 
silicon at very short times. The results presented 
show a detailed analysis of the silicon surface 
after one, two and three minutes of argon plasma 
etching with DC Jet technology and chemical 
etching. The data were acquired by atomic 
force microscopy (AFM) and analysed using the 
Mountains SPIP software. 

This mechanism is based on transfer of 
mechanical momentum from accelerated ions to 
surface silicon atoms. If the energy of the incident 
ion is greater than the binding energy at the 
surface, the silicon atoms are ejected mechanically 
[16].  This process allows for anisotropic etching, 
which leads to highly accurate pattern transfer at 

 

  
Fig. 1. Silicon Drilling using plasma DC.
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the nanoscale. However, heavy ion bombardment 
can introduce defects in the Si crystal lattice 
and thus the bias voltage should be carefully 
balanced [17]. In dc plasma systems, etching is 
accomplished by creating a strong electric field 
between two electrodes in a low pressure gaseous 
environment. If enough voltage is applied, the gas 
(for example, argon) ionises because the electrons 
hit the neutral atoms, forming a plasma of positive 
ions and free electrons [18]. These ions acquire 
high kinetic energy in the cathode fall zone where 
they are steered to the silicon substrate placed on 
the cathode. This process is described by Paschen 
law, which relates the breakdown voltage to 
the gas pressure and the distance between the 
electrodes [19].

Chemical etching is based on spontaneous 
surface-chemical interactions (with active gas 
in plasma or liquid solutions) instead of physical 

etching. The process involves three basic steps: 
Adsorption: gathering of reactant molecules 
on a surface; Surface reaction: cleavage of Si-Si 
bonds, formation of compounds by dry etching 
or wet etching; Desorption: loss of products from 
the surface by volatilisation or dissolution [20]. 
Chemical etching is highly selective, etching silicon 
without affecting the mask layers, but tends to be 
isotropic [21].

MATERIALS AND METHODS
Plasma Drilling

The bottle features an argon gas which is a 
major component of the plasma experimental 
setup that we used in this investigation. A high 
voltage DC power supply of about 12 kV. The design 
of a flow meter included calibrations for one for 
five L/minuet. In this work, argon intake for plate 
was controlled using a calibration rate of 2 litres 

      

 

      

 

  

  

Fig. 2. Topographic characterization and size distribution of nanoparticles on the silicon surface after 1 minutes of plasma 
etching. 
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per minute.1 cm above the liquid is connected to 
the anode end of the power source. Gas passes 
through a 1 mm-diameter needle. A conductive 
tape 6 cm long and 2 cm wide that sticks to the 
cathode inside the aqueous solution and has a 
flat tip of 1 x 1 cm at the end.A moveable sample 
holder that can accommodate different phases. 3. 
An electrical connection with electrodes attached 
to gas and liquid. 4. A power source. 

Chemical Etching
A solution with certain proportions was placed 

in a glass vessel on a previously prepared piece 
of silicone, which was purified from impurities. 
It was allowed to remain for a minute, and the 
same thing was done with a second piece for two 
minutes, and a third piece for three minutes. The 
material was washed with deionised water after 
the reaction time to quench the reaction.

RESULTS AND DISCUSSION
In Fig. 2, three-dimensional atomic force 

microscopy (AFM) images demonstrate dramatic 
change of the silicon surface topography after 
the exposure to the argon plasma (DC jet) for 
one minute. These modifications are attributed 
to physical ion sputtering where the accelerated 
positive argon ions transfer their kinetic energy to 
the surface silicon atoms, causing displacement and 
formation of random nanostructures. Microscopic 
scan shows big protrusions dispersed all over the 
surface, which indicates that the etching process 
was not completely homogeneous, as common 
behaviour when using inert gas plasmas during 
short periods of time

Average roughness aS, qS. The value of aS was 
about 14.07 nm. This result is in agreement with 
the study of Gabor et al [22] on early ion etching of 
silicon. They observed that the initial few minutes 

   

 

  
Fig. 3. Topographic characterization and size distribution of nanoparticles on the silicon surface after 2 minutes of plasma etching. 
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of plasma exposure induce irregular erosion of the 
native oxide layer, resulting in stochastic roughness 
as a consequence of the different interaction of 
ions with surface defects. Etching is not an orderly 
process at this stage but a ‘revealing’ of the raw 
silicon surface, which leads to an increase of 
the initial roughness values. The value of aS was 
found to be 21.57 nm. Such a relative increase in 
roughness with respect to raw silicon (qS) confirms 
the efficiency of DC Jet Plasma in modifying the 
surface in a record time: one minute.

