
Vol.:(0123456789)

Plasma Chemistry and Plasma Processing (2024) 44:1083–1104
https://doi.org/10.1007/s11090-024-10447-x

1 3

ORIGINAL PAPER

Development and Performance Evolution 
of Medium‑Pressure He/SF6/O2‑Based Plasma and Wet 
Chemical Etching Process for Surface Modification of Fused 
Silica

Hari Narayan Singh Yadav1 · Manas Das1

Received: 25 October 2023 / Accepted: 10 January 2024 / Published online: 5 February 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
The rising demand for precision optics widely employed in ground and space-based astro-
nomical instruments and other scientific instrumentation requires highly efficient advanced 
fabrication methods. Due to complex-shaped fused silica substrate surfaces like freeform 
or aspheres with strong curvatures or very small-sized components, a novel non-contact 
medium-pressure plasma-based method is developed to finish optical components. The 
present study critically compares the polished optical surfaces of a prism with a medium-
pressure plasma process and wet chemical etching to provide insight into their smoothing. 
The results show that surface roughness (Ra) increases from 0.54 to 2.61 nm and 0.53 to 
0.57 nm at 5 and 20 mbar total pressures, respectively, using a plasma process without sur-
face contamination. However, wet chemical etching increases surface roughness (Ra) from 
0.52 to 15.9 nm. The substrates’ surface morphology, elemental composition, and surface 
topography are analyzed using FESEM, EDX, and AFM. Moreover, subsurface improve-
ments are analyzed using Raman spectroscopy analysis.

Keywords  Optical material · Plasma process · Wet chemical etching · Surface roughness · 
FESEM · Raman spectroscopy
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PJM	� Plasma jet machining
PAMM	� Plasma-induced atom migration manufacturing
MPPP	� Medium-pressure plasma polishing
MRR	� Material removal rate
LIDT	� Laser-induced damage threshold
OES	� Optical emission spectrometer

Introduction

Fused silica is utilized to fabricate optical components such as lenses, mirrors, photonic 
crystals, and prisms [1]. Fused silica is commonly used in precision devices due to its out-
standing optical properties [2]. Surface finish, geometrical accuracy, and surface integrity 
necessities of optical components used primarily in inertial sensors such as accelerometers 
and gyros are challenging. However, its rigid and brittle properties make the components 
hard to process, as high surface quality is essential for manufacturing sectors and industries. 
The demand for good surface-quality optical substrates is growing because of the devel-
opments in the microelectronics and optics sectors [3]. Kogelschatz et  al. [4] discussed 
the dielectric-barrier discharges and their uses, including their history, discharge physics, 
and plasma chemistry. Plasma polishing is an effective technique for ultra-smooth finishing 
of brittle and hard substrates such as glass, fused silica, sapphire, crystal, quartz, etc. [5]. 
Schindler et  al. [6] proposed that high-performance optical components having aspheri-
cal surfaces, for instance, mirrors and lenses polished using plasma process, are becoming 
increasingly important for applications such as extreme ultraviolet lithography (EUVL), 
ultraviolet lithography (UVL), X-ray optical systems, and optical-satellite-communication 
components. Atmospheric pressure plasma polishing (APPP) is a non-contact machining 
method that removes atomic-scale material using low-temperature plasma chemical reac-
tions [7]. APPP is a non-contact finishing process that is influenced by several factors. An 
initial theoretical study and simulation show that radio-frequency (RF) power, gas ratio, 
and working distance are significant parameters [8]. Yadav et al. [9] studied the distribution 
of electron density, temperature, and potential for differently shaped substrate surfaces in 
the plasma chamber by using Comsol Multiphysics® and found their dependency on the 
geometry of the substrate. Gerhard et  al. [10] observed that the plasma process reduces 
surface scattering by significantly lowering the waviness and surface roughness of the sub-
strate. Thomas et al. [11] utilized atmospheric pressure plasma jet machining to create and 
rectify freeform optical surfaces (i.e., made of fused silica) flexibly and effectively while 
smoothening or polishing the surfaces. Gerhard et al. [12] reported that the plasma treat-
ment significantly reduces the transmission of the glass samples. Moreover, the ellipso-
metric analysis revealed a reduction in the superficial index of refraction of around 3.66% 
at a wavelength of 636.7 nm. Arnold et al. [13] reported that plasma jet machining (PJM) 
technology depends on deterministic plasma-assisted material removal. It can produce and 
rectify medium and small-sized optical complexes and freeform components. APPP tech-
niques are used in industries to achieve the sub-nanometre level surface finish. Li et al. [14] 
reported that plasma-induced atom migration manufacturing (PAMM) produces large opti-
cal substrates with outstanding optical performance and long operational life. It can pro-
duce highly efficient damage-free surfaces at a cheap cost. The concentration of elements, 
i.e., Ce, K, and H, are determined in the adjacent surface layer of the finished samples 
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using secondary ion mass spectrometry [15]. However, these processes are not determinis-
tic with respect to ‘zero surface defects’ and do not eliminate subsurface damages.

