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Abstract: Photosensitive glasses for radiation-induced 3D microstructuring, due to their optical
transparency and thermal, mechanical, and chemical resistance, enable the use of new strategies for
numerous microscale applications, ranging from optics to biomedical systems. In this context, we
investigated the plasma etching of photosensitive glasses after their exposure and compared it to the
established wet chemical etching method, which offers new degrees of freedom in microstructuring
control and microsystem fabrication. A CF4/H2 etching gas mixture with a constant volumetric flow
of 30 sccm and a variable H2 concentration from 0% to 40% was utilized for plasma-based etching,
while for wet chemical etching, diluted hydrofluoric acid (1% ≤ cHF ≤ 20%) was used. Therefore,
both etching processes are based on a chemical etching attack involving fluorine ions. A key result
is the observed reversion of the etch selectivity between the initial glassy and partially crystallized
parts that evolve after UV exposure and thermal treatment. The crystallized parts were found to
be 27 times more soluble than the unexposed glass parts during wet chemical etching. During
the plasma etching process, the glassy components dissolve approximately 2.5 times faster than
the partially crystalline components. Unlike wet chemical etching, the surfaces of plasma etched
photostructured samples showed cone- and truncated-cone-shaped topographies, which supposedly
resulted from self-masking effects during plasma etching, as well as a distinct physical contribution
from the plasma etching process. The influences of various water species on the etching behaviors of
the homogeneous glass and partially crystallized material are discussed based on FTIR-ATR and in
relation to the respective etch rates and SNMS measurements.

Keywords: photosensitive glass; microstructuring; wet chemical etching; reactive ion etching; surface
topography; lithium metasilicate; infrared spectroscopy

1. Introduction

Photosensitive glasses are intriguing materials for the manufacture of microsystems
due to their optical transparency, high chemical resistance, durability at high temperatures,
and high mechanical strength, which is adjustable through microstructure modifications [1].
In particular, their radiation-induced 3D microstructuring ability [2,3] and biocompatible
properties enable several microfluidic chamber concepts, which have partially movable
parts [4,5]. Further applications in the field of micro-optics arise from the possibility of
using nucleation and crystal growth processes for the defined local adjustment of optical
absorption and transmission, as well as the refractive index, e.g., for volume diaphragms
or photonic crystal spatial filters [6–10].

The common structuring process of microsystem components in photosensitive glasses
is called the photo form process, as illustrated in Figure 1, which consists of three principal
steps: Firstly, the UV exposure of suitably masked substrates mainly generates photoelec-
trons via the interaction of radiation with Ce3+ ions. Secondly, thermal treatment leads to
controlled volume crystallization based on heterogeneous Ag±0 nucleation initiated via
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UV exposure. Thirdly, wet chemical etching using diluted hydrofluoric acid enables the
selective removal of the partially crystallized areas [1,11].
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trench) and the topography of etched surfaces. Both features are influenced via the phase 
separation of photosensitive glass during thermal treatment. The partially crystallized areas 
in the photosensitive glass, as examined in this paper, contain lithium metasilicate (LMS, 
Li2O·SiO2) in a crystalline phase [12]. Individual crystals are dendritic in nature and are dis-
tributed irregularly and in a cross-linked manner in a glass matrix, as shown in Figure 2. 
The number of crystals and their average size are dependent on the parameters of the UV 
exposure and thermal treatment. Crystallization does not take place in the unexposed glass 
volume using the same thermal treatment. A change in the chemical composition compared 
to the volume due to the mechanochemical polishing of the substrate surface can usually 
induce, to a certain extent, inhomogeneously distributed surface crystallization in unex-
posed areas. The affected surface region is about 1 µm in depth. Furthermore, the chemical 
composition of the residual glass matrix surrounding the single LMS crystals is altered com-
pared to the composition of the unexposed glass. The change essentially consists of deple-
tions in Li2O and SiO2, which are implemented via the LMS crystals. 

 

Figure 1. Schematic illustration of a three-step photo form process with variations in the etching
procedure shown in the third step. The scanning electron microscopy images after etching illustrate
either a glass pillar surrounded by partially crystallized glass after wet chemical etching (left)
or a cup-like recess with a glassy bottom surrounded by partially crystallized glass after plasma
etching (right).

The etch selectivity between partially crystallized and unexposed glass areas is impor-
tant for carrying out geometric shaping with micrometer dimensions. The variability is
determined based on the achievable aspect ratios (ratio of the width to depth of an etched
trench) and the topography of etched surfaces. Both features are influenced via the phase
separation of photosensitive glass during thermal treatment. The partially crystallized areas
in the photosensitive glass, as examined in this paper, contain lithium metasilicate (LMS,
Li2O·SiO2) in a crystalline phase [12]. Individual crystals are dendritic in nature and are
distributed irregularly and in a cross-linked manner in a glass matrix, as shown in Figure 2.
The number of crystals and their average size are dependent on the parameters of the UV
exposure and thermal treatment. Crystallization does not take place in the unexposed
glass volume using the same thermal treatment. A change in the chemical composition
compared to the volume due to the mechanochemical polishing of the substrate surface
can usually induce, to a certain extent, inhomogeneously distributed surface crystallization
in unexposed areas. The affected surface region is about 1 µm in depth. Furthermore, the
chemical composition of the residual glass matrix surrounding the single LMS crystals
is altered compared to the composition of the unexposed glass. The change essentially
consists of depletions in Li2O and SiO2, which are implemented via the LMS crystals.

LMS is notably more soluble in diluted hydrofluoric acid than the glass, and therefore,
high aspect ratios of 1:25 to 1:35 were achieved during the microstructuring of photosensi-
tive glass [11–13]. This leads to angular deviations of approx. 2.5◦ from the wafer surface
normal. It remains an open question as to whether etching processes can be optimized to
achieve perpendicular sidewalls in microstructured photosensitive glasses. It is assumed
that the residual glass between the interlocked LMS crystals in the exposed zones just
detaches during etching. Investigations of subsurface channels, induced by localized ul-
trashort laser pulses, have focused on the subsurface instead of using mask-based UV
light exposure and showed that the etch rate ratio is not constant over the entire etching
period. We recently reported an increased etch rate ratio of 1:45 in a near-surface region at
channel depths of between 26 µm and 70 µm [14]. In summary, the etch selectivity for wet
chemical etching is subject to the following influences: (i) altered etching conditions at the
surface, (ii) etchant exchange inside the capillary during the ultrasonic-supported etching
process, and (iii) the crystal size and the crosslinking of the crystals [12,14]. The dissolution
processes at the molecular level have not been considered so far, and in particular, the effect
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of water species on the etching processes for photosensitive glasses is still insufficiently de-
scribed. In this study, we therefore examined the impact of water species in more detail. In
this regard, we made a comparison between wet chemical and plasma-based dry chemical
etching processes.
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Figure 2. SEM image of a photosensitive glass surface after masked UV exposure, thermal treatment,
and HF etching (cHF = 0.5 vol%). The crystals were dissolved during wet chemical etching.

