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Abstract. The performance of optical systems can be compromised by subsurface damage (SSD) caused by
mechanical processing. This study presents a destructive method of determining SSD depth in fused silica sur-
faces using atmospheric plasma jet etching (PJE). A simplified mathematical model describes how the etching
front evolves under the assumption of isotropic etching. By comparing simulated surfaces with topographies
determined experimentally after each etching step, an isotropy factor (IF) is calculated to identify deviations
from isotropy. Areas with an IF greater than one exhibit anisotropic etching behavior, indicating the presence
of SSD. The method was validated using defined Vickers indentations, scratches and conventionally polished
samples. The maximum SSD depth correlates with both the maximum IF value and the slope of the cavity vol-
ume versus etching depth. For the samples examined, SSD depths ranged from 6.37 lm to 52.47 lm. The results
agreed well with OCT measurements (deviation < 10%). The developed approach not only enables the quan-
titative determination of SSD depth, but also the three-dimensional reconstruction of crack morphology. Com-
bining computer-aided modelling with experimental comparison provides a robust method for characterizing
the quality of optical components.
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1 Introduction

The performance of optical systems is continuously improv-
ing as a result of a combination of different optical elements,
advances in component design and materials, and higher
precision of manufacturing techniques. However, numerous
factors such as misalignment, coating defects and subsur-
face damage (SSD) can affect this theoretically high quality.
Subsurface damage describes microcracks that occur, for
example, as a result of the abrasive surface machining of
hard, brittle optical materials (e.g. glass). During the grind-
ing process of optical glass, the abrasive grains cause the
material to chip. These random fractures initially result in
an optically opaque surface, which later becomes transpar-
ent during the subsequent polishing process. However, the
grinding process also causes median cracks that extend into
the matrix below the chipping and must also be removed by
polishing [1]. It is therefore important to know the maxi-
mum depth of the defects.

In optics manufacturing, the SSD depth is estimated by
the optical engineer during the manufacturing process

based on the machining parameters used and the roughness
after grinding in order to determine the required material
removal during polishing. With sufficient experience, the
required polishing removal can be estimated to ensure that
the optical element at the end no longer exhibits SSD.
Other non-destructive methods are based on light scatter-
ing effects caused by damage buried under the defect-free
surface. Laser scattering methods such as laser scanning
confocal microscopy or total internal reflection microscopy
are used as well as optical coherence tomography (OCT)
or X-ray diffraction. For the latter, the equipment is very
expensive and requires a vacuum pumping system which
impedes sample handling, so this technique is rarely used
for SSD determination [2–4].

In addition to the development of non-destructive test-
ing methods, destructive testing is still state of the art. Most
of these techniques are based on the preparation of a cross-
sectional view, such as bevel or dimple polishing but also
focused ion beam (FIB) to determine the depth-extent of
the damage by microscopic observation (e.g. optical micro-
scopy or transmission electron microscopy). Those prepara-
tion techniques can only give information about a specific
cross-sectional view. A more global distribution of the
SSD can be detected after applying wet chemical etching* Corresponding author. heike.mueller@iom-leipzig.de
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methods. Despite the knowledge of its health risks,
hydrofluoric acid (HF) is still applied for experiments
[5–7]. However, meanwhile potassium hydroxide (KOH)
solution replaces the highly toxic HF, even though KOH
is still very corrosive [3, 8, 9]. The etching process leads to
a crack expansion which requires precise control to accu-
rately correlate removal and damage depth [10].

A number of researchers have been investigated the sur-
face effects that are affected by chemical etching. The focus
is currently still on wet chemical etching, where efforts are
being made to understand the etching effect and create
models based on specific processes, e.g., hydrofluoric-based
etching. This resulted in several publications over the last
years on the topic of modelling mainly the isotropy of etch-
ing processes. Such models are based on finite elements
approaches. In 1990, Katardjiev et al. used numerical anal-
ysis to investigate the development of semiconductors sur-
face during the growth and removal [11]. They applied
the Huygens principle of wavefront propagation, which
states that every point on a wavefront is the starting point
of a new wave. These elementary waves overlap to form a
new wavefront. Almost 30 years later, this approach was
applied to describe the expanding of scratches during wet
chemical etching of fused silica with a finite element model
[12]. Lui et al. investigated the hydrofluoric acid-based etch-
ing effect on surface defects of FS optics [6]. They performed
finite difference time domain (FDTD) simulations and pro-
posed a local-curvature-dependent model to explain etching
rates on rough surfaces [6]. In a comparison of wet chemical
etching and dry etching by medium pressure plasma pro-
cess, Krishna et al. concluded that overall both processes
are isotropic, while the kind of attacks differ [13]. With
the applied dry etching process in medium-pressure setting,
the first removal can be seen at the peaks which as a result
decrease, while chemical wet etching causes a uniform
enlargement of the holes, laterally and in depth [13]. The
influence of an atmospheric pressure plasma jet to FS hav-
ing selective indentation defects, created using a Vickers
test indenter was investigated by Jiao et al. [14]. Based
on the simulation results of the 3D-level-set method, the
research group was able to confirm the isotropic etching
process of FS, which, however, also exhibits anisotropic
properties at the crack edges [14]. These studies focus
mainly on defect models or measured individual defects
and their progress at shallow etching depths.