Dev et  al. [16] developed a medium-pressure plasma polishing (MPPP) for polishing 
navigation-grade inertial sensors. The result reveals an ultrafine surface finish on the com-
ponent’s surface with ‘zero’ surface or sub-surface damage. Yadav et  al. [17] reported a 
highest 13% decrease in strained and damaged layers of fused silica using MPPP at opti-
mal conditions, i.e., 90:10 gas composition (He: (SF6 + O2)), 1:1 pressure ratio (SF6/O2), 
20 mbar plasma chamber pressure. Yadav and Das [18] reported a 3.59% change in surface 
roughness and MRR of 0.012 mm3/min utilizing MPPP at optimized parameters, i.e., 60 
W RF power, 3 pressure ratio, and 14.3 mbar total pressure using response surface meth-
odology. MPPP integrates the advantages of low-pressure plasma etching, which includes 
isotropic material removal from all surfaces simultaneously via ions, with the character-
istics of atmospheric plasma processes, emphasizing chemical vaporization over physical 
ion bombardment. Therefore to overcome these limitations, non-contact, medium-pressure 
plasma-based techniques are utilized to finish the optical components while achieving 
defect-free surfaces. The medium-pressure plasma process is conducted in a closed cham-
ber inside a vacuum environment, unlike the atmospheric-pressure plasma process per-
formed in an open environment (as reported in the literature). Hence, there is a rare chance 
of surface contaminations on fused silica substrate as no foreign particles are employed 
during the medium-pressure plasma process, unlike in the atmospheric pressure plasma 
process, where substrate surface contamination is a significant issue.

Wet chemical etching removes the damaged surface and subsurface layer, compromising 
the surface finish and significantly degrading the topography [16]. Feit et al. [19] revealed 
that fluoride-based wet chemical etching of fused silica optical substrate aids in opening 
surface cracks for diagnostic reasons, producing a surface topology, and as a potential 
mitigation strategy to remove damaged material. Cheng et al. [20] reported HF-based wet 
chemical etching and observed that the contamination is removed from fused silica. Exper-
imental testing is carried out to assess the effectiveness of etching by examining defect 
content, surface quality, and laser damage threshold on the etched surfaces. Ye et al. [21] 
reported that HF etching does not impact hardness, and there is no observable correlation 
between the laser-induced damage threshold (LIDT) and hardness. Etching leads to a slight 
increase in the laser-induced damage threshold. However, deep etching could potentially 
decrease the LIDT. Nevertheless, the hardness remains nearly constant during both etching 
and deep etching processes. Ye et al. [22] observed the development of scratch morpholo-
gies and evaluated damage performance compared to surfaces without brittle scratches. 
The findings indicate that wet chemical etching leads to the expansion of the scratches, the 
opening of microcracks, and the blunting of their edges.

The present study compares the medium-pressure plasma process and wet chemi-
cal etching of a cuboidal-shaped prism made of fused silica to provide insight into their 
smoothing, i.e., surface roughness, morphology, and topography. The purpose of employ-
ing MPPP is to eliminate subsurface damage while ensuring the absence of surface con-
tamination, specifically after removing the damaged layer from the surface. Subsurface 
damage (SSD) is an inherent defect resulting from mechanical processes like grinding and 
polishing.