The advantage of the plasma-based etching process is the possibility of fabricating sus-
pended glass ceramic structures in a glass matrix, as is required for various micromechanical
and optical applications. Furthermore, there is a need for an improved understanding of
dry etching processes in silicate glasses and glass ceramics with the aim being to extend
the range of production processes for these materials in microsystems technology. The aim
was, therefore, to yield an improved understanding of the etching attack with respect to the
glass and the partially crystallized areas and, simultaneously, to extend the current model
for etching in photosensitive glass. A key result, in this regard, is the observed reversal
of the etch selectivity between the glass phase and the LMS phase (Figure 1), which is
discussed in the following text in further detail.

2. Materials and Methods

We used in-house-developed photosensitive glass samples with a diameter of 100 mm
and a thickness of 500 µm. The chemical composition (mol%) was 69.5 SiO2-22.0 Li2O-2.3
Na2O-2.3 K2O-3.9 Al2O3, and the required photosensitivity was achieved by additional
doping (mol%) with 0.2 Ag2O, 0.3 Sb2O3, 0.1 SnO, and 0.04 CeO2, as published elsewhere
in detail [14]. The masked UV exposure was realized using a mercury short-arc lamp
(HBO®, OSRAM GmbH, Augsburg, Germany) as the UV illumination source, which was
installed in a mask aligner (MA 56, KARL SÜSS KG-GmbH & Co., Garching, Germany).
Line patterns with line widths of 50 µm to 500 µm were exposed with an energy density of
60 J/cm2. The glass crystallization of the exposed areas was achieved through a single-step
thermal treatment at 570 ◦C for 1 h.

Wet chemical etching was conducted at 22 ◦C with ultrasonication support using
hydrofluoric acid with concentrations cHF of between 1 vol% and 20 vol% and a constant
etching time of 5 min for cHF > 1 vol% and 15 min for cHF = 1 vol%.

Plasma etching experiments were carried out in an inductively coupled plasma reactor
(ICP-RIE SI 500, SENTECH Instruments GmbH, Berlin, Germany) equipped with an ICP
source of 500 W. All experiments were carried out under constant process conditions with
respect to a bias voltage of −470 V, a working pressure of 0.5 Pa, an etching time of 1 h,
and a temperature of 25 ◦C. A mixture of CF4 and H2 was used as the etching gas and
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was introduced to the reaction chamber at a constant volumetric flow rate of 30 sccm. The
concentration of H2 in the gas mixture varied from 0% to 40%.

The surface morphology of the etched samples was investigated using scanning elec-
tron microscopy (SEM S-4800, Hitachi High-Tech Corporation, Tokyo, Japan). Surface
charge dissipation was prevented using an evaporated, ultrathin Au layer on the sample
surfaces. The determination of the achieved etching depths (using focus levels) and widths
of the created trenches was conducted by optical microscopy (Axiotech 100 HD, Carl Zeiss
Microscopy, Jena, Germany). Atomic force microscopy (AFM Dimension Edge, Bruker,
Santa Barbara, CA, USA) was used in peak force tapping mode for surface topography in-
vestigations.

Fourier transform infrared spectroscopy with attenuated total reflection (FTIR-ATR
Nicolet is5-ATR, Thermofisher Thermoscientific, Waltham, MA, USA) was carried out
to determine the infrared absorption bands in relation to the utilized etching conditions.
Because processes like thermally induced glass crystallization and wet as well as plasma
etching lead to increased surface roughness. The intensity of the peaks may be affected,
making quantitative assessments challenging. IR reflectance spectra were collected with a
1.8 mm aperture from glass chips with a large area etched, 10 × 10 mm2 in size.

3. Results and Interpretation
3.1. Etch Rate Ratios

Etch rates r were calculated by measuring the time-dependent widths and depths
of formed trenches after localized UV exposure and etching. The etch rate ratio R was
calculated as the ratio of the higher etch rate to the lower etch rate. For wet chemical
etching, this yielded Rwet = rGC/rG, and for plasma etching, it yielded Rpla = rG/rGC, were
GC represents partially crystallized, and G represents glass.

Figure 3 summarizes the results for wet chemical etching with respect to Rwet and r
and shows the dependence of r on the concentration of hydrofluoric acid cHF (1% to 20%).
Figure 4 summarizes, in the same manner, the plasma etching results with respect to Rpla
and r and the dependence of r on the H2 content admixed to the etch gas mixture CF4/H2
(0% to 40%).
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wet chemical etching. The error bars result from the distinct variation in the etch depth determination.
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glass parts (G) and the partially crystallized parts (GC) as well as the corresponding etch rate ratio
Rpla in relation to the H2 content in the plasma etching gas mixture.

Wet chemical etching showed a higher rGC value compared to plasma etching and
comparable rG values for HF concentrations < 10 vol% (see Figure 3). Based on the different
nonlinear concentration dependencies of rC and rGC, a maximum etch rate ratio of Rwet = 27
at a HF concentration of 10 vol% was obtained during wet chemical etching. It is assumed
that increasing the hydrofluoric acid concentration to cHF > 20% leads to an alignment of
the etch rates of G and GC and thus to a minimization of the etch rate ratio Rwet. Tests
showed that due to the strongly fluctuating etch depth determinations, the error liability of
the rGC determination increased strongly, making a quantitative evaluation for cHF > 20%
difficult. This means that the chemical stability of the glass phase has a decisive influence
on achievable etch rate ratios for the wet chemical etching process.

Plasma etching showed a constant etch rate rGC of about 0.2 µm/min, which was lower
than the etch rate of the glass parts as well as almost independent of the H2 concentration
in the etch gas mixture. We observed a maximum etch rate of about 0.6 µm/min for
unexposed glass parts at 30% H2. Due to the comparatively small difference between
rG and rGC, and considering the error propagation, no maximum value for Rpla could be
determined. The average value of Rpla is 2.5. Compared to wet chemical etching, a reversal
of the etch selectivity regarding G and GC was observed.

3.2. Surface Topography

The topographies of the wet chemical and plasma etched surfaces differed significantly,
as shown in Figure 5.