The value recorded was 2.900. This is a positive 
value, which means the dominance of peaks on 
the surface instead of valleys. Physically, this 
meant plasma did selective etching leaving behind 
prominent atomic clusters. The kutality coefficient 
(kuS) The value reached 15.4 which is very high 
(since kuS < 3 indicates a tapered distribution). 
This suggests very sharp, isolated protrusions 
that can be used for applications such as electric 
field focusing or reduction of optical reflectance. 

Threshold detection analysis reveals the formation 
of 387 nanoparticles with numerical density of 
1.26×107 mm2. The average effective diameter 
of the particles was 42.24 nm and the maximum 
height of some peaks was 197.7 nm at nanoscale 
dimensions. The histogram shows that most of the 
nanostructures are in the small size range (less 
than 100 nm), which demonstrates the ability of 
the utilised technique to produce a rather uniform 
nanostructured surface even though the ion 
bombardment is random.

Fig. 3 presents three-dimensional atomic force 
microscopy (AFM) images of a silicon surface 
treated with 2-minute argon plasma (DC Jet) 
showing the formation of nanospikes across the 
entire scanned area. The surface topography 
displayed high, pointed protrusions emanating 
from the base of the surface, signifying a 
substantial ion sputtering effect on the initial 
flatness of the surface. Morphologically, the 
etching process has progressed beyond the initial 

         

    

  
Fig. 4. Topographic characterization and size distribution of nanoparticles on the silicon surface after 3 minutes of 

plasma etching.
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roughening stage to form well-defined vertical 
nanostructures. The surface topography features 
prominent sharp protrusions emanating from the 
surface base, which reflects a strong ion sputtering 
effect on the original surface flatness. From the 
morphological appearance it can be seen that the 
etching process has progressed from the initial 
roughening stage to the formation of distinct 
vertical nanostructures. Statistical analysis of 
the surface showed exact values that reflect the 
unique geometric properties resulting from two-
minute drilling, namely

Parameters of elevation aS and qS. The 
arithmetic mean roughness aS of the surface was 
9.326 nm, and the root mean squared value qS 
was 19.80 nm. These values show that the whole 
surface develops a relatively fine and regular 
nano-topography.

The azimuth value is approximately 6.676. 
This very high positive value is a strong physical 
indicator of a “peak-heavy” surface, where 
elevated protrusions dominate the elevation 
distribution significantly, as opposed to valleys. 

The kurtosis value reached a very high value of 
63.23. Values greater than 3 in surface topography 
represent a leptokurtic distribution, i.e. the peaks 
occurring are very sharp and isolated. This results 
in unique physical properties of the surface 
concerning the concentration of electric fields or 
light scattering. This phenomenon is intimately 
related to the so-called ‘self-induced micromasking 
effect’ discussed by Jansen et al [23] The study 
shows that the accumulation of some sputtered 
atoms in some places acts as nano-shields to 
protect the underlying surface from erosion 

while the vertical erosion continues around them, 
leading to very sharp and isolated peaks. The 
enormous increase in kuS supports the “differential 
erosion” described by Jansen, the surface being in 
its most sensitive state two minutes out due to the 
extreme sharpness of the peaks. 

The maximum height between the highest peak 
and deepest valley was found to be 281.3 nm. This 
confirmed the ability of the plasma to penetrate 
the surface and create significant changes in 
height at the nanoscale. 

The study area contains 839 particles 
(protrusions) with an enormous number density 
of about 4.16 × 107 particles per mm2. 