In contrast to traditional mechanical machining methods, medium-pressure plasma pro-
cessing (MPPP) is a relatively modern technology that causes minimal subsurface dam-
age (SSD) when working with optical materials. The developed process aims to achieve 
a smooth surface finish on freeform surfaces while eliminating surface and subsurface 
damage. The atomistic material removal process has also led to decreased surface cracks, 



1086	 Plasma Chemistry and Plasma Processing (2024) 44:1083–1104

1 3

thereby improving surface integrity. It possesses the capability to remove material from the 
workpiece at the atomic level without the formation of a heat-affected zone or the initiation 
of micro-cracks that lead to surface or subsurface damage. The process is deterministic 
for complex and free-form surfaces. The novelty of the present medium-pressure plasma 
process is negligible surface contamination over the atmospheric pressure plasma process. 
Also, the novelty of the present study is that it gives the advantage of the current medium-
pressure plasma process over the other, i.e., medium-pressure plasma is better than wet 
chemical etching for the finishing of optical materials. In atmospheric pressure plasma, the 
polishing is conducted on a single spot, unlike the uniform polishing requirement over the 
entire surface in the medium-pressure plasma process (i.e., in the present study). An advan-
tage of medium-pressure plasma is the lower probability of surface contamination while 
achieving the desired surface finish. This study can benefit industries and organizations 
in finishing optical materials without surface contamination while eliminating subsurface 
defects after removing the damaged layer from conventional machining. Also, the medium-
pressure plasma process can substantially improve subsurface damage.The uniqueness of 
this process stems from its capacity to polish entire intricate 3D surfaces simultaneously, 
even in cavities inaccessible to conventional tools or beams. FESEM, EDX, and AFM are 
utilized to investigate surface morphology, elemental composition, and surface topography, 
respectively. Moreover, Raman microscopy is utilized to analyze improvement in the sub-
surface defects.

Materials and Methods

This section provides an in-depth discussion of the mechanism of the plasma process, the 
experimental setup and specifications, process parameters, and the preparation of substrates 
for medium-pressure plasma and wet chemical etching. Furthermore, a detailed analysis of 
the system design for wet chemical etching is also presented.

Mechanisms of Plasma Process

An advanced, novel, and damage-free method, i.e., medium-pressure plasma, is utilized to 
polish optical materials. In the initial phase, the process chamber is filled with the auxil-
iary gases (He, O2) and the reactive gas (SF6) in an optimal ratio, followed by ionization 
through RF power. The gases are energized within the plasma chamber, generating reac-
tive radicals, ions, etc. The generated radical causes a chemical reaction with the substrate 
surface, efficiently removing material at the atomic level. The reaction between a single 
fluorine radical and fused silica is illustrated in Eq. (1) [18]. The mechanism of the plasma 
polishing process is shown in Fig. 1.

Experimental Setup of Plasma Process

MPPP is designed and developed for the uniform finishing of optical components up 
to 40 mm in length. The schematic and actual diagram of the MPPP system include a 
vacuum system and various gas units necessary for plasma processing, as presented in 

(1)SiO
2
+ 4F → SiF

4
↑ +O

2
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Fig.  2a and b, respectively. The plasma chamber is fabricated using zerodur material. 
The system comprises a vacuum pump and various gas-feeding lines that are linked to 
the plasma chamber. The electrodes are positioned externally to the plasma chamber 
and are not in touch with the plasma chamber, a unique aspect of this experimental 
setup, as shown in Fig. 2a with parts no. 8 & 9. Medium pressure is chosen for plasma 
processing to prevent ions from impacting the substrate. Furthermore, an RF excitation 
scheme with a dielectric barrier is employed to minimize electron heating and facilitate 
the chemical interaction of reactive free radicals with the surface atoms of the work-
piece. An RF excitation frequency of 40.68 MHz is chosen to reduce ion bombardment 
to a minimum.