3.2.1. Topography Resulting from Wet Chemical Etching

The topography of the unexposed glass areas consists of irregularly distributed pits
and mainly evolves due to the prevalently isotropic etching attack. Topographic evolution
is influenced by the following:

• Chemical inhomogeneities, surface tension, and eventual microcracks resulting from
the polishing procedure;

• A very small amount of near-surface LMS crystals; stoichiometric imbalances can also
induce nucleation and LMS growth on unexposed glass surfaces, but only in very
small amounts;

• Deposition of various particles during the etching process; they are mostly fine glass
chips coming from the residual glass phase in the crystallized part.
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Figure 5. SEM images of the details of the photostructured glass surfaces after wet chemical (first line,
(a–c)) and plasma etching (second line, (d–f)) for unexposed glass G (a,d) and partially crystallized
parts GC (c,f), and the transition range with a step due to etch selectivity between G and GC (b,e).

Depending on the etching time, (i) a typical wavy pattern can be observed due to the
chemical etching attack over the microcrack surface, and (ii) the dissolution of the crystals
combined with the overetching of the remaining crystal imprint in the residual glass and
(iii) a masking effect of minute particles remaining on the glass surface can be observed. The
average roughness Ra was about 500 nm. In comparison, the topography of the sidewall
perpendicular to the original surface appears to be more inhomogeneous. The etch pits
at the sidewall mainly result from the microstructures of the partially crystallized parts.
Assuming that Li2O is completely incorporated into the LMS, a maximum of 22 mol% LMS
can be formed there. The significantly higher solubility of the LMS crystals leads to the
aforementioned high etch rate ratio for the wet chemical etching process and is also the rea-
son for the anisotropy in the geometrically microstructuring procedure. Characteristically,
the dendritic LMS crystals are closely interlocked in a glass matrix and leave a geometric
imprint typical for shape and size as mentioned above (Figure 2). The overetching of these
imprints, determined by the glass etching time, also yields a wave pattern on the sidewalls,
which is typical for the isotropic etching of the residual glass phase. However, with an
extended etching time, the etching progress perpendicular to the substrate surface increases
(Figure 6). That means that the evolving sidewall topography in photostructured glass
(Figure 5b) depends on the etching time.
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Figure 6. AFM images of the topography of a sidewall surface in photostructured glass after wet
chemical etching (a) for an etch time of 27 min, which correlates to an etch depth of 50–100 µm, and
(b) for an etch time of 1 min, which correlates to an etch depth of 600–650 µm.
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The resulting dependence of the normalized effective sidewall surface on the etch
depth, which is linked to the etching time, is exemplarily shown in Figure 7 for the sidewall
of a trench in photostructured glass.
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Figure 7. Normalized effective sidewall surface dependent on the etch depth (double-sided etching,
exemplarily shown here for a 1000 µm thick substrate): simultaneous etching from the top and back
sides of the sample; total etch time of the sample: 27 min. The calculation took place using the AFM
measurements exemplarily shown in Figure 6.

The maximum value of the normalized effective sidewall surface was determined by
starting from the exposed top side at a location approximately 100 µm off-center to the
substrate thickness. This is exposure-process-related and can be attributed to a decrease
in the number of crystals in the crystallized parts with an increasing depth induced by
the UV irradiation, as discussed in [14]. Consequently, the influence of the glass solubility
in diluted hydrofluoric acid increases and a slightly lower etch rate rGC is established,
starting from the bottom of the exposure. This effect is particularly relevant for substrate
thicknesses > 500 µm and is related to the absorption behavior of the photosensitive glass.
During UV exposure, the absorption of the radiation prevents a homogeneous energy
density distribution down to great depths (>500 µm). An increase in the intensity or
irradiation time leads only to a slightly increased interaction at greater depths. Instead, a
so-called overexposure effect is observed. This is caused by nonlinear optical effects that
occur at high intensities. The superposition principle and the conservation of frequency no
longer apply at this point. It is assumed that due to the interaction of UV radiation with the
glass, light waves influence each other and propagate in an undirected manner into areas of
the glass that are actually unexposed. For the microstructuring process, this means a loss in
contrast or a reduction in shape accuracy. In this respect, an optimization problem exists for
the UV exposure. Conceivable measures for a more homogeneous depth exposure would
be, for example, two-sided exposure (adjustment effort) or 3D direct-writing laser exposure.

Based on Figure 5c, the porous character of the etched surface in partially crystallized
parts is evident. It mainly consists of the residual glass matrix where single LMS crystals
are dissolved. LMS has a density of 2.52 g/cm3. The density of the photosensitive glass
is 2.37 g/cm3. Due to the increase in the density of the partially crystallized parts, the
residual glass matrix is under increased mechanical stress. Therefore, it might be possible
for mechanical vibrations of filigree residual glass from ultrasonication to promote crack
formation, causing the smallest glass particles to break out, as shown in Figure 5a. If these
small particles are not effectively removed, they might undergo self-masking at the surface
during the continued chemical attack.
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3.2.2. Topography of Plasma Etched Surfaces

Plasma etched surfaces of photostructured glass show an irregular arrangement of
cones on partially crystallized parts and truncated cones on unexposed glass parts, as
shown in Figure 5d–f. The sidewall of the etched recess is formed as a stepped transition,
as shown in Figure 5e. We measured the cone diameter at their base, yielding values in the
range of 0.1 µm to 1 µm. However, the cone angle was constant at about 70◦. It should be
noted that the topography is not typical for an isotropic etching process. It is, rather, the
result of the complex interaction of a plasma etching process with chemical and physical
components and the complex material structure.

3.3. Fourier Transform Infrared Spectroscopy (FTIR-ATR)

The molecular structure of the photosensitive glass and its changes after processing
were investigated by infrared spectroscopy. The interpretation is challenging due to the
complexity of the present material composition. Fused silica, alkaline earth alkaline glasses,
lithium alumosilicate glasses, and glass ceramics were used as reference materials [15–23].
The spectra shown in Figures 8–10 can be divided in two regions: the first region, from
4000 cm−1 to 1250 cm−1, corresponds to the O-H stretching and bending modes mainly of
the surfaces near to structural groups. The second region from 1250 cm−1 to 450 cm−1 is
called the “finger print” range because the silicate network itself, with its modifications
regarding the type and concentration of further cations (alkali, Li, Na, K; and dopants, Ag,
Ce, Sn, Sb) or Al2O3 and phase separation, lead to numerous overlapping areas but specific
absorptions. The reasons for this are changes in bond energies and bond angles followed by
changes in the polymerization states of the network. Table 1 provides an overview of the
peak positions related to possible structural groups in unexposed glass (G) and crystallized
parts (GC).
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Table 1. Overview of peak positions and structural groups in unexposed photosensitive glass (G)
and crystallized parts (GC) after UV exposure and thermal treatment.