As an alternative, the application of the atmospheric
plasma jet (PJ) provides a controlled, local etching process
with almost less health risks. PJ technology has been estab-
lished for more than two decades, mainly applied for form
generation and figure error correction of freeform optics
[15–18]. In this paper, we present a study on the SSD prepa-
ration in fused silica surfaces employing plasma jet etching.
A simplified mathematical approach has been developed to
model the isotropic etch front evolution. SSD morphology
has been investigated on indentation-induced cracks, single
scratch-generated defects and SSD caused by mechanical
grinding. A comparison with experimental etch front deter-
mination is made, resulting in the evaluation of the lateral
distribution of an isotropic etch factor. With the help of this
factor the distribution of SSD depths can be determined.

2 Experimental

Targeted material removal was obtained by dry chemical
etching applying an atmospheric pressure PJ. Since the pro-
cess details have already been described in numerous publi-
cations [16, 17, 19], only a few main facts will be given.
The PJ source is based on a coaxial conductor system where
the main process gases helium (He), oxygen (O2), and
tetrafluoromethane (CF4) are supplied through the inner
conductor. Nitrogen (N2), affecting as shield gas, is sup-
plied peripherally. The plasma discharge is ignited at the
nozzle by excitation with microwave energy (MW, f �
2.48 GHz). The generated PJ interacts with the sample sur-
face converting SiO2 into gaseous products SiF4 and O2
which causes the material removal. The PJ source operates
in a conventional CNC motion system. Etching is per-
formed stepwise where the etching depth varies for the dif-
ferent types of defects. Using this method, it is possible to
successively expose cracks reaching into the material. Smal-
ler etching depth increments provide more detailed informa-
tion about the etching mechanism, while larger increments
enable deeper etching to be achieved more quickly.

3 Material and methods

Etching experiments have been performed on fused silica
samples of size 40 � 40 � 10 mm (Corning Inc.). In order
to generate defined SSD characteristics, two different meth-
ods were used. Static indentations by a Vickers tip,
schematically shown in Figure 1A and a scratch test device
applying a Rockwell-Diamond tip given in Figure 1B were
employed to imitate an abrasive grain moving over the sam-
ple surface. Mechanical preparation of the samples was
done by University of Applied Sciences in Jena.

In order to prove the developed method for SSD depth
determination, it was finally applied to a mechanically
ground and polished sample (diameter: 50 mm / thickness:
8.3 mm) provided by Layertec GmbH.

3.1 Surface topography measurements

After each plasma jet etching step, the surface topography
was measured using white light interferometer (WLI,
NPflex, Bruker Corp.). For cases where WLI was not appli-
cable due to strong surface gradients leading to data drop-
out, a confocal microscope (lsurf explore, NanoFocus AG)
was employed. The confocal microscope provided more
information about the shape, especially of deep indentations
with steep sidewalls. The field of view was 231 � 173 lm2

for WLI measurements and 320 � 320 lm2 for the confocal
microscope, respectively. In preliminary tests the correspon-
dence of the results obtained from both measurement de-
vices was proven.