Surface coverage: The surface coverage of these 
particles was approximately 26.98%, suggesting that 
the etching has transformed more than a quarter 
of the surface area into protruding nanostructures.  
The average real diameter of these particles was 
55.09 nm and the average maximum peak height 
(z-maximum) was 214.4 nm. The histogram 
presents a distribution peaked in the small 
nanoscale, confirming the homogeneity of the 
nanoscale properties of the engineered surface. 
When the accelerated positive ions from the 
argon plasma impinge on it for 2 min, the atoms 
of the silicon surface are knocked out. The very 
high values of 63.23 kuS and 6.676 skS suggest 
that some surface areas showed higher etching 
resistance (perhaps due to redeposition of some 
ripped atoms or surface impurities) and acted as 
fine nanomasks that protected the underlying 
material from etching, while the surrounding 
areas continued to erode. This led to the 
formation of the observed sharp and elongated 

Parameter Units 1 Minute 2 Minutes 3 Minutes Trend Analysis 
Arithmetic Mean Height aS nm 14.07 9.326 2.568 Continuous Smoothing 

Root Mean Square Height qS nm 21.57 19.80 3.452 Significant Reduction 
Skewness skS - 2.900 6.676 1.014 Peak-dominated at 2 min 
Kurtosis kuS - 15.43 63.23 11.17 Extreme Spiking at 2 min 

Maximum Height zS nm 197.7 281.3 49.62 Peak at 2 min then 
collapse 

Particle Density mm2 1.26 * 107 4.16 *107 0.58 *107 Nucleation then 
Coalescence 

Mean Particle Diameter nm 42.24 55.09 70.69 Growth with Etching Time 

Surface Coverage % 14.50 26.98 5.892 Maximum efficiency at 2 
min 

 

Table 1. Comparative Surface Roughness and Particle Analysis Parameters for Silicon Etched by DC Jet Argon Plasma at 
Different Time Intervals.
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peaks explaining the high Zmax values, whereas 
the average aS roughness remained quite low due 
to the smoothness of the etched “floor” between 
these peaks.

Fig. 4 shows qualitative changes in the surface 
structure of silicon surface after argon plasma 
(DC jet) treatment for 3 minutes in 3D view and 
topographic maps. The surface is characterised 
by a highly homogeneous and extremely 
smooth nanoscale base with sharp isolated 
nanoprotrusions. The pseudo-color view of 
the surface shows that the etching process has 
smoothed most of the large random irregularities 
and a level surface has been formed from which tall 
high-profile nanostructures with distinct aspect 
ratios emerge. The surface is very homogeneous 
and very smooth on the nanoscale. However, it 
contains sharp isolated nanoprotrusions . The 
surface pseudo-color view suggests that the 
etching process smoothens out most of the large 
random irregularities. This results in a level surface 

from which tall and high-profile nanostructures 
with different aspect ratios are grown.Statistical 
analysis has yielded precise numerical values 
reflecting the physical state of the surface at this 
treatment time: 

The sample presented surprisingly low 
roughness values, where the arithmetic mean 
height aS was about 2.568 nm. The effect is 
consistent with the work of Zhu et al. [24] on 
“dynamic surface smoothing under long-term ion 
bombardment.” Zhu showed that prolonged ion 
bombardment causes surface diffusion processes 
that “cool” the sharp peaks and level the 
terrain—a phenomenon known as planarization. 
At nanoscale, the surface was smooth as the 
energy of self-diffusion overcame the etching force 
to remove the sharp peaks that started at minute 
two. This is in agreement with the Bradley-Harper 
model of surface stability. The root mean square 
(RMS) value of qS was found to be 3.452 nm. 
These low values correspond to the efficiency of 

     

 

  

  
Fig. 5. Topographic characterization and size distribution of nanoparticles on the silicon surface after 1 minutes of wet etching.
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the plasma to induce a full surface nanopolishing 
process at this treatment time.

The value was 1.014, a positive value confirming 
the continued preponderance of peaks to valleys in 
the surface elevation profile, and thus supporting 
the hypothesis of prominent protrusions above 
the smoothed base level. The kurtosis coefficient 
(kuS) was 11.17, which was much higher than the 
standard value (3), indicating a “highly pointed” 
(leptokurtic) surface elevation distribution. 
Physically this implies that the surface, while 
being overall smooth as demonstrated by the 
low aS-value, still shows very sharp and isolated 
protrusions.

The maximum elevation difference between 
the highest peak and the deepest valley reached 
49.62 nm, which shows the subtle local variation 
of surface topography.A threshold detection 
analysis showed that the nanostructures were 
created in a dense and well defined distribution, 
in terms of density and number: 758 nanoparticles 

(protrusions) were identified in the study area with 
a numerical density of 5.80 × 106 particles/mm2.