The plasma chamber is linked to the vacuum system and connected to three gas sup-
ply lines. The fiber optic probe head of the optical emission spectrometer is employed to 
measure the species’ densities in the energized states, which is very useful for interpret-
ing the mechanism of material processing under the plasma process. In MPPP, working 
gases, such as reactive gas, i.e., SF6, and processing gases (He, O2), are admitted into 
the process chamber. The specifications of the plasma processing setup and its operating 
parameters are illustrated in Tables 1 and 2, respectively.

System Design for Wet Chemical Etching

Wet chemical etching is used to remove material from freeform and complex surfaces. 
Initially, the substrate is prepared using the traditional machining processes. The sub-
strate is then dried at room temperature after being thoroughly cleaned in deionized 
water using an ultrasonic cleaner. Substrates are treated by being submerged in the solu-
tion of HF and H2SO4 as illustrated in Fig. 3. During wet chemical etching, the etchant 
reacts with the material surface through various chemical reactions, including disso-
lution, oxidation, and reduction. During experiments, the fused silica substrate is sub-
jected to wet chemical etching using a mixed solution consisting of hydrofluoric acid 
and sulfuric acid with a volume ratio of 2:1.

Fig. 1   Mechanism of plasma polishing process
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Results and Discussion

This section discusses the polishing results of optical components before and after pro-
cessing. A comparative study between the plasma process and wet chemical etching is 
also discussed.

Fig. 2   Medium-pressure plasma polishing experimental setup a schematic diagram and b actual setup
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Qualitative Analysis of Plasma Discharge at Various Pressures and Power

Preliminary experiments involving the use of a helium (He) plasma are conducted to 
study and analyze the extent of plasma discharge occurring within a plasma chamber. 
Such experiments are often essential to understand the behavior of the plasma and 
gather important data before proceeding with more complex or detailed investigations. 
Experiments are conducted at varying pressures with different RF power to compare the 
plasma discharge within the plasma chamber. An increase in plasma discharge directly 
influences the plasma polishing process. A complete plasma discharge uniformly 
removes material from the substrate [13]. The removal of material from the substrate 
during processing depends on the quantity of discharge inside the plasma chamber. 
Figure 4 shows the qualitative measurement of plasma generation at various pressures 
inside the plasma chamber. Qualitative measurement of plasma generation refers to the 
assessment and description of the characteristics and properties of a plasma, typically 
without relying on precise numerical values or quantitative data. The author measures 
the discharge % by (1) observing the color and appearance of the plasma, which can 
provide information about its discharge percentage, (2) using spectroscopy to analyze 
the spectral lines and emission spectra of the plasma, (3) examining the visual patterns 
or shapes of the plasma. The experiments are repeated three times for every pressure, 
and the average value of these three measurements is calculated to get the response, i.e., 
discharge percentage. The flow rate (sccm) of He gas is measured corresponding to the 
individual plasma chamber pressure, as illustrated in Fig. 4.

Table 2   Process parameters of 
medium-pressure plasma process

Parameters Range Unit

RF power 80 W
SF6 flow rate 1.9 sccm
O2 flow rate 0.49 sccm
He flow rate 10 sccm
Chamber pressure 5 & 20 mbar
Processing time 40 mins

Fig. 3   Schematic of wet chemi-
cal etching setup



1091Plasma Chemistry and Plasma Processing (2024) 44:1083–1104	

1 3

Pressure 
(mbar)

Flow rate 
(sccm)

Plasma discharge at various RF powers
20 W 40 W 80 W

5 mbar 8 sccm

80-85% 90-92% 100%

10 mbar 17 sccm

85-90% 92-95% 100%

15 mbar 32 sccm

90-92% 95-97% 100%

20 mbar 45 sccm

75-80% 80-82% 100%

30 mbar 80 sccm

60-70% 60-70% 60-70%

40 mbar 125 sccm 

25-30% 30-32% 30-35%

50 mbar 177 sccm 

17-20% 20-25% 25-30%

60 mbar 235 sccm 

10-12% 12-14% 12-15%

Fig. 4   Qualitative discharge percentage at various pressures and power
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Chemical Properties of Plasma Species

The spatial distribution and consistency of chemically reactive radicals in the plasma 
chamber will strongly influence surface roughness and material removal. An optical 
emission spectrometer (OES) is used to monitor the plasma at specific wavelengths. It is 
a non-invasive spectroscopic method for real-time monitoring during plasma polishing. 
Plasma polishing experiments are conducted on fused silica prism with varying pressure 
ratios (SF6/O2) between 1:2 to 3:1 for a total pressure of 5 and 20 mbar with a polish-
ing time of 40 min. Figure 5 illustrates the intensities of activated fluorine atoms (i.e., 
F atoms) at different wavelengths with varying pressure ratios for a total pressure of 
(a) 5 and (b) 20 mbar. It is clear that the intensity increases up to 1:1 and then further 
decreases, especially for the F atom spectrum at a different wavelength. Moreover, the 
results show the intensity at 5 mbar is higher than 20 mbar. The previous literature also 
reported that at a wavelength of 685.60 nm, the intensity of exited F atoms reaches its 
maximum value [23]. The presence of O promotes the dissociation of SF6 into SF5 and 
F*, and O associates with SF5 preventing the recombination of F* with SF5. Hence, 
with an increased O2 gas flow rate, the removal rate increases. With the further increase 
in the O2 gas flow rate, the generated O* reacts with the fused silica surface to form 
SiO=SiO aggregates which reduce the intensity of the F atom [24]. The intensity of 
activated F atoms decreases with increased total pressure, particularly at the wavelength 
of 685.60  nm. Atoms at 685.60  nm wavelength are most significant in finishing the 
fused silica materials. This means MRR and surface finish become higher for the acti-
vated F atom on the machined surface.

Comparison Between Plasma Processed and Wet Chemical Etching Surfaces

This section compares the medium-pressure plasma processed and wet chemical etching 
of a fused silica cuboidal prism to reveal their smoothness, surface roughness, morphol-
ogy, and topography.

Fig. 5   Consistency and spatial distribution of activated F atoms at a 5 and b 20 mbar pressure
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Surface Roughness Analysis

The plasma processing experiments are carried out at optimized process parameters, 
i.e., 90:10 gas composition, 1:1 pressure ratio, and 80 W RF power. The parameter set-
tings have been chosen based on the preliminary experimental studies [17]. Surface 
roughness (Ra) of SiO2 substrate is investigated before and after the plasma polishing 
with a polishing time of 40 min. Figure 6a and b show the Ra profiles before and after 
plasma processing, respectively, at 5 mbar. The results in Fig. 6 depict that the surface 
roughness value increases from its initial value of 0.54 to 2.61  nm after plasma pol-
ishing. During processing, the chemical reaction occurs between fluorine radicals (F*) 
and fused silica surface atoms, which removes material from the substrate. Moreover, a 
physical bombardment of radicals and ions with substrate surface atoms also happens 
during processing at lower pressure, i.e., 5 mbar. The 3D surface image/topography and 
2D surface roughness profile are obtained using a 3D optical profilometer, as illustrated 
in Fig. 6.

(a)

(b)

Ra = 0.54 nm

Ra = 2.61 nm

Fig. 6   2D and 3D profiles a before and b after plasma processing of fused silica prism at 5 mbar total pres-
sure



1094	 Plasma Chemistry and Plasma Processing (2024) 44:1083–1104

1 3

Figure 7a and b show area surface roughness profiles (Ra) before and after the plasma 
processing of fused silica substrate, respectively, for 20 mbar total pressure. The surface 
roughness increases from an initial value of 0.53 to 0.57 nm after plasma processing. Each 
sample’s measurements are repeated three times, and the mean roughness value is fur-
ther calculated. The 3D surface image and 2D surface roughness profiles are illustrated in 
Fig. 7. The surface roughness is much higher at 5 mbar total pressure than 20 mbar because 
of the high energy of species reacting with surface atoms. The plasma polished surface dis-
plays reduced defects and surface cracks after plasma processing because the fluorine radi-
cals come into contact with the surface, and F* radicals react with micro-cracks sidewalls. 
Gradually, the etched holes begin to intersect and merge. The surface roughness changes 
to irregular concave-convex shapes once the isolated pits coalesce. Microcracks and bond 
strain become eliminated, but surface topography changes after the plasma process. Con-
sequently, micro-cracks and etched pits are diminished following the plasma processing.