3.2 Etch front calculation method

To model the local removal during plasma treatment
assuming isotropic etching, the etch front was simulated
starting at a measured surface topography described by
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the coordinates P0 = [x0, y0, z0]. By calculating the surface
normal for each point N0 = [nx,0, ny,0, nz,0] the evolving sur-
face at a time step Dt is obtained by:

Pi ¼ P0 þ Ni�1 r�t i ¼ 1 . . . k ð1Þ
where r is the etching rate in lm/s and Dt is an appropri-
ately chosen small time step. Hence, the total etching depth
at positions with surface normal [0, 0, �1] is d ¼ i � r ��t:
After each iteration step i the obtained surface coordinates
Pi are interpolated to the grid (x0, y0) yielding a local etch
depth zi, followed by a Gaussian filter of width to slightly
smooth the surface. Although the smoothing filter has no
strict physical meaning, such smoothing acts as a simplified
approach to a microscopic isotropic etching effect mimick-
ing the Huygens-principle of elementary wavelets as
described in [12].

The calculation scheme has been implemented in a self-
written Matlab� script (The MathWorks, Inc.). As an
example, the projection of normals of a 2D V-groove is
shown in Figure 2A. By adjusting the iteration number i
at a given etching rate r and time step Dt a prospective iso-
tropic removal and topography, respectively, can be simu-
lated. Figure 2B shows the development of the V-groove
with progressive etching. In order to be able to map both,
small and large removal depths, with a comparable accu-
racy, the calculation was performed in several defined steps
of about 1 lm.

After the calculation of an isotropically etched surface
zcalc(x, y) based on the initial topography z0, the result is
compared by the experimentally obtained surface zexp after
etching to the same depth. As the areal measurements of
two consecutive PJE steps do not perfectly overlap due to
slight lateral mismatch in the microscope, the lateral align-
ment was corrected by a Matlab� image recognition routine
prior to performing the calculation. All pixels of zexp that do
not match the original z0 were set to zero and can therefore
influence the subsequent calculation. Since this effect only
occurs in the peripheral area, which is approximately zero
for the leveled surface measurement, its influence on the
subsequent calculation can be neglected. The flowchart in
Figure 3 shows the procedure of data processing.

The comparison of zcalc and zexp is done by taking the
ratio given in equation (2) where IF can be designated as
isotropic factor.

IF x; yð Þ ¼ zexp x; yð Þ
zcalc x; yð Þ ð2Þ

Thus, the experimental result of a PJE step is related to the
calculated result, assuming isotropic etching with the same
etching removal d. A value IF � 1.0 indicates loci of isotro-
pic etching in the experiment, while values IF > 1 indicate
loci of anisotropic etching. The greater the deviation from 1,
the stronger the anisotropic removal. Provided that mor-
phological distortions in the surface are anisotropically
etched by the plasma jet, IF maps provide information on
the position and the extent of SSD. To evaluate the aniso-
tropic removal as a function of etch depth, the value IFmean
- calculated as the average across the entire topography –

and its standard deviation are used.
In the following section the application of the procedure

to different surfaces is shown.
In order to gain a more detailed understanding of the

characteristics of the SSD (laterally and depth-dependent),
the SSD-affected areas can be represented as 3D-plots,
where the measured topography data added by the removal
depth (zexp + d) are plotted for loci where IF exceeds a va-
lue of 1, i.e. for anisotropically etched regions.

4 Results

4.1 Vickers imprints

Localized indentations generated by a Vickers indenter
exhibit a widespread damage shape, with the lateral expan-
sion being approximately twice as large as the measurable
depth, as shown exemplarily for the initial measurement
of indentation of Sample #1 in Figure 4.

Since the increasing etching depth leads to further
expansion of the indentation [14], the void volume VV
was analyzed after each process step. Equation (3) speci-
fies the mathematical description where Z is the height
value after removing the tilt of the areal measurement with
respect to the area that is not affected by the indentation.

VV ¼
X

Z�0

Z X ;Yð Þ � dXdY ð3Þ

To quantify the SSD depth the roughness parameter
Sv, defined as maximum pit height of a topographic

Figure 1. Schemes of applied geometries for defined inducing of SSD in fused silica samples: (A) Vickers indentation [20] and
(B) Rockwell-Diamond [21] for scratches.
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measurement, is determined. Previous studies have shown
that the maximum SSD occurs where the first derivative
of this determining variable, plotted over the etching depth,
shows a sign change [22]. Consequently, after each etching
step, the slope SVV is calculated using equation (4), where
VV is the void volume and d the etching depth.

SVV ¼ VVPJEn
� VV PJEn�1

dPJEn
� dPJEn�1

ð4Þ

The SSD depth is given where the slope SVV of the void vol-
ume is at its maximum. The determination of the SSD
depth given in equation (5) is finally based on maximum
Sv and etching depth d.