IR Band [cm−1] Active Group and
Assignment of the IR Band Reference

G GC

3360 3360 HOH(I): O-H stretching νHOH(I) [15]

1670 1670
1390 HOH(I): H-O-H bending δHOH(I) [15]

1150
1028
895
760

1150
1028
955
907
840
784

Asym. and sym. stretching of [SiO4] tetrahedra with
variable numbers of nonbridging oxygens (NBOs),

coupled with Si-OH/Al3+/Li+, Na+, K+)
νas(SiOSi), νas(-OSiO-), νs(-OSiO-)

[15–17,21,23]

760 784 Al-O stretching ([AlO4] tetrahedra) ν[AlO4] [15,17,19]

722
604

[SiO4] tetrahedra in LMS: sym. stretching
νs(SiOSi)

[23]

600–400 420 [SiO4] tetrahedra with different numbers of bridging
oxygens: bending δ(SiOSi), δ(-OSiO-)

[17,22]

512 Si-O deformation in LMS [20,22,23]

Figure 8 shows the FTIR spectra of unexposed glass (G) and crystallized parts (GC),
both of which are nonetched. G and GC both show a broad band with a very low intensity in
the range of >2100 cm−1 and a second band between 1250 cm−1 and 1945 cm−1. The band of
the GC consists of two small peaks at 1670 cm−1 and 1390 cm−1. These bands are interpreted
as being mainly caused by surface structure differences in the glass and crystallized parts.
Uchino et al. distinguished, for instance, different water species within the glass structure,
depending on the water content and the chemical environment. Accordingly, in G, the band
positions at 3360 cm−1 (O-H stretching) and 1670 cm−1 (O-H bending) can be assigned to
molecular water of type 1 (HOH(I)) [15]. This is predominant on surfaces of glass with a
low water content. It is characteristic of H2O molecules that interact with Si-OH groups and
have only a small influence on the silicate network. In glasses with a high water content,
the Si-O bonds will be weakened by HOH(I). In comparison, the GC shows an additional
peak at 1390 cm−1. This new peak in the O-H bending band region is remarkable and is
caused by glass crystallization after UV exposure and subsequent thermal treatment. An
additional corresponding peak in the O-H stretching region cannot be observed, which is
therefore a subject for further research.

Furthermore, G shows three main bands at wave numbers < 1250 cm−1 with distinct
peaks at 895 cm−1, 760 cm−1 and below 630 cm−1. The asymmetry of the first band is
caused by the superposition with two other bands in the short-wavelength edge region
at 1150 cm−1 and 1028 cm−1. Due to the complex glass composition, different structural
groups can be considered, as shown in Table 1. The peak positions essentially correspond
to the asymmetric and symmetric stretching bands of the [SiO4] tetrahedral network. The
asymmetric peak broadenings indicate a general disorder of the complex silicate network
of unexposed glass, caused by the broad distribution of Qn-groups. This leads to couplings
of vibration bands of the following types: asymmetric stretching vibrations of Si-O-Si
coupled with SiOH−, Al3+, and Na+ (Li+, K+) [15,21,22]. For wave numbers < 630 cm−1,
wagging and translation vibrations are discussed in the context of OH species [15]. Thus
far, the role of Al3+ is unclear. An alumina/alkali oxide mol ratio of about 0.14 enables,
in principle, [AlO4] tetrahedra coordination, during which Al2O3 network formation
occurs [24]. Following ref. [19], the corresponding band is formed in the 800–600 cm−1

range, which superimposes in the present case with other peaks and, thus, contributes to
the asymmetric peak broadenings.
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The spectrum of the GC is characterized by the splitting of the fingerprint region
into two or more sharp peaks. They can be assigned to the LMS phase, as shown in
Table 1. Between 1150 cm−1 and 604 cm−1, the peaks can be attributed to asymmetric and
symmetric stretching vibrations of the [SiO4] tetrahedra in LMS with a varying number of
bridging oxygens [23]. The peak at 784 cm−1 is attributed to [AlO4] tetrahedra, which are
situated in the residual glass phase [19]. This seems plausible, since a high proportion of
[AlO4] tetrahedral groups in unexposed glass contribute to asymmetric peak broadening.
The GC shows, in this regard, a reduced intensity. Due to the further influence of the
asymmetric and symmetric stretching of [SiO4] tetrahedra with a variable number of NBOs
(coupled with Si-OH/Al3+/Li+, Na+, K+), this peak also appears to be less sharp compared
to the other newly formed peaks of the partially crystallized part and is, therefore, assigned
to the residual glass phase in the GC.

Since the net composition of the studied material does not change following UV irra-
diation and thermal treatment, the distinct changes are due to structural rearrangement
processes. An important aspect is that changes in the oxidation states of polyvalent ele-
ments (Ce3+/Ce4+, Sn2+/Sn4+, Sb3+/Sb5+, and Ag+/Ag0) and ion diffusion during glass
crystallization can yield a significant increase in the inhomogeneity of the microstructure.
The microstructure of the partially crystallized part is characterized by dendritic LMS
crystals that are closely interlocked and randomly arranged in a glass matrix, as mentioned
before. It can be further assumed that the chemical composition of the residual glass phase
around the crystals changes gradually, starting from the interface to a crystal. For example,
the enrichment of LiO2 in the LMS phase changes the alumina/alkali oxide ratio in the
residual glass to a maximum of 0.85 under the theoretical assumption that Li+ ions com-
pletely transfer to the LMS phase. That means that a coordination change in alumina from
[AlO4] tetrahedra to [AlO6] octahedra is unlikely. The absorption band of [AlO6] octahedra
would be expected to be in the range of 550 cm−1 to 570 cm−1 [18,22], which is not visible
in the GC. The peaks at 722 cm−1 and 604 cm−1 could be attributed to symmetric stretching
vibrations of [SiO4] tetrahedra connected via bridging oxygens. A Q2 linkage in LMS exists.
The absorption band at 512 cm−1 corresponds to Si-O deformation vibrations, and a wave
number of 420 cm−1 is assigned to the bending vibrations of the [SiO4] tetrahedra.