Further wet chemical etching has been performed under the solution of HF and 
H2SO4 for 2  min etching time. Preliminary experiments are conducted to remove 
material using wet chemical etching. The removal depth of material is controlled with 

(a)

(b)

Ra = 0.53 nm

Ra = 0.57 nm

Fig. 7   2D and 3D profiles a before and b after plasma processing of fused silica prism at 20 mbar total 
pressure
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processing time, and it has been known from the preliminary experiments. Figure 8a 
and b illustrate the initial and final surface profiles before and after wet chemical 
etching.

The result reveals that the surface roughness increases from its initial value of 0.52 to 
15.9 nm after wet chemical etching. Moreover, the scratches are enlarged, and the micro-
cracks open up and become blunt due to wet chemical etching. The initial area surface 
roughness (Ra) value on fused silica substrate increases after wet chemical etching because 
of the uncontrolled chemical reactions. Wet etching severely damages the substrate’s sur-
face topography while eliminating microcracks. Although microcracks and bond strain are 
reduced, surface topography changes. The 3D surface image/topography and 2D surface 
roughness profiles are obtained after wet chemical etching using a 3D optical profilometer, 
as illustrated in Fig. 8.

Figure  9 shows the surface topography of fused silica at various material removal 
depths and total pressures. Due to the limited number of costly substrates, i.e. prism, these 
experiments (i.e., investigation of surface topography at different material removal depths) 
are performed on plane fused silica substrate. The result depicts that surface roughness 

(a)

(b)

Ra = 0.52 nm

Ra = 15.9 nm

Fig. 8   2D and 3D surface roughness profiles a before and b after wet chemical etching of fused silica prism
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increases with the material removal depth, i.e., between 5 and 20 µm at a total pressure of 
5 mbar. Similar results are also observed at 20 mbar, but the % change in surface roughness 
(i.e., % ΔRa) at 20 mbar is lower than the 5 mbar.

Material 
removal depth

Total pressure of plasma chamber 
5 mbar 20 mbar

Initial 
surface

Ra= 1.33 µm Ra= 1.31 µm

5 µm 

Ra = 2.59 µm Ra = 1.75µm

10 µm 

Ra = 3.66 µm Ra = 2.2 µm

15 µm 

Ra= 4.23 µm Ra = 2.49 µm

20 µm 

Ra = 4.63 µm Ra = 2.79 µm

Fig. 9   Images of fused silica surface topography after plasma polishing at different pressures with material 
removal depth
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Figure 10 shows the surface topography images of fused silica substrates (a) initial and 
(b) after wet chemical etching. The initial fused silica substrates are prepared on a lapping 
machine, followed by ultrasonic cleaning, and dried with nitrogen to achieve the required 
surface conditions. The substrates are processed up to 20 µm material removal depth on a 
similar initial surface using wet chemical etching. The results show that the surface rough-
ness value increases to 5.89 µm from the initial value of 1.30 µm. However, wet chemi-
cal etching shows higher surface roughness on the substrate surface than the plasma pro-
cess. Hence, wet chemical etching is recommended when a higher material removal rate is 
desired, regardless of surface roughness.

The cuboidal-shaped fused silica prism substrates are investigated using medium-pres-
sure plasma and wet chemical etching. The plasma process has been performed at 5 and 
20 mbar, 80 W RF power, for a machining time of 40 min. Hawat and Akel [25] reported 
that with increasing the pressure, at a constant power, the intensity decreases especially in 
the middle part of the discharge. The increased surface roughness after plasma processing 
is higher at 5 mbar total pressure than 20 mbar due to the higher energy ions and radicals 

Fig. 10   Surface topography 
images of fused silica substrates 
a initial and b after wet chemical 
etching

Ra = 1.30 µm Ra = 5.89 µm
(a) (b)

Fig. 11   Comparison between surface roughness values of substrates before and after wet chemical etching 
and plasma processing at different pressures
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at low pressure; thus, a smooth surface has been observed at higher pressure, i.e., 20 mbar. 
Moreover, wet chemical etching is performed in the solution of HF and H2SO4 for 2 min 
etching time. The results show that the surface roughness becomes higher in wet chemical 
etching than in the plasma process for both 5 and 20 mbar total pressures. The comparison 
of surface roughness values between the plasma process and wet chemical etching is illus-
trated in Fig. 11.