SSD lm½ � ¼ Sv max SVVð Þð Þ þ d max SVVð Þð Þ ð5Þ

We postulate that isotropic etching occurs when there is no
longer any SSD, or conversely as long as anisotropic etching
is present, SSD still exists. The disturbed bulk behaves like
an impure material that undergoes anisotropic etching
using PJE. Figures 5A–5D exemplarily show the case of a
fully isotropic removal, where the measurement is nearly
identical to the calculated topography (see Figs. 5B and
5C). In the case of anisotropic removal shown as a represen-
tative example in Figures 5E–5H, a discrepancy between
experimental results and the calculated topography is

Figure 2. Approach of calculating theoretical surface topographies with progressive etching given for simplified 2D-plots: (A)
Surface normal direction (blue arrows) as a function of the initial profile resulting in the new profile after isotropic removal and (B)
development of a V-shaped groove for increasing removal depths.

Figure 3. Flow chart.

Figure 4. Initial topography measurement of indentation of
Sample #1showing its lateral extent and depth.

J. Eur. Opt. Society-Rapid Publ. 22, 51 (2026)4



evident. Comparing the areal representations of the IF in
Figures 5D and 5H the IF of the isotropic example in Fig-
ure 5D is almost 1, only a slight variation is apparent.
Hence, it can be concluded that no SSD was present any-
more on this sample. However, a different situation is
observed in Figure 5H. In the center and at the periphery
of the areal map isotropic etching prevails (IF � 1, dark
blue color) while the red-colored ring clearly indicates an
increased value of IF � 1.8. . .1.9.

The isotropic factor IF was calculated for Sample #1.
The mean value together with its standard deviation is
shown in Figure 6 as a function of the etching depth. The
presence of error bars indicates locally varying IF, since
the region surrounding the indentation exhibits values of
IF� 1, and the distorted areas yield higher values. The large
deviation at an etching depth of 1.5 lm is due to preferential

etch attack of the elevated area in the center of the initial
indentation (see Fig. 4), which consists of distorted material
at the surface with cracks and local stress. The slope SVV is
included for comparison. The error bars for the SVV values
result from the propagation of uncertainty based on the esti-
mation of measurement uncertainties for the parameters d
and VV, which are used to calculate the slope according to
equation (4). It is obvious that the maximum of both param-
eters – IFmean and SVV – occur at the same etching depth.
That indicates that the process step where the compara-
tively largest increase in VV occurs also corresponds to the
highest level of anisotropic etching. This is obvious, since
the increase of VV is caused by the deviation from isotropic
etching. Therefore, the etching depth where the IFmax is rec-
ognized is used to calculate the SSD depth applying equa-
tion (5), yielding a value of SSD = 35.3 lm.

Figure 5. Comparison of measurement (A, B, E, F) to calculated isotropic etched surfaces (C, G) and the resulting map visualizing
the isotropic factor IF (D, H). The example A–D shows nearly isotopically etched result, whereas E–H depict significant discrepancy
from isotropy.
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The calculation principle is shown below for another
Vickers indentation of Sample #2 (see Fig. 7). In this case,
higher etching removal is achieved for each process step, so
that the maximum of the slope and IF can already be seen
in the second etching step. Nevertheless, the IFmax corre-
sponds to the maximum slope at an etching depth d �
27 lm, and according to equation (6), a value SSD =
52.47 lm is determined.

In addition, IF can be used to generate a 3D representa-
tion of the SSD structure. As explained in Section 3.2, the
measured surface topography data zexp for IF > threshold
are combined in a height map, taking into account the cor-
responding removal depths d. Figures 8A and 8B show the
results for the indentations of Sample #1 and Sample #2
for IF > 1.5. Both indentations exhibit a prominent ring
structure located in a depth of approx. 10–15 lm. These
features indicate the presence of a cone crack which mainly
contributes to SSD in the samples investigated. Here, the

material is distorted resulting in sudden lateral expansion.
This abrupt widening might be due to a combination of
chemical etching attack and gas flow. Such cone cracks
could be verified by OCT measurements and are particu-
larly noticeable for Sample #1 as shown in Figure 8C.
OCT measurements given in Figures 8C and 8D were pro-
vided for comparison by the University of Applied Sciences
in Jena.