Figure 9 shows the FTIR spectra of unetched G and GC compared to the state after
wet chemical etching. In the case of unexposed glass, we observed significantly increased
IR absorption at 3360 cm−1 after etching, which is related to an increased content of the
molecular water HOH(I) stretching vibration. The bending vibration, located at 1670 cm−1,
seems to be hardly affected. In the fingerprint region, an IR absorption increase at 760 cm−1

seems to be present and corresponds to an increase in the asymmetric stretching vibra-
tion involving [AlO4] tetrahedra. However, wet chemical etching using water-diluted
hydrofluoric acid leads to the entry of molecular water into the glass surface and, thus,
to the weakening of the silicate network structure. Al2O3, in its network-stabilizing form,
appears to limit the chemical dissolution process of the glass phase [24]. In contrast to this,
the entry rate of molecular water into the crystallized parts is very low. The significantly
lower absorption at 3360 cm−1 could refer to the low solubility of molecular water in
LMS crystals. A small amount of molecular water concentrates in the residual glass phase
around the crystals. We observed no significant changes regarding peak positions in the
spectral range < 1250 cm−1, but the peak at 784 cm−1 weakly decreased in terms of the
crystallized part, which we relate to the influence of [AlO4] tetrahedra and NBOs on the
asymmetric and symmetric stretching vibrations. This indicates the reduced content of the
residual glass phase at the etched surface.

While plasma etching does not cause changes in the infrared spectra of G, GC exhibits
a dependence on the etch gas mixture. Figure 10 shows the IR spectra of plasma etched
GC with varied H2 concentrations in the CF4/H2 etch gas mixture. No changes in the peak
positions were observed compared to the unetched GC up to a H2 content of 30%. At 30%
H2, the peak at 1390 cm−1 (bending band of HOH(I)) increased weakly, but no effect was
observed in the range of the HOH(I) stretching band. However, the IR spectrum of GC
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etched with a H2 content of 40% differed strongly for wave numbers larger than 1250 cm−1

compared to those with lower H2 concentrations. The peak intensities of peaks related to
the LMS phase were clearly reduced in height but broadened. This indicates a pronounced
increase in disorder in dry etched GC.

The reason for this change in the GC microstructure is due to changes in the chemical
composition of the CF4/H2 plasma. It is assumed that the chemical attack of this plasma results
from F* and HF species, formed by CF4 −→ CF4−n + nF* and CF4 + nH2 −→ CF4−2n + 2nHF.

Knizikevičius et al. [25] determined the chemical composition of a comparable plasma
composition. They reported H2 contents of greater than 30%, overall increases in the
contents of H and H2, as well as decreased contents of etching active species in the forms
of CFx (x = 2,3,4), F*, and HF in the corresponding plasma mixture. This would yield a
decrease in chemical etching attacks and the increased incorporation of OH species onto
the GC surface. Compared to the unetched GC, we found a weak band at 3360 cm−1, which
is related to OH stretching. The shift in the band from 784 cm−1 to 769 cm−1 is presumably
related to this. Furthermore, we detected an additional peak at 642 cm−1 with a H2 content
of 40%. This peak is correlated with significant growth of a polymer layer containing CF2
and CF groups at the GC surface [26].

3.4. Secondary Neutral Particle Mass Spectrometry (SNMS)

In addition, SNMS was used for the analysis of a plasma etched GC with a hydrogen
content of a 20% in the gas mixture (Figure 11) in comparison to untreated or wet chemical
etched glass and partially crystallized samples (Figure 12). SNMS was used to analyze
neutrals sputtered from the surface, while ions and molecular species that form functionally
negatively charged ions were less likely to be detected.
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Figure 11. Secondary neutral particle mass spectrometry (SNMS) depth profile of a plasma etched
crystallized sample (H2 content in the gas mixture: 20%).

Figure 11 evidently shows that the main constituents of the crystallized parts, Si, Li,
Na, K, and O, are present from the surface to a depth of 2 µm with a constant distribution
profile. For aluminum, a slight surface enrichment compared to the volume can be observed
with a very thin layer with a maximum size of 10 nm. A striking feature is an increased
concentration of carbon down to a depth of 300 nm. This increase corresponds to an
increase in SiF compounds. The proportion is very small (<1 at%), but it is significant
compared to the volume. This is most likely related to the formation of polymer groups at
the surface that allow for the reaction of fluorine with silicate compounds of the crystallized
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parts. The signal of OH is negligibly small and is therefore not shown here and does not
allow for any reliable conclusions to be drawn.
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Figure 12. Calculated oxide concentrations relative to the sum of the main glass components of the
photostructurable glass for the following states (from left to right): unexposed glass (G) or partially
crystallized (GC), both unetched; G, wet chemical etched (cHF = 5 vol%); GC, wet chemical etched
like G or with plasma (H2 content of the gas mixture CF4/H2: 20%).

Figure 12 shows the calculation of the oxide concentrations relative to the sum of
the main glass components for a sputter depth of 1500 nm, at which all concentrations
are constant.

The relative concentrations of Al2O3, Na2O, and K2O are constant and show no
changes dependent on the state of the sample treatment (partially crystallized or not,
etched or not). Unetched G and GC show fully comparable chemical compositions. This
confirms the assumption that a glass crystallization process does not lead to any changes in
the netto composition of the photostructurable glass. If unexposed glass G is wet chemical
etched in diluted hydrofluoric acid, the netto glass composition is also not changed. Wet
chemical etching leads to a uniform and isotropic glass dissolution. All three samples
(G, GC, and G (wet)) show a maintained stoichiometric ratio of Li2O:SiO2 = 1. A decrease in
this ratio to 0.63 was determined for partially crystallized parts after wet chemical etching
with porous surface characteristics (GC (wet), Figure 5c), consisting of a Li2O impoverished
residual glass phase. The reduced Li2O content is attributed to the dissolved LMS crystals.
The same reduced Li2O:SiO2 ratio of 0.63 was determined for partially crystallized parts
after plasma etching. That means that the plasma etched GC surface is comparable to a
wet chemical etched surface regarding the chemical composition. The cone-like surface
topography is also the result of LMS dissolution and the remaining residual glass phase on
the surface.

4. Discussion of Current Knowledge on Etching Mechanisms in Photosensitive Glass

The wet chemical etching of silicate glasses with diluted hydrofluoric acid has been
well-studied considering various application aspects. Spierings [27] justified the faster
increase in the etch rate for cHF > 10 vol% by the assumption that more polymeric HnF−n+1
ions are present in the etchant. They should be more reactive towards the siloxane bonds.
Knotter [28] assumed that the fluorine-ion-based dissolution process in the silicate network
is preceded by hydration combined with the incorporation of water species. We assume
that these models of the chemically induced dissolution of silicate networks are also valid
for photosensitive LAS glass. The process is largely determined by the dissolution behavior
of the glass phase in unexposed areas as well as in the partially crystallized parts, where
about 78 mol% is the glassy phase. Using FTIR-ATR measurements, we found that wet
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chemical etching leads to the distinct incorporation of water in G compared to GC, see
Figure 9.

Due to the high SiO2 content (69.5 mol%), network dissolution is driven by the
formation of water-soluble hexaflurosilicic acid. Table 2 gives an overview of possible
compounds and their solubility levels in water and hydrofluoric acid. Fluorine species are
formed with the participation of other components of the photosensitive glass, which are
readily soluble in water or are transported away from the surface as nonsoluble reaction
products by ultrasound. Poorly soluble reaction products in water are LiF, Na2SiF6, AlF3,
and Na3AlF6. The proportion of reactive Al2O3 is non-negligible. It is well known that
alumina is not significantly attacked by HF. In the presence of alkalis, poorly soluble
complex salts of the compositions M(AlF4), M2(AlF5), and M3(AlF6) can also be formed.
The dopants Ag2O, CeO2, SnO, and Sb2O3 also partly form poorly soluble compounds
with the participation of fluorine playing a negligible role due to its very low concentration.

Table 2. Solubility levels of possible reaction products in H2O and HF.

Chemical Compound Solubility in H2O Solubility in HF Reference

LiF 1.3 g/L (25 ◦C) poor soluble [29]
Li2SiF6·2H2O 730 g/L (17 ◦C) high - [30]

NaF 42.2 g/L (20 ◦C) moderate weak [29,30]
Na2SiF6 7.62 g/L (25 ◦C) poor - [30]
Na3AlF6 0.41 g/L (20 ◦C) very poor - [29]

KF 450 g/L (20 ◦C) high insoluble [29]
K2SiF6 7.62 g/L (25 ◦C) little - [30]
AlF3 6.7 g/L (20 ◦C) poor poor [31]

H2SiF6 fully miscible - [31]
AgF 1791 g/L (25 ◦C) very well - [29]
SiF4 decomposes soluble [31]
SiF6 decomposes soluble [31]

In the case of LMS, there have been hardly any studies on the etching attack. In
photosensitive glass, orthorhombic LMS crystals exhibit a dendritic crystal habit [14].
According to the stoichiometric ratios of LMS (Li2O·SiO2), each [SiO4] tetrahedron is corner-
connected to two other tetrahedra and has two nonbridging oxygen corners with lithium
ions. Furthermore, LMS is linked exclusively via Q2 groups, in contrast to photosensitive
glass matrixes with a variety of Qn (n = 2 . . . 4) groups. This results in a chain-like silicate
with a lower degree of crosslinking compared to the glass phase [32]. We assume that this
is an important point for the chemical attack of the LMS structure (see Figure 13).

In the presence of water (mainly coming from the etch solution), the O-Li bonds will
first be broken by hydration. OH- groups are formed by the ion exchange of Li+ and H+ (1).
A similar reaction mechanism takes place subsequently, as occurs in the etching of a silicate
network in diluted hydrofluoric acid. Depending on the pH value, a splitting off of OH-
groups (2) or H2O (3) can occur. The fluoridation of silicate chains (4) and bond breakage
take place further in the course of the reaction. The bond breakage occurs simultaneously
at two sites due to the exclusive Q2 linkages. Consequently, the reaction progress is much
faster than in the case of a broad distribution of Qn groups. Nevertheless, the GC etch rate
is larger than that of G for the same supply of fluorine ions. We conclude that the lower
degree of crosslinking in GC combined with the water provided by the etching solution is
rate-determining for the etch removal. It appears that the lower etch rate in G is caused
by a higher degree of crosslinking and, in particular, by the stabilizing effect of Al2O3 in a
fourfold coordination.

Furthermore, the dissolution of the crystallized parts is influenced by submicroscopic
cracks. These cracks appear during annealing treatment as a result of tensile stresses at
different expansion coefficients of the glass phase and crystal phase and due to leaching
during the etching process itself [27,33,34]. According to this, microcracks support the
etching process of the glass phase by allowing dilute hydrofluoric acid to enter the crack
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tips, thereby significantly supporting crack growth by stress corrosion and ultimately
leading to the etching progress.
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of the siloxane bridges, as suggested by Knotter [28].

Finally, due to the random penetration of the dendritic LMS crystals supported by
mechanical stresses in the residual glass phase surrounding the crystals, the smallest filigree
particles break out continuously at the etching front. In some cases, these particles are
deposited on surfaces next to poorly soluble reaction products due to their positions and
thus have a local masking effect on the etching attack. This is particularly evident in the
transition area of glass—the partially crystallized parts (see Figure 14).
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Reactive ion etching (RIE) is characterized by chemical as well as physical attacks. A
characteristic of the etching attack is that chemically induced bond breakage is preceded by
impact-energy-based activation by reactive neutral particles or ions. While chemical etching
attacks are isotropic in nature, physical attacks involve the weakening of the chemical bonds
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for preferred chemical removal as well as surface ablation in the form of sputtering, which
introduces an anisotropic component to the overall process. Furthermore, the formation
of a fluorocarbon polymer layer is process-specific when using CF4/H2 etch gas mixtures.
Nonvolatile reaction products and particles of nanometer size can cause masking effects.
The removal of loosely adhering layers and particles from the surface is more difficult
in a plasma-based etching process due to the absence of relative motion of the etchant
and substrate.

Ye et al. [35] stated that coating formation and chemical attacks are in competition with
each other. If the formation of layers or deposits predominates, rough surfaces will result.
Peaks and valleys are formed [35]. The effect is also intensified by the fact that gas phase
deposition preferentially starts at peaks. Since the polymer layer is consumed by chemical
reactions, the thickness of the surface polymer layer is linked to the ion energy. A low level
of physical energy fosters the growth of thick polymer films, which leads to a decrease
in the etching rate or even to an etch stop (as can be seen in high aspect ratio etching). A
tailored physical impact results in an equilibrium between polymer growth and removal
by chemical reactions. Here, the thin surface polymer layer provides reactants for the
chemical reactions near the surface. Furthermore, the impacting ions can penetrate this thin
layer and induce chemical reactions to form volatiles as well as nonvolatiles for complex
material compositions, such as those used here [36]. Nonvolatile reaction products reach a
sufficiently high vapor pressure only at very high temperatures, which are normally above
the glass transition temperature, even in low-pressure plasmas. Thus, physical removal
by (reactive) sputtering with tailored ion energy is needed to avoid accumulation and to
enable the etching of subjacent layers [37,38].

The ion incidence angle in low-pressure plasmas is perpendicular to the surface. This
is consistent with the preferred etch direction and the removal from nonvolatiles, whereas
the impact is lower at vertical sidewalls. Here, an enrichment of polymers and nonvolatile
reaction products takes place and inhibits etch mechanisms. The physically etched com-
pounds leave the surface in a cosine angle distribution and can cause redepositions on
the sidewall [39]. The yield of (reactive) sputtering and, thus, the removal of nonvolatiles
shows an angular dependence with maximum values at ion incidence angles in the range
of 60◦ to 70◦ for common materials [40,41]. The sidewall angles of the etched samples are
near to 70◦, which corresponds to an ion incidence angle where the maximum sputter yield
takes place. Thus, the interplay of removal, reattachment, and the angle dependence of the
sputter yield seems to be a reason for the sloped sidewall. In this regime, the most effective
removal of nonvolatiles takes place. In contrast, Cho et al. [40] described the angular
dependence of RIE for SiO2 etching and identified that the chemical etching leading to
vertical sidewalls is dominant compared to the physical impact. For complex glass with
a high number of nonvolatiles, the chemical reactions are reduced and require physical
removal, e.g., by (reactive) ions. However, this assumption excludes charging effects and
the associated influence on the ion direction. The material, the structure spacing, the aspect
ratio, the charge of the substrate, and the structures influence the trajectory of the ions and
can thus also change the etching behavior.

In the present case of photostructurable glass with glass and partially crystallized
regions within a single sample, the interaction of the plasma with the inhomogeneous
material structure is more complex. As mentioned before, the presence of water plays a
crucial role in the chemical dissolution process of the glass network structure and the lattice
structure in LMS. The incorporation of water via the etching gas in the CF4/H2 plasma
etching process is negligible compared with the amount of water species locally available in
wet chemical etching. Furthermore, the solubility of intrinsic water species in the material is
higher in the glass phase than in the structure of LMS. FTIR-ATR measurements on plasma
etched GC show a weakly increased absorption band due to OH stretching at a wave
number of 3360 cm−1. A significant broadening of the asymmetric and symmetric stretching
bands of the [SiO4] tetrahedra with variable nonbridging oxygens (NBOs) indicates an
increased disorder in the GC structure combined with enhanced fluorocarbon polymer layer
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formation for an H2 content of 40% in the CF4/H2 gas mixture (see Figure 10). The fluorine
ions bound in the polymer layer have delayed availability for the chemical dissolution
process, resulting in a decrease in the etch rates. It is noteworthy that the variation in the H2
content of the etch gas mixture only affects the etch rates of the unexposed glass. It amounts
to a maximum of 0.55 µm/min at an H2 content of 30%. The etch rates of the partially
crystallized parts remain constant at a low level of 0.2 µm/min. The increasing contents
of F and HF up to an H2 content of 30% in the etch gas mixture [25] meet an increased
content of intrinsic water in the glass phase compared to the LMS phase. Therefore, it seems
understandable that, in the case of plasma etching, the breakage of the siloxane bonds
by fluorine ions is suppressed due to a lack of or insufficient initial hydration of the LMS
structure. The higher amount of intrinsic water in the glass phase seems to promote fluorine
ion attacking, resulting in a higher etch rate for the glass compared to the LMS. Accordingly,
the incorporation of water species into the structure appears to be a rate-determining step
in the chemical etching attack.

We observed differences regarding the surface topography of plasma etched glass
and partially crystallized parts. The latter show a cone-like topography, while the glass
part is truncated-cone-like (see Figure 5). Due to the Li2O:SiO2 ratio of 0.63 on the GC
(plasma), we assume that the cones on the plasma etched surface of the GC have a chemical
composition in the residual glass that encloses the single LMS crystals. The depletion of
Li2O increases the alumina/alkali oxide ratio theoretically from 0.14 in unexposed glass to
a maximum of 0.85. This is associated with an increased chemical resistance in the residual
glass phase compared to that of unexposed glass.

In addition to the differences in the chemical dissolution of the unexposed glass
and partially crystallized parts, masking effects due to coating formation (partial or as
a closed layer) contribute to the formation of this topography, which is atypical for an
isotropic etching attack. Furthermore, inhomogeneities in the material structure and wet-
ting behavior during layer formation, which superimpose self-masking effects, must be
considered. Such self-masking effects are described in the literature for dry-chemical etch-
ing processes of glasses. Thus, redeposited particles, polymeric residues, and nonvolatile
by-products of the chemical reactions, especially for complex material compositions, can
accumulate on the surface and inhibit the etching mechanism of the underlying silicate
material [42–45]. Due to the complex material composition, the components of the deposits
require further investigation.

It is possible that the spherical, truncated cone topography visible in several planes
is due to uneven masking. The fluorocarbon layer formation perturbed by nonvolatile
fluorine-containing reaction products is not only controlled by the substrate surface energy,
but also a physical impact can be also observed. A tailored physical impact increases the
etching rate and, thus, the consumption of the fluorocarbon layer on the surface. A high
level of ion energy leads to a thin, steady-state polymer layer, whereas low-level ion energy
enhances the fluorocarbon polymer formation and can stop the etching process. This results
in the terraced arrangement of the differently sized truncated cones, because the isotropic
etching attack by fluorine ions starts at different starting points. Self-masking nonvolatile
reaction products also appear to have only a short residence time on the surface; otherwise,
plateau formation would be suppressed.

The formation of the cone-shaped topography on partially crystallized surfaces results
from a self-masking effect that is significantly more stable in the plasma etching process
than in the glass phase region since glass crystallization in the photo form process does not
change the net composition of the substrate, rather only that of LMS crystals characterized
by a lower etch rate. The silver nanoparticles act as heterogeneous nucleating agents and
can be considered from a structural point of view. These have a significantly higher stability
during the etching process, so that plateau formation can only take place to a minor extent
at points of the glass matrix that provides the crystals.

As a result, we conclude that the surface topography in the unexposed glass area
is mainly caused by reaction products from the interaction of the CF4/H2 plasma with
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the surface. In the partially crystallized parts, the crystalline structure of the substrate in
combination with the chemically more resistant residual glass around the crystals is the
main feature of the surface topography.

Overall, the different topographies of wet chemical and plasma etched surfaces lead to
increased roughness on the substrate surface and on the sidewalls in etched microstructures.
In many cases, smoothing is required, i.e., for the improvement of the optical transmission
of glass parts. In this context, additive, subtractive, and deforming methods are discussed.
Additive methods are based on the application of coatings on the surfaces to be smoothed.
In addition to smoothing, this can also serve other purposes, e.g., with suitable layer
thickness and refractive index choices for antireflective surface treatment. Rädlein et al. [46]
proposed the smoothing of various glasses with sol gel glass from the SiO2-TiO2-ZrO2
system using a dipping process. It was shown that the use of sol gel processes is well suited
to the filling of pores as well as deeper grooves and trenches.

Subtractive processes are based on material removal to achieve a leveling effect. It
is important that smoothing glass surfaces should ideally not affect the geometry of the
work piece while reducing the surface roughness. Therefore, a process that selectively
removes peaks and not the bulk material itself is desirable. In this regard, the isotropy
of the etching process can be considered a disadvantage. However, there are smoothing
processes for glass surfaces described in the literature that are explicitly based on etching
solutions containing hydrofluoric acid. Thiene et al. [47], for instance, referred to these as
acid polishing. In the context of photosensitive glasses, wet chemical etching by diluted
pure HF or acid mixtures is used. Williams et al. [11] achieved an improvement in the
surface quality of structural sidewalls for Foturan by adding HNO3 to an HF etching
solution in comparison to pure hydrofluoric acid. Other ablative processes with smoothing
effects demonstrated for glasses in general are cluster ion sputtering [48], RIE [49], chemical
mechanical polishing [50], and laser ablation [51,52]. The applicability to photostructurable
glass has not been demonstrated yet. One reason for this might be the low effectiveness of
these methods within high aspect ratio microstructures.

Forming processes smoothen the surface of a work piece in a way that reduces the
roughness without changing the overall volume. A frequently used method, also in connec-
tion with the smoothing of surfaces of photosensitive glasses, is thermal smoothing. In this
process, the glass component y is heated in its entirety to a value above the transformation
temperature and held there for a certain amount of time. The effect of the surface tension in
combination with the onset of viscous flow causes smoothing. Deviations from the original
geometry are possible due to the dead weight. Furthermore, rounding of edges and corners
is observed [53,54].

In addition to the abovementioned smoothing processes, the reduction in the surface
roughness within the etching process could be the most effective method. It is known from
the RIE of complex glasses that an increase in the physical contribution during the process
(e.g., due to a higher ion energy or the addition of noble gases, such as Ar or Xe) leads to
a reduction in the surface roughness for borosilicate glasses and glass ceramics [55–57].
This reduces the accumulation of nonvolatile reaction products, polymers, and impurities,
which can mask the surface, and inhibits homogenous chemical attacks on and the removal
of the silicate material. Furthermore, the etch gas composition can be adjusted, which
was not the part of the work presented here. This enables a specific adjustment of the
physical and chemical etching attack as well as polymer formation when the dry chemical
etching involves complex silicate materials [58,59]. However, these results mainly refer to
the structuring of glasses and less so to the complex material structure of photosensitive
glass, as discussed here.

5. Summary

A wet chemical etching process with diluted hydrofluoric acid was compared to a
plasma etching process using a gas mixture of CF4 with variable contents of H2. While in
the wet chemical etching process, the crystalline LMS phase has higher chemical solubility
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than unexposed glass regions; in the plasma etching process, the partially crystallized
parts exhibit higher stability. Both processes show a dependence of the etch rates on the
concentration, availability, and mobility of chemically active fluorine ions. For wet chemical
etching, a maximum etch rate ratio (calculated as the ratio of the higher etch rate rGC to the
lower etch rate rG) of 27 at a hydrofluoric acid concentration of 10 vol% was determined.
In the plasma etching process, the etch rate ratio Rpla is significantly reduced and is 2.5 on
average (calculated as the ratio of the higher etch rate rG to the lower etch rate rGC).

FTIR-ATR measurements showed increased contents of water species in unexposed
glass (G) compared to in the partially crystallized parts (GC) before etching. Both wet chem-
ical and plasma etching lead to increases in incorporated water species. The incorporation
by wet chemical etching is greater than that by plasma etching, especially for G.

The crosslinking of Qn groups in glass and LMS and the network stabilizing effect of
Al2O3 in glass are rate-determining during the wet chemical etching attack. In principle,
Q2 crosslinking and the symmetry of the lattice structure in LMS lead to an increased
etch rate compared to the weaker cross-linked unexposed glass in the presence of water.
In the plasma-based etching process, the necessary components for chemical dissolution
are mainly provided by the material structure and are thus present in significantly lower
concentrations compared to the wet chemical etching process.

Another essential aspect is self-masking in the form of deposit formation. During
wet chemical etching, water-soluble reaction products are formed, which, supported by
ultrasound, are transported away from the newly formed surface. The result is typical
surface topographies corresponding to an isotropic chemical attack of glass and partially
crystallized parts with a highly soluble crystal phase. Depending on the etching time
and concentration of hydrofluoric acid, etching depressions or imprints of dendritic LMS
crystals are formed in the residual glass phase. In comparison, the topography of plasma
etched surfaces might be much more strongly characterized by layer formation in the
sense of self-masking. Both the etching gas mixture CF4/H2 and nonvolatile reaction
products involving the photosensitive glass components can contribute to the formation of
deposits. An anisotropic effect is caused by the process-immanent physical component, the
ion bombardment of the surface. The results are cone-shaped and truncated-cone-shaped
surface topographies on GC and G.

It was shown that H2 contents of >30% lead to a significant disturbance in the crys-
talline structure of LMS in the plasma etching process. A decrease in the etch rate confirms
the assumption that water species are crucial for the chemical dissolution process but only
with the presence of mobile, chemically active fluorine ions.

The phenomena in a wet chemical and plasma etching procedure can be attributed
to short-term and long-term effects due to the complexity of the material structure and
the processes that occur during etching. Three time domains can be defined: First, for the
initial step, the removal of the first surface layer with a crystallization state different from
the volume, for which only wet chemical etching has been investigated so far. Second, the
most interesting moment is the onset of steady-state removal. This has been explained well
for wet chemical etching and must be further investigated for plasma etching. In particular,
the nucleation of masking cones is a phenomenon that deserves exploitation. Third, long
etching times result in a lower surface roughness, the rounding of sharp edges, and possibly,
the increased inaccuracy of etched moldings in the wet chemical etching process. There
is an optimization problem regarding the parameters (time and acid concentration) of the
etching process. Due to the complex plasma etch mechanism, long-term etching currently
results in increased surface roughness when using CF4/H2 etch gas mixtures. Further
investigations will be concentrated on the defined control of glass surface topographies.
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