However, wet chemical etching offers simplicity, cost-effectiveness, and higher material 
removal. Wet etching consistently leads to a significant degradation of surface topography 
while eliminating microcracks. Microcracks and bond strain are eliminated [26]; however, 
surface topography changes. It is concluded that the plasma polishing process provides ani-
sotropic etching, which means it etches vertically rather than isotropically. This allows for 
precise control over the etching profile. However, wet chemical etching allows for faster 
material removal during fabrication.

Analysis of Surface Morphology and Elemental Composition

FESEM analysis is a powerful imaging technique used to obtain high-resolution, detailed 
images of the surface morphology and topography of a wide range of materials. The sur-
face morphology of fused silica (i.e., optical material) before and after the plasma pro-
cess and wet chemical etching are shown in Fig. 12. Figure 12a shows surface morphol-
ogy before plasma processing, and Fig.  12b and c show the surface morphology after 
plasma processing at 5 and 20 mbar total pressure, respectively. The surface morphology 
in Fig. 12b shows that the microstructure becomes refined and regular, and the cracks are 
reduced after plasma processing at 5 mbar total pressure. A similar result is also observed 
at 20 mbar total pressure, and the cracks have been removed from the surface. Moreover, 
the results show that the etched pits mostly disappeared after the plasma process at both 5 
and 20 mbar pressure.

Figures  12d and e show surface microstructure before and after wet chemical etch-
ing. Some cracks, holes, and scratches are visible on the initial surface (Fig. 12d). Also, 
microstructures are small and regular before processing. The shape of the microstructure 
and grain boundary has been enlarged and visible after wet chemical etching. The FESEM 
results show that the grain size (Fig. 12e) is large and is irregular after wet chemical etch-
ing, i.e., showing a typical wet chemical-etched surface. The results reveal that the wet 
chemical method produces etched pits that merge and change into irregular convex-con-
cave structures with deteriorated roughness.

EDX analysis is a technique used to reveal the elemental composition of the substrate. 
Figure 13 shows the elemental analysis of fused silica using the plasma process and wet 
chemical etching. Figure 13a, b, and c also give the weight % and atomic % of different 
elements for plasma polished and wet chemical etched surfaces, respectively. Figure 13a 
shows the two elements, i.e., O and Si, are present on an initial fused silica sample. After 
processing, the plasma-processed surface shows the elements, i.e., Si, F, O, and C, as illus-
trated in Fig. 13b. The additional F element is due to the reaction that occurred with the 
substrate surface. However, the C element comes from the atmosphere and the O ring. 
After wet chemical etching, the etched substrate shows the presence of Si, O, F, S, and C 
elements, as illustrated in Fig. 13c. The additional element, sulfur (S), is observed on the 
substrate surface after wet chemical etching due to the chemical reactions that happened 
while processing with the substrate.
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Atomic Force Microscopy Analysis

Atomic force microscopy (AFM) analysis is a powerful imaging technique used to study 
materials’ surface topography, roughness, and other surface properties. The surface topog-
raphy of the substrate before and after the plasma processing and wet chemical etching 
(as illustrated in Fig.  14a–d, are investigated using atomic force microscopy. Figure 14a 
and c depict the initial surface topography of the substrate before processing. Figure 14b 
shows the surface topography of fused silica without any surface defect or contamination 

Fig. 12   FESEM images of the substrate a initial surface and plasma polished substrate at b 5 mbar and c 
20 mbar pressures; d before and e after wet chemical etching
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using the plasma process at 20 mbar total pressure. Also, the roughness peaks are reduced 
(Fig. 14b) after plasma processing than the initial surface (Fig. 14a). However, the rough-
ness peaks became irregular, and their height increased after wet chemical etching, as illus-
trated in Fig.  14d compared to the initial surface (Fig.  14c). Therefore, the MPPP pro-
cess has the potential to support the finishing of optical materials to attain ultra-smooth 
surfaces.