The average actual diameter of these particles 
was 70.69 nm. Interestingly, the average maximum 
height (Max Z) of these particles was 534.5 nm, 
with some maximum heights reaching 1453 nm at 
some points thanks to the dominance of the ion 
polishing mechanism during the 3 min treatment 
time. The continuous bombardment with high 
kinetic energy argon ions (Ar+) removes large 
surface irregularities and smoothens the random 
topography which accounts for the significant 
decrease in the value of aS. Simultaneously, the 
phenomenon of self-masking is very important. 
Some of the particles that have been drilled out 
and redeposited act as nanoshields protecting the 
areas below from vertical drilling. This leads to 
extremely sharp and elongated nano-protrusions 
(High Aspect Ratio). It is this interplay of global 
polishing and selective protected drilling that gives 
rise to this surface, which is extremely smooth 

   

 

 

     

 

  

Fig. 6. Topographic characterization and size distribution of nanoparticles on the silicon surface after 2 minutes of wet etching.
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and yet features protrusions with remarkable 
sharpness.

A Chemical etching for one-minute results in a 
surface roughness aS = 7.15 nm) and a root mean 
square height (qS = 8.44 nm). This behaviour is due 
to the chemical reaction of KOH with the silicon 
crystal, which is called “anisotropic etching”. 
The KOH solution attacks the silicon atoms at 
different rates depending on the atomic density 
of the crystal planes, where the etching rate in 
the <100> direction is much faster than in the 
<111> direction [25]. This variation leads to the 
appearance of regular geometric structures (such 
as truncated pyramids or grooves) rather than 
random protrusions.

The surface showed a positive symmetry value 
skS and kurtosis value kuS = 3.69 The kurtosis value 
close to 3 suggests that the elevation distribution 
is close to a Gaussian distribution with relatively 
stable, broad-based protrusions [26]. This 
suggests that one minute of KOH etching was 
sufficient to remove the surface layer and form 
regular microstructure “seeds”, but it was not yet 
sufficient to have a high needle sharpness as in 
other etching techniques, such as plasma etching. 
These results were in agreement with the study 
by Pal et al. (2021) [26] which confirmed that 
the initial stages of KOH etching of silicon lead 
to the formation of topography that is mainly 
dependent on surface chemistry and provides 

         

 

       
Fig. 7. Topographic characterization and size distribution of nanoparticles on the silicon surface after 3 minutes of wet etching.
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active sites for reaction, thus paving the way for 
an increased effective surface area [21]. The value 
of the kurtosis 3 shows that the distribution of the 
elevation is tending to the distribution of Gaussian 
with relatively stable and broad-based protrusions 
[27]. This means that one minute etching with 
KOH was enough to remove the surface layer and 
to form the regular microstructure seeds. But it 
was not yet the high needle sharpness which can 
be found in other etching techniques like plasma 
etching. These results are in accord with the study 
by Pal et al. (2021) [26] where it was confirmed 
that the initial steps of KOH etching of silicon result 
in topography formation which is predominantly 
governed by surface chemistry and provides 
active sites for reaction which in turn leads to the 
enhancement of the effective surface area [21].

The atomic force microscopy (AFM) analysis 
of the silicon surface after exposure to potassium 
hydroxide (KOH) solution for two minutes 
reveals a strong alteration of the nanostructure 
compared to one minute exposure. The etching 
time increase to two minutes leads to higher 
mean roughness (Sa) and root mean square (Sq) 
values. The increase indicates that the chemical 
etching process penetrates deeper into the 
silicon crystalline planes. As the chemical reaction 
proceeds, nanopyramids begin to grow and 
merge. Since the KOH solution etches the 100° 
direction much faster than the 111° direction, the 
slower-etched crystalline planes become more 
pronounced, increasing the contrast between the 
peaks and valleys on the surface [21]. The mean 
roughness (Sa) and root mean square (Sq) values 
were increased further with the etching time was 
increased to two minutes. Such increase indicates 
that the chemical etching process is going deeper 
to the planes of silicon crystals. As the chemical 
reaction progresses, the nanopyramids start 
growing and merging. The KOH solution etches 
the crystalline plane of 100° direction much faster 
than the 111° direction so the crystalline plane of 
the slower etching becomes more prominent and 
the contrast between the peaks and the valleys of 
the surface increases [21].

