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Abstract
Ultrahigh-precision machining of glass is indispensable for optical component fabrica-
tion and therefore for applications. In this regard, plasma jet assisted chemical etching 
technologies enable new fabrication processes for enhanced optical functionalities due to 
their deterministic localized machining capabilities. This technique has been successfully 
applied to fused silica and silicon. However, applications require specific glass properties 
are related to complex material compositions of the glass. Hence, reactive plasma etching 
of these optical glasses is a challenging task. For instance, etching of metal oxide contain-
ing glass like N-BK7 by a fluorine-based reactive atmospheric plasma jet (RAPJ) exhibits 
currently limitations due to the formation of non-volatile reaction products that remain on 
the glass surface as a layer. Therefore, a procedure consisting of RAPJ etching and laser 
ablation is proposed for the machining of N-BK7. The capability of laser-based removal of 
residual layers is compared to water-based solving of the residual layer. After RAPJ etch-
ing of N-BK7 using a  CF4–O2 gas mixture with an average microwave power of 16 W, the 
samples are cleaned either by a water-based solvent or by the ablation with a nanosecond-
pulsed ultraviolet laser. The laser irradiation with fluences of 2.8 J/cm2 results in a local-
ized removal of the residual layer. It is demonstrated that the roughness of the laser-cleaned 
N-BK7 surface is similarly low as solvent-based cleaned samples but the pulsed laser 
enhanced cleaning allows a dry processing at atmospheric pressure as well as a localized 
processing with a high lateral resolution.
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Introduction

Glass is a high-tech material with properties that can be tuned e.g. by its composition in 
a wide range to satisfy particular requirements for the intended application. Dedicated 
technical glass is used for fabrication of optical elements such as lenses, mirrors, prisms, 
or other devices. As the application-related interaction of surfaces with light requires 
high precise surface topography features, surface machining processes must enable an 
appropriate surface quality over the whole range of spatial surface wavelengths [1].

Precision machining of glass is usually performed by mechanical abrasive techniques 
such as grinding or polishing [2]. In order to achieve ultra-precise optical surfaces, 
atomic particle beam-based surface machining techniques such as ion beam figuring 
(IBF), ion beam smoothing (IBS), or plasma jet machining (PJM) are usually employed 
which are specifically beneficial for the correction and finishing of surfaces, e.g. on 
aspheric lenses, freeform surfaces and mirrors [3, 4]. Ultra-precision surface machining 
processes should fulfil the basic requirement of controlling the material removal rate 
precisely for maintaining a smooth surface and limiting the damage of the processed 
material.

PJM has been shown to be a very efficient technology for surface figuring and figure 
error correction employing a reactive atmospheric plasma jet (RAPJ) as the tool. The 
mechanism of material removal is based on a dry etching process, where excited fluo-
rine species generated in the plasma jet undergo chemical reactions with the surface [3]. 
RAPJ etching works best for pure silicon-based materials such as fused silica, silicon 
and silicon carbide, since the chemical reaction products are volatile, e.g.  SiF4 and  CO2 
in the case of silicon dioxide etching.

However, some of commonly used optical glasses (e.g. N-BK7) contain further com-
ponents such as alkali metal oxides and others in addition to silicon dioxide which pro-
vide the respective physical, chemical, and optical properties of the glass. Hence, dur-
ing plasma jet etching of such glasses, non-volatile residues from the reaction of metal 
components of the glass with fluorine are formed in addition to the volatile reaction 
compounds. Consequently, residual layers remain on the surface leading to self-masking 
effects. Depending on the mesoscopic and microscopic structure of the layer, waviness 
and roughness structures arise during the etching procedure and the local etching rate is 
irregularly influenced by masking effects [5]. To overcome this deficiency, the residuals 
formed on the plasma-treated surface needs to be removed.

The cleaning of RAPJ etched glass surfaces by immersion in water-based solvent has 
been studied in our former work  [5]. However, this approach is challenging for different 
glass types since the solubility of the etch products remaining as residual layer on the sam-
ple surface depends on the composition of the glass. Therefore, wet cleaning must be opti-
mized for each glass and may fail for particular glasses. Additionally, wet cleaning can be 
applied only after finalizing the plasma processing. On contrary, a dry cleaning technique 
is more suitable to be implemented in a consistent surface manufacturing process.

Hence, in this work RAPJ etching and laser processing are combined to make up an 
improved technological approach for high precision machining of silica glass containing 
metal oxides. Application of laser beams provide a promising way to selectively remove 
the residual layers. Laser-beam machining of glass can be achieved by melting, evapora-
tion and ablation processes. Laser ablation, however, requires the absorption of the laser 
photons by the material that can be realized with high energetic photons or more easily 
with ultra-short laser pulses [6].
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A substantial increase of photon absorption at the surface to be machined can be 
achieved by attaching a high-absorbing material to the glass surface; these technologies are 
called backside etching. The most common approach, i.e. the laser-induced backside wet 
etching, makes use of highly absorbing liquids [7, 8] and fulfils the requirement of UHPM 
by featuring a low etching rate (~ 10 nm/pulse), a low roughness (~ 10 nm rms) and a dam-
age depth in the range of less than 20 nm [9]. The mechanism of backside etching is rather 
complicated and involves physical and chemical processes [10].

Pulsed laser irradiation provides high energy within short time and can induce a num-
ber of physical mechanisms spanning from thermal to mechanical processes. Hence, the 
primarily provided high pulse power as a product of the energy and density of photons is 
sequentially transferred into electronic excitations and thermal processes. After thermaliza-
tion, parts of the energy can induce mechanical processes such as stress fields and shock 
waves.

The combination of plasma and laser processing simultaneously or sequentially has 
been already investigated with the goal to improve the laser processing of glass by means 
of the plasma jet modification of the surface. The commonly used plasma jets contain oxy-
gen, argon or nitrogen as working gases that are reactive in some extent especially after 
plasma activation. Usually such plasma jet treatment results most likely in near surface 
material modifications that show an enhanced interaction with (UV) photons and feature in 
consequence stronger laser ablation. The observed effects of the plasma- laser combination 
are rather week and can currently not be considered as a tool for ultra-precision surface 
machining [11, 12].

In our work, an approach of reactive plasma jet etching with a fluorine-containing gas 
and pulsed laser enhanced (LE) cleaning for machining of N-BK7 glass is proposed. The 
RAPJ is initially applied to the N-BK7 surface performing an etch process and combined 
with laser ablation applied thereafter for removing plasma generated residual layer.

The chemical reaction during the plasma jet etching results in the formation volatile 
products; about 80% of the N-BK7 (i.e.  SiO2 and  B2O3) can convert into volatile com-
pounds after the interactions of the plasma generated active species (i.e. F and  CFx) that 
can desorb from the etched surface [14]. The remaining 20% influence the RAPJ etching 
and must be removed by additional means. Here, LE cleaning is compared with a solvent 
wet cleaning to evaluate and discuss the obtained results.

The proposed approach can be exploited in deterministic surface machining by RAPJ 
of optics for generating freeform surfaces widely used in illumination applications, e.g. for 
controlling spatial light intensity distribution.

Experimental Setup and Processing Procedure

The proposed approach of RAPJ etching and layer removal by laser ablation is depicted in 
Fig. 1.

For the experiments, N-BK7 windows with 50 mm diameter and 3 mm thickness, pol-
ished on both sides, were used. Before starting the machining process, the samples were 
cleaned by a standard RCA cleaning process [13]. RCA cleaning is optimized for remov-
ing organic and metallic contaminants from the surface. After applying RCA cleaning, 
the N-BK7 glass sample was etched with RAPJ, where the plasma jet was moved along 
a line across the sample in order to produce a trench-like profile. Subsequently, the sur-
face residues on the etching tracks were removed by using one of the following cleaning 
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techniques: (1) wet-cleaning in a water-based solvent or (2) dry-cleaning by pulsed UV-
laser irradiation.

Reactive Atmospheric Plasma Jet Etching

Etching by RAPJ employing a gas stream containing helium as well as a small amount 
of fluorine containing gas exited in a high frequency electrical field at the end of an open 
coaxial system with a tubular inner conductor forming a kind of nozzle has been studied 
already [5].

In these experiments, a plasma pulse repetition frequency of 2.1  kHz was adjusted, 
while the peak power and the pulse width were set to 200 W and 38 µs, respectively. This 
results in an averaged input power of 16 W that ensures a stable plasma jet formation with 
a plasma jet length of approximately 8 mm. A gas composition of helium (400 sccm) as an 
inert carrier gas as well as  CF4 (1 sccm) and  O2 (2 sccm) as reactive plasma component 
was used for all experiments. The plasma jet was scanned once across the sample surface 
with a speed of 2 mm/s. The lateral tool function of the RAPJ shows a near-Gaussian func-
tion with full width at half maximum of approximately 1.5 mm. The etching depth depends 
mainly on the RAPJ characteristics, e.g. the plasma power, gas flow rate, working distance 
between the nozzle and sample, and the plasma dwell-time.

Surface Cleaning by a Water‑based Solvent After RAPJ Etching

Non-volatile by-products of RAPJ etching of N-BK7 form a residual layer on the glass 
surface with a composition different to that of the glass. This residual layer reduces the 
attack of the reactive species from RAPJ to the glass surface by preventing the consistent 
transfer of active species. Therefore, the residual layer must be removed to maintain the 
RAPJ etching performance. In our previous work [14], the chemical composition of the 
N-BK7 surface was analyzed by XPS after etching and after a subsequent water/ethanol 
cleaning process. It was shown that the residual layer consists of different metal oxides and 
fluorides. The XPS analysis after water/ethanol cleaning exhibited a surface with very low 

Fig. 1  Schema of the proposed processing approach of RAPJ etching and subsequent cleaning by solvent-
based method and laser-based processing
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amount of residual etching products. Therefore, a 50% ethanol–water solution was applied 
for solution cleaning followed by a RCA cleaning procedure [13] in addition.

Laser Processing After RAPJ

In order to enable sufficient absorption of the pulsed laser irradiation an Excimer laser with 
a wavelength of 248 nm and a pulse length of 25 ns was used. The laser was embedded in 
a laser workstation, which comprise X–Y–Z translation stages for moving the sample rela-
tive to the laser spot. The laser spot has a quadratic shape with a size of 100 µm × 100 µm 
and a homogenous energy density distribution. The laser irradiation of the RAPJ etched 
surface was performed at a repetition rate of 100 Hz.

Preliminary studies have shown that the laser ablation of N-BK7 requires high laser flu-
ences and hence results into a strongly damaged surface showing melting and crack forma-
tions. The laser fluence range was set limited to a maximum fluence of 2.8 J/cm2 in order to 
prevent damaging of the substrate surface. Further, preliminary studies varying the applied 
laser pulse number in the ranges of 1 to 1000 showed a reliable residual layer removal with 
200 pulses.

The RAPJ etching tracks were irradiated by arrays of 8 × 10 laser spots. The laser 
parameters used in each generated laser spot array were constant and the lateral distance 
between each laser spot was 50 µm.

Results and Discussion

Based on former studies [5], the parameters of plasma jet are chosen to allow a RAPJ 
etching of N-BK7 without pre-heating the glass sample (i.e. initial surface temperature of 
25 °C). However, surface temperatures up to 290 °C are reached due to the heat flow from 
the plasma jet to the surface. Several linear tracks on N-BK7 samples are machined with 
RAPJ applying the same conditions.

 Figure 2a shows a microscopic image of a N-BK7 surface treated by RAPJ. The colour 
in the treated tracks is related to the interference effect on the formed residual thin layer 
having a thickness distribution and a refractive index different to the substrate.

One set of N-BK7 samples were cleaned by immersion into the water-based solution. 
After the solvent cleaning, the RAPJ etched tracks are still visible but with less contrast (see 
Fig. 2b) that can be linked to remaining RAPJ residues that are not removed completely.

Fig. 2  Optical image of RAPJ-etched tracks a without cleaning, and b after water-based solvent cleaning
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However, remaining slightly visible features are mainly related to light scattering due to 
increased surface roughness.

The reaction products of RAPJ species with the N-BK7 surface are mainly metal oxides, 
metal fluorides or mixtures of them. Expected stoichiometric reaction products with the 
glass are  Na2O, NaF, KF and  BaF2 [14]. However, the exclusive formation of components 
with chemical stoichiometry in the etched RAPJ track is rather unlikely due to the short 
plasma exposure time, the gradient of the RAPJ species across the plasma beam, the diffu-
sion of reactive species into the material and the temperature dependence of the chemical 
etching reaction. Hence, the reaction products of the glass and the plasma generated reac-
tive species are more likely non-stoichiometric compounds with complex composition that 
finally result into the residual layer. Moreover, due to the expected non-stoichiometry of 
formed reaction products, the incorporation of carbon compounds can be assumed, too. 
Since these materials have a different solubility, a complete removal cannot be presumed 
within the solution cleaning process.

In order to investigate the effects of substrate surface temperature during RAPJ on the 
LE cleaning, two samples are etched at room temperature (i.e. the initial substrate tem-
perature was 25 °C) or preheated by a hotplate to 350 °C while all other process param-
eters were kept fixed. During RAPJ etching the surface temperature distribution arises as 
a result of the heat flow originating from the heater (i.e. the initial surface temperature) 
and the plasma heat flow to the surface. Maximum surface temperatures have been deter-
mined in the center of the plasma-surface interaction zone by infrared thermography to 
be 290 ± 10 °C for the unheated case and 480 ± 10 °C for the heated substrate. Due to the 
RAPJ etching, residual layers were generated from non-volatile reaction products.

Approximately 20% of the N-BK7 can form non-volatile by-products such as NaF, KF 
and  BaF2, which are the outcomes of the chemical reaction of plasma species and metal 
oxides components of N-BK7  (Na2O,  K2O and BaO). The following sum reactions can be 
considered:

The oxygen as a result of the reaction can further react with other species in the RAPJ, 
e.g. carbon, forming stabile volatile components. Since these non-volatile products have a 
very high boiling point, they are solid under normal conditions and cannot desorb from the 
surface. Hence, a residual layer on top of the N-BK7 is created within the etched area. Due 
to this generated residual layer a further plasma etching is hindered. A detailed analysis of 
residual layers can be found in our previous work [14].

First studies of LE cleaning of residual layers resulting from the RAPJ etching at differ-
ent sample temperatures show that the laser ablation resistance is different. Laser damage 
resistance increases at higher substrate temperatures applied during RAPJ etching. Hence, 
the residual layer could not be removed within the applied range of laser parameters.

The temperature load comprises constant preheating and temporal RAPJ heating. As 
many processes are thermal activated, the average temperature determines the structure, 
the composition, the thickness, and the defect density of materials, here the residual layer. 
With preheating, the residual compounds remain for a longer time at high temperatures 
enabling densification, crystallization and solidification of the residual components. In 
addition, by-products of the RAPJ such as  CFx compound incorporated into the residual 
layer may be reduced by out diffusion. Well defined (crystalline or amorphous) materials 

Na
2
O + 2F → 2 NaF(solid) + O

K
2
O + 2F → 2 KF(solid) + O

BaO + 2F → BaF
2(solid) + O
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with less defects and low contamination feature usually a higher laser damage resistance. 
Furthermore, the residues layer thickness increases at higher etching temperatures due to 
enhanced diffusion and reaction speed. In our previous work [15], comprehensive research 
has been done on the effect of different temperatures on the properties of residual layer 
induced by RAPJ.

Therefore, LE cleaning investigations were performed on plasma-etched N-BK7 sam-
ples at the surface temperature T = 25  °C. Such a low temperature processing is favour-
able for optical applications as only little changes of the material due to the heating can 
be assumed. Within additional preliminary studies, it has turned out that a suitable laser 
fluence range is rather narrow so that the laser fluence was fixed to 2.8  J/cm2. At lower 
fluences the residues could not be removed completely whereas at higher fluences laser-
induced damage of the surface was observed. Finally, the pulse number was set to 200 to 
allow the complete removal of residues. Figure 3 summarizes the obtained results.

The white light interference microscopic image shown in Fig. 3a represents the depth 
distribution of the RAPJ-etched track with the LE cleaned spot array in the centre of the 
etched track. The cross-sectional profile of the RAPJ etched track after and before LE 
cleaning presented in this figure were obtained after final removal of the remaining layers 
by water-based solvent. It can be seen from Fig. 3b that the RAPJ-etched track has a lateral 
distribution function that exhibits a near-Gaussian form, where the maximum etching is at 
the center with the depth of about 400 nm. In this case, the N-BK7 etch profile formation 
is not significantly hindered by the residual layer as it is too thin, and hence an expected 
depth distribution according to the reactive particle-densities on the surface is achieved.

The optical microscopic images in Fig.  4a, b show the substrate surface after apply-
ing the RAPJ etching where LE cleaning is verified for a certain area before the resid-
ual layers have been cleaned by water-based solvent. The colours seen in the images are 
again assigned to an interference effect occurring at the residual layer of variable thickness 
formed during RAPJ etching.

Since the plasma modified depth is more or less corresponding to the residual layer 
thickness, the distribution of resulting residual layer should follow nearly similar behav-
iour to the etch profile depth. An absolute thickness measurement of the residual layer is 
not straightforward as the refractive index probably changes laterally as well as in vertical 

Fig. 3  a Topography of RAPJ etched track with a LE cleaning spot array in the centre of the etched track 
measured with WLI microscope; b corresponding cross-sections resulting from applying RAPJ etching 
(black line) and RAPJ-LE cleaning (orange line); the narrow valleys are the laser spots (Color figure online)
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direction. Nevertheless, to gain an estimation, a thickness profile was measured using opti-
cal thin film profiling technique. The measured distribution of residual layer is shown in 
Fig. 5. At the centre of the RAPJ-etched line, the optical thickness of film layer reaches to 
maximum similar to the etch profile depth (see Fig. 3b). The full width at half maximum 
of the residual layer thickness is approximately 1.8 mm (Fig. 5). The thickness of residual 
layer depends on the quantities of non-volatile products of the RAPJ etching reaction with 
the glass leaving behind different fluorine-containing species. Hence, the thickness pro-
file of residual layer across a RAPJ-etched line depends mainly on the distribution of the 
plasma density and the temperature on the surface.

The characteristic features of the RAPJ etching such as the colours, the speckle appear-
ance of the colours as well as the crack-like features are completely removed by LE clean-
ing. However, typical laser ablation like features such as melting, re-deposited droplets or 
melt rims at the edges of the irradiated spots do not appear. The residual layer is removed 
but the glass surface is not ablated or damaged severely. The laser spots appear clean but 
feature some debris/fragments of the residual layer. In addition, at the edges of the laser-
cleaned spots some flakes of the residual layer are still attached. In the optical as well as 
in the topographical images, some laser spots are covered with the residual layer but are 
no longer attached to the sample surface (see Figs. 3 and 4). These observations imply a 
layer detachment/spallation process rather than a laser ablation process. Laser spallation 

Fig. 4  Optical images RAPJ-etched surfaces of N-BK7 with laser-cleaned spots; a Array of laser spots, and 
b enlarged image of a laser irradiated area

Fig. 5  Profile of residual layer 
across a RAPJ-etched line (indi-
cated by black square dots) fitted 
to a Gaussian function (indicated 
by red solid line) (Color figure 
online)
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can be related to interface processes induced by a layer with a higher absorption and/or 
by laser-induced stress generation into the residual layer. The mechanism of the residual 
layer formation process suggests a continuous change of the composition of the residues 
at least in the vicinity of the glass surface. Therefore, as a first reason for the laser-induced 
residual layer spallation seems favourable. However, for laser-induced material processing, 
the thickness of the film has impact to the absorption as well as to the interface stress.

As it is expected, the thickness profiles of the residual layer in Fig. 5 and the etching 
depth (i.e. after solvent cleaning) in Fig. 3 both show a Gaussian like lateral distribution. 
This is related to the radical density in the RAPJ but also to the temperature distribution 
in the RAPJ etched track. For the higher temperatures, which can be expected in the cen-
tre, a more stoichiometric and homogeneous residual layer is probably formed. The higher 
laser ablation resistance of these central residual films suggest that the film thickness is less 
important. The reason for the easy removal of the residual layers formed at lower tempera-
tures occurring in the periphery of the plasma jet can be explained by a higher non-stoi-
chiometry and various contaminations, e.g. carbon. Therefore, a higher absorption of UV 
laser photons can be expected, and the laser-induced heating of the residual layer will build 
up more stress in the film resulting in the observed delamination/spallation of the layer.

The morphology of RAPJ etched N-BK7 samples measured by atomic force microscopy 
(AFM) within a field of 10 × 10 µm2 is shown in Fig.  6. The RMS roughness values of 
untreated N-BK7 surface, RAPJ etched surface without cleaning, RAPJ etched surface after 
the water-based solvent and after LE cleaning are respectively 3.5 nm, 10.5 nm, 14 and 
15 nm. In the case of LE cleaning the surface exhibits some debris particles while no signs 
of melting are observed. This supports also the conclusion that the residual film is removed 
by a delamination/spallation-like process. Hence, the roughness of the N-BK7 surface after 
LE cleaning and probably also for water cleaning is not related to the laser processing but it 
originates from the etching mechanism of the RAPJ etching of glass materials.

Conclusion

Ultra-precise surface machining for optical application requires a high topographical preci-
sion of the machining as well as a low surface roughness. Although fluorine-containing 
Reactive Atmospheric Plasma Jet (RAPJ) etching enables precise etching, it results in the 
development of a residual layer in the case of glass etching that causes the formation of 
roughness and influences the etching rate. The residual layer can be removed by using a 
water-based solvent exposing a rough glass surface. In this work, laser ablation cleaning, 
here by pulsed UV laser irradiation, was introduced to enable a dry removal of  the residual 
layer. The topography and roughness analysis showed that the morphology and roughness 
of the surfaces after water and laser cleaning are similar.

The mechanism of laser cleaning is not laser ablation as no indication for melting was 
found. Therefore, a stress-related spallation/delamination process can be considered as the 
dominating mechanism of laser cleaning of RAPJ etched N-BK7 glass. The dry removal 
of the residues layer can result in debris probably resulting from the redeposition of flakes 
from the residues film during the laser process.

It is proposed to combine the RAPJ-etching and the LE cleaning for (1) prolonging the 
etching of glass materials, or (2) to reduce the size and to shape the footprint of the RAPJ 
etchings according to the laser spot properties. A further step towards applying RAPJ for 
ultrahigh precision machining of complex materials were shown.
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