Raman Spectroscopy Analysis

The practical approach for determining the structural change in fused silica is Raman 
spectroscopy [27]. Raman spectroscopy reveals broad bands that correspond to the linked 
vibration modes of SiO2 network [28]. The silica network’s Raman peak (1), at 490 cm−1, 
connects to the Si–O–Si angle, and its breadth and area imply the Si–O–Si angle distribu-
tion [29]. The silicon dioxide network is preferably a six-member structure (as illustrated in 
Fig. 15a). It is converted into 3 and 4 − members during the contact machining process (as 
shown in Fig. 15b and c). The emergence of two distinct bands, one centered at 490 cm−1 
and the other at 605  cm−1, can be attributed to the in-phase breathing motion of oxygen 

Fig. 13   EDX images of fused silica prism substrates a on the initial surface, after b plasma processing, and 
c wet chemical etching
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atoms within puckered structures of both four- and three-membered rings [30]. After 
processing, Fig. 15d displays the spectra containing D1 and D2 as defect lines at 490 and 
605 cm−1 wavelengths, respectively.

Figure 16 compares the substrate surface area under the 490 cm−1 and 605 cm−1 peaks 
before and after plasma processing. The improvement in the ratio of the peak at 490 to 
605 cm−1 (until 10 μm material removal depth) from 1.52 to 2.82 shows the sub-surface 
defects and strained layers have been reduced.

Conclusions

The polishing techniques, i.e., medium-pressure plasma process and wet chemical etching, 
are proposed to obtain a smooth surface finish without introducing defects and subsurface 
damage. This article emphasizes a comparative study of surface roughness in medium-
pressure plasma processes and wet chemical etching. The surface roughness, morphology, 
elemental composition, and surface topography are investigated and analyzed using a 3D 
optical profiler, FESEM, EDX, and AFM. The following are the primary conclusions:

•	 The surface roughness (Ra) is slightly improved from 0.54 to 2.61 nm (i.e., 5 mbar) 
and 0.53 to 0.57 nm (at 20 mbar); utilizing MPPP ensures the absence of surface con-
tamination. A higher surface roughness (Ra) value is observed at 5 mbar total pressure 
than 20 mbar. It is caused due to the more excitation and ionization of ions inside the 
plasma chamber at 5 mbar. The molecules achieved higher energy at low pressure than 
at higher pressure.

Fig. 14   AFM images of substrates a before and b after plasma polishing at 20 mbar total pressure; c before 
and d after wet chemical etching
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•	 2D and 3D surface roughness are measured before and after wet chemical etching. 
The results show that Ra is increased from an initial value of 0.52 to 15.9 nm after 
etching..

•	 FESEM results show that the grain size got reduced and remained regular in shape after 
plasma processing. However, the grain size became very fine at 20 mbar total pressure 
than 5 mbar. Also, irregular and larger grain boundary is observed after wet chemical 
etching.

•	 EDX results show the reaction involved during the plasma process and wet chemical 
etching. The additional elements F, C, and sulfur (S) are observed after the plasma pro-
cesses and wet chemical etching. It shows the reactions that happened while processing 
with the substrate.

•	 AFM result shows that MPPP has reached an outstanding surface topography of opti-
cal material without any surface defect or contamination. The results show the surface 
topography peak is reduced after the plasma process. However, a higher increase in 
surface roughness peak is observed in the case of wet chemical etching.

•	 The improvement in the ratio from 1.52 to 2.82 shows the sub-surface defects and 
strained layers have been reduced using Raman spectroscopy analysis.

Fig. 15   Schematic of a 6-membered, b 3-membered, c 4-membered structures, and d spectrum of fused 
silica
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