The results suggest that the kurtosis value kuS 
is gradually deviating from the number (3) and 
the symmetry value skS is positive. Discussion: The 
increase of the value of kuS indicates that the surface 
begins to have more “sharpness” on the peaks of 
the created pyramidal structures compared to 
the first minute. The distribution of the heights 

shows that the peaks are more dominant than the 
valleys. This development is in agreement with the 
results of Zubel et al. (2012) who pointed out that 
the morphology of silicon etched with KOH passes 
through a transitional phase between one and two 
minutes in which the random topography begins 
to disappear and is replaced by regular geometric 
structures with specific angles of inclination that 
match the crystal planes [28]. The sample etched 
for two minutes is more efficient in function than 
the one-minute sample. Discussion: The increase 
of the value of kuS indicates that the surface started 
to be more sharp at the tops of the resulting 
pyramidal structures than the first minute. The 
distribution of the elevation evidences that there 
are more dominant peaks than valleys. This result 
is in agreement with the results obtained by Zubel 
et al. (2012) who showed that the morphology 
of KOH etched silicon is in a transitional state 
between one and two minutes, when the random 
topography begins to disappear and is replaced by 
regular geometrical structures with certain angles 
of inclination which correspond to the crystal 
planes [28]. The two-minute etched sample is 
functionally more effective than the one-minute 
sample

The 3 min etching time was a stabilisation and 
integration step of the nanostructures on the 
silicon surface. AFM data revealed qualitative 
changes in topographical parameters when 
compared to previous times (1 and 2 min): 

The surface showed the highest values of mean 
roughness (Sa) and maximum peak height at 
this time. This continued growth shows that the 
KOH solution was able to penetrate the surface 
silicon layers where the nanopyria became more 
prominent and penetrated deeper. At this stage, 
the maximum depth of the grooves separating 
the peaks is reached, which indicates the high 
selectivity of the KOH solution for different 
crystalline planes [1]. Instead of just increasing 
the number of protrusions, we see a “volumetric 
growth” of the existing structures, where small 
peaks merge into larger and more stable pyramidal 
structures. This explains the increase in the value 
of Sq (root mean squared), which is sensitive to 
large deviations in altitude. At 3 minutes we see 
the kurtosis coefficient (kuS) and the symmetry 
coefficient (skS) to tend to stability or slight change 
towards a more “equilibrium” structure. This 
result agrees with the study of Tan et al. (2017) 
[29] where a chemical etching time of 3 minutes 
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was used for a “morphological equilibrium” state, 
in which the nanopyramids are tightly packed to 
fill the initial plane.

CONCLUSION
The work reveals that the dynamic mechanisms 

controlling the morphological evolution of Si 
surfaces are different for physical and chemical 
etching processes, which allows for high-precision 
nanosurface engineering for various technological 
applications. Quantitative analysis based on the 
ISO 25178 standard has revealed that the etching 
of plasma of argon (DC Jet Plasma) is characterised 
by a nonlinear course described by the Bradley-
Harper theory. At 2 minutes, ion-induced 
roughening mechanisms dominated, resulting 
in the formation of extremely sharp needle-like 
structures (nanospikes) with the highest kurite 
values kuS before surface diffusion processes took 
over at 3 minutes, leading to ion polishing and 
peak flattening. On the other hand, the chemical 
etching using KOH solution showed structured 
and cumulative behaviour under crystal selectivity 
(anisotropic etching), which resulted in steady and 
progressive growth of nanopyramid structures. 
These structures increased in geometry and 
roughness (Sa) with the curing time, without 
reaching a smoothing stage. This comparison 
validates that plasma etching is the most powerful 
tool to produce surfaces with a sharp concentrated 
topography () at critical times, and that chemical 
etching is a strategic option to produce surfaces 
with a homogeneous surface energy distribution 
and regular geometries. These results provide 
a complete framework for the understanding 
of the control of the silicon topography at the 
nanoscale, opening the way for the design of a 
new generation of silicon-based electronic and 
optoelectronic platforms by choosing the best 
etching technique and the time of the process to 
reach the topography properties of interest.
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