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1 | INTRODUCTION

Abstract
In this paper, extensive studies are conducted as key to overcoming several
challenging limitations in applying fluorine-based reactive plasma jet machining
(PIM) to surface machining of N-BK7°%, particularly regarding the manufacture of
freeform optical elements. The chemical composition and lateral distributions
of the residual layer are evaluated by X-ray photoelectron spectroscopy and
scanning electron microscopy/energy-dispersive X-ray spectroscopy analysis
aiming at clarifying the exact chemical kinetics between plasma generated active
particles and the N-BK7 surface
atoms. Subsequently, a model is
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superior properties compared with conventional systems
based on spherical or aspherical elements. As design

Nowadays, there is a growing demand for optical methods for freeform surfaces are steadily improving,
freeform surfaces for imaging and illumination applica- the manufacturing as well as metrology must keep pace.
tions. Such optical elements are beneficial for the In cases where precise freeform optical elements with
construction of compact, light-weight systems that show  individual designs and small lot numbers are needed,
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deterministic fabrication methods are required that are
capable to shape surfaces with high accuracy and
efficiency. Thus, new approaches are necessary to over-
come the limitations of classical-mechanical treatments
with respect to geometric flexibility and achievable
surface shape accuracy as well as production costs and
time. Therefore, different types of deterministic surface
machining methods such as freeform grinding, compu-
ter-controlled polishing, magnetorheological polishing,
ion beam figuring, or elastic emission machining have
been developed to generate optical components with
complex surface shapes.! !

In this context, a local dry etching process based on
reactive plasmas and plasma jets was proposed as one
step of a process chain for surface form generation and
residual topography error correction as an alternative to
freeform grinding and subaperture-polishing.*"**! Such a
process chain comprising plasma machining and soft tool
polishing has been successfully applied for freeform
fabrication of fused silica optical elements.'*®! It has been
shown, that reactive plasma jet machining (PJM)
provides high flexibility regarding the aimed shape, high
process convergence, and avoidance of subsurface
damage (SSD) due to the chemical nature of material
removal. For this technique, a multicomponent non-
thermal chemically reactive plasma jet is applied."* The
active particles, which are created by pulsed microwave
power, react with the solid surface and form volatile
compounds, and a local dry etching process takes
place.">1®! Etching processes have been used so far
mostly for silicon, fused silica, SiC, or ULE using
fluorine-based chemistry, as most of fluoride-silicon
compounds are volatile and material removal is achieved
in a predictable manner.['”:8]

In this study, we investigate the usage of the PIM
technique for borosilicate glass, namely N-BK7® (Ed-
mund Optics company), since this material is even more
widely used in optical applications compared to fused
silica. However, the application of PJM on this material is
not a straightforward approach since N-BK7 contains
metal elements such as sodium, barium and potassium,
which produce nonvolatile fluorine compounds like
BaF,, NaF, and KF.'%?°! The boiling points of these
fluorine compounds are 2260°C, 1704°C, and 1502°C,
respectively.[m Hence, they remain in the solid state on
the surface during the process chain of machining, and
form a residual layer which covers nonuniformly the
plasma treated surface especially at the center of etching
zone. The generated residual layer prevents etching and
causes roughness on the etched area. To understand the
mechanism of residual layer formation during etching,
chemical and structural characterization of the layer was
performed by XPS and SEM/EDX analysis. It is shown,

that the properties of the produced residual layer vary
along the plasma treated area, leading to characteristic
etching depth profiles. Starting from time dependent
local material removal functions obtained from static
treatments, the first model for the evolution of dynamic
etch profiles is developed and experimentally validated.
The results lead to a better understanding of the plasma-
surface interaction on N-BK7 and help to develop a
predictable machining process for plasma-based freeform
generation.

2 | EXPERIMENTAL SECTION

2.1 | Experimental setup

All experiments were carried out in a vacuum test facility
consisting of a vacuum chamber with a volume of 0.5 m?
and a plasma jet system. For the preparation of
experiments, the chamber is first evacuated by rotary
slide and roots pumps to a minimum pressure of
0.5mbar. Then, the required process pressure of
900 mbar (i.e., close to the atmospheric pressure) is
adjusted via the inlet of N, with a manual valve into the
recipient and with the aid of a pressure-controlled
throttle valve located at the exhaust pipe.