The IF threshold used to determine surface height data
is moderately sensitive. However, a useful range is to be
identified that should be used to obtain valid results. To
substantiate this in more detail, the height of distinctive
SSD features for Sample #2 are compared in Figure 9 for
different IF values. It is evident that for IF > 1.1 and
IF > 1.25 shown in Figures 9A and 9B artifacts from the
measurement and a lack of alignment accuracy occur at a
z height of approx. �27 lm. Otherwise, if the threshold is
set too high (Fig. 9D for IF > 1.8), information about the

Figure 6. Comparison of calculated IFmean and the slope SVV, which is used to obtain the SSD depth after PJE given for Sample #1.

Figure 7. Comparison of calculated IFmean and the slope SVV, which is used to experimentally obtain the SSD depth after PJE given
for Sample #2. In contrast to the previous example, here the etching steps are significantly larger.
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total extent of the prominent ring at z height of�11.8 lm is
missing, which clearly occurs in Figure 9C for an IF thresh-
old set to 1.5.

Finally, the impact of the IF threshold on the determi-
nation of the SSD depth is shown. Figure 10A reveals that
the choice of the IF values has only a marginal influence on
the resulting SSD depth. For small etching steps, as given

for Sample #1 (see Fig. 6), the determined SSD depth
changes for IF > 3.0 for the first time. For larger etching
removal in the case of Sample #2 shown in Figure 7, the
influence is slightly higher. Here, the change of the SSD
depth appears already for IF > 1.9. Overall, the SSD depth
calculated with IF > 1.5, which was also applied before to
visualize the SSD-affected topography, matches the results

Figure 8. Three-dimensional plots for the indentations (A) Sample #1 and (B) Sample #2. The plotted surface height values are
given for every pixel where IF > 1.5. In addition, the OCT measurements of the initial indentations (C, D) are shown for comparison.

Figure 9. Visualization of the SSD-affected topography depending on the chosen IF threshold.
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obtained after PJE using equation (5). A volumetric view of
topographies after anisotropic removal is shown in Figures
10B and 10C.

4.2 Scratch test sample

The evaluation method described above can not only be
applied for defined static indentations shown in the previ-
ous results, but also with common scratches. In order to
simulate realistic defect structures, they were generated
using a scratch tester. The dynamic impact on the surface
caused by a Rockwell tip can be used to model the forma-
tion of scratches caused by abrasive grains during the grind-
ing of optical glass. The indicated mean and standard
deviation of IF are determined for a smaller measurement
matrix than provided by the original measurement. Here,
two aspects must be considered. First, automatic align-
ment, as described in detail in Section 3.2, results in col-
umns and rows filled with zeros. Since the scratches in
the measurement field are oriented along y = 0, zero col-
umns in the measurement image matrix influence the deter-
mination of the IF. Therefore, a reduction of the
measurement matrix in x-direction is necessary. Further-
more, the extent of the scratch is low compared to the
y-dimension of the measurement and would therefore bias

the IFmean due to an enlarged area of isotropic removal
(IF� 1). Hence, the measurement matrix has to be cropped
in the y-direction. In order to obtain statistically reliable IF
values, all zexp and zcalc matrices (see Eq. (2)) were reduced
from 512 � 512 px to 476 � 160 px.

Again, the results of the IF calculation are compared to
the slope of the VV shown in Figure 11A. Even for SSD
caused by defined scratches, the highest impact of anisotro-
pic removal (maximum of IF value) is present for the high-
est slope value (at etching removal of 12 lm). According to
equation (5), a value SSD = 16.12 lm is determined.
Selected surface topography measurements are shown in
Figures 11B–11D. These demonstrate the significant expan-
sion of the SSD for a surface that was previously only min-
orly damaged (Fig. 11B) and correlate with the plots given
in Figure 11A. Figure 11B depicts scratch damage with cir-
cular structures visible at x > 100 lm. This plastic deforma-
tion is accompanied by crack formation and thus can also
cause SSD [23] as determined with higher etching removal
and verified by the corresponding IF values.

4.3 Conventionally ground sample

Finally, the described approach can also be applied to deter-
mine the SSD depth of mechanically ground and polished

Figure 10. Determination of the SSD depth: (A) Dependency of the IF to the calculated SSD depth and visualization of the resulting
anisotropic removal topography given for (B) Sample #1 and (C) Sample #2 applying IF > 1.5.
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glass surfaces. The polishing process is intended to eliminate
SSD since the extent of polishing removal exceeds the esti-
mated damage depth from the knowledge of the manufac-
turing process. Despite precise lateral alignment of the
samples after each PJE step in order to always measure
the same area, a slight shift could not be avoided. There-
fore, the measurement area had to be reduced as well in
order to investigate the progress of the IF values for the
same measurement area.

Although the initial surface shows no damage as can be
seen in Figure 12A, visible defects appear after the first
etching steps. These defects further develop as the etching
process continues as shown in Figures 12B and 12C, reach-
ing the maximum damage depth presented in Figure 12D.
Once the maximum has been reached, uniform etching
occurs in all directions as indicated by Figure 12E, causing
the defect to further expand laterally. The progress of the
defect in the center of the image is extracted as cross section
profiles shown in Figure 12F. Since ring shaped measure-
ment artifacts occur in the measurement, the cross sections
have been fitted by a Gaussian function and shifted to zero
level for better comparability. The transition from anisotro-
pic to isotropic etch behavior after the complete removal of
SSD is evident. Starting at the 8th etching step (PJE #8),
isotropic removal is dominant, resulting in a significant
widening of defects, while further progress in depth is no
longer significant.

The simultaneous surface contact with multiple abra-
sive grains during the grinding process results in a random
distribution of defects. Nevertheless, the method for deter-

mining SSD depths can be adapted as shown in the
previous examples. The calculation of IF results in the
graph shown in Figure 13. Compared to the progress of
the slope values SVV, both graphs show a maximum for
the same etching depth.

Since the anisotropic removal does mainly occur at a
prominent defect, as shown in previous examples, the med-
ian value of IF was used to obtain a more reliable result.
From a statistical point of view, the median offers greater
robustness when dealing with outliers. In addition, the lar-
ger number of defects obtain various influences on the etch-
ing result of the respective process step. The proportion of
anisotropic removal is individually dependent on depth.
To some extent, the defects influence each other that small
defects which are close to each other can combine to form a
larger defect. The impact to the increase of VV is not equal
over the whole measurement area. To overcome this inho-
mogeneity, the IFmed is compared to the slope value.

According to equation (5) the SSD depth of the isolated
defect in measurement Sample #4 yields a value of 6.37 lm.
For the overall sample, where 25 measurements after each
process step have been taken into account, the SSD depth
was calculated to be 8.8 lm. The example shows that the
method can also be applied to determine rather shallow
SSD depths. The vertical resolution of themethod is approx-
imately 1 lm and mainly depends on the etching steps cho-
sen to identify the maximum of slope (SVV) or IF value.

The OCT measurement provided by the University of
Applied Sciences in Jena yields 9.5 lm, which shows a
good agreement. Furthermore, it demonstrates that the

Figure 11. (A) Progress of calculated IFmean and the slope, which is used to experimentally obtain the SSD depth after PJE given for
Sample #3. (B–D) Surface topography maps presented for selected positions noted (A).
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correlation between IFmax or the maximum slope SVV,
respectively, and SSD depth provides also a robust method
for SSD characterization of conventionally manufactured
samples.

5 Conclusion

The paper presents a method of destructive determination
of SSD depth in fused silica surfaces by atmospheric plasma
jet etching. By modeling a resulting etched surface topogra-
phy assuming isotropic etching and comparison with

experimentally etched surface topography, loci of anisotro-
pic etching have been identified. Based on the analysis SSD
depths were determined. Furthermore, the representation
of surface positions where isotropy factors larger than 1
occur, as a depth plot help to elucidate the morphological
structure of radial and median cracks causing SSD. The
comparison with OCT measurements have proven the
usability of the described method for SSD characterization.
Hence, the developed method, eventually combined with
other SSD characterization method provides valuable infor-
mation for a more in-depth understanding of SSD propaga-
tion in the future.

Figure 12. Surface topography measurement of a conventional manufactured fused silica surface (Sample #4): (A) initial state,
(B–E) after progressive PJE, where the etching removal d is given. (F) 2D-Gaussian fit of the centered defect to visualize the progress
of the SSD which is initially not present.
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Furthermore, the results can be used to validate non-
destructive methods, such as OCT or laser scanning micro-
scopy where a 3D visualization is obtained but imaging
artifacts may lead to a misinterpretation of SSD depth
levels.

Finally, the work presented may also be beneficial for
evaluating etch results using atmospheric pressure plasma
techniques employed in optics manufacturing.
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