Figure 1 illustrates the plasma jet setup. The plasma
jet source is composed of a stainless-steel tube with the
exterior diameter of 2 mm and inner diameter of 0.2 mm
inserted into the middle of a brass nozzle (with the inner
diameter 12mm). The inserted stainless-steel pipe is
fed with 400 sccm helium (He) as an inert carrier gas.
Additionally, 1sccm carbon tetrafluoride (CF,;) and
2 sccm oxygen (O,) are fed into the tube as the reactive
precursor gas mixture to form reactive particles in the
plasma jet. Moreover, 400 sccm nitrogen (N,) is supplied
as the inert shielding gas through the exterior brass
nozzle to stabilize the gas flow in the plasma jet
discharge. All gas feed rates are adjusted by commercially
available mass flow controllers (Bronkhorst EL-FLOW).

As can be seen from Figure 1, the gas feeding tubes act
as inner and outer electrical conductors of a coaxial
system to conduct the microwave energy toward the
inner tube outlet. The electric field intensity is provided
by a pulsed microwave field at 2.45 GHz for igniting and
sustaining plasma at the tip of inner nozzle. The
microwave power is generated by a custom-made solid-
state generator and is coupled into the plasma source in
the form of rectangular pulses by a coaxial cable. For the
current investigations, the pulse peak power F, and the
pulse frequency f were set to 200W and 2.1kHz,
respectively. The pulse width ¢, is set to 38 us to obtain
the required mean input power Py=16 W. The effective
microwave power Pg, which is defined as the difference
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(a) Central gas inlet (b)
(i.c. He, CF4, O2)
Pulsed microwave
2.45 GHz
Shield gas i.e. N2 Exterior brass nozzle
i.e. outer conductor
Inserted stainless steel pipe
i.c. inner conductor with
inner diameter 0.2 mm i
Plasma jet - Working distance =5 mm
i.e. ions, electrons, neutrals & heat
' <« Boundary layer surface
FIGURE 1 (a) Schematic drawing and (b) photograph of the plasma jet interacting with the N-BK7® surface during plasma jet

machining process

of mean input power Py and reflected mean power Pg,
was measured by a directional power sensor (Rohde &
Schwarz company) located between the microwave
generator and the plasma source. The reflected power
Py can be increased or decreased based on the choice of
inert carrier gas and depending on tuning the coaxial
system. For the experiments, helium plasma with low
electron density provides low reflected power Py, and
hence the obtained effective power Py is practically high,
that is, 85%. For the following experiments, the mean
input power of 16 W was used, as this setting ensured
a stable plasma jet discharge of approximately 8 mm
length. Surface temperature during all experiments was
determined by IR thermography to be at a constant
value of approximately (2904 10°C) in the plasma
etching zone.

2.2 | Substrate sample preparation

All etching experiments were performed on optically
polished N-BK7 wedged windows (Edmund Optics
company) with a thickness of 3mm and diameter of
50 mm. The nominal composition of the initial N-BK7
surface is given in Table 1, according to literature, which
was also confirmed by our XPS analysis.??!

Before the plasma jet treatment, the surfaces of all
samples were cleaned carefully by washing in a solution
of 1ml NH,OH, 2ml H,0,, and 40ml H,O and

TABLE 1 Nominal composition of the initial N-BK7" surface(?*!

Element (0} Si C Na
Proportion (at.%) 57.9 25.4 4.7 39

subsequently by a solution of 1 ml HCI, 2ml H,0,, and
8 ml H,O for 30 minutes at 50°C.

During the plasma processing, residual products
remain on the surface of the treated area and are mostly
soluble in water/ethanol solution. Therefore, after the
plasma processing, the treated surface was rinsed firstly
with water/ethanol solution and then cleaned with the
above-mentioned solutions. Finally, it was dried in a
vacuum drying container. This procedure ensured a
precise depth profile measurement on the etched surfaces
by optical surface profiler.

2.3 | Measurement and simulation
methods

Cross section profiles of etched structures on the N-
BK7 surface were determined by using a White Light
Interferometer Microscope (NPFLEX-Bruker) where 10
depth profiles were averaged for each structure.
Microroughness was measured with a WLI microscope
using a 50X objective. The chemical composition of
surface was determined by X-ray photoelectron spec-
troscopy (XPS; instrument Axis Ultra DLD, Kratos
Manchester). The surface composition mapping was
performed by secondary-electron microscope energy
dispersive X-ray (SEM-EDX) measurements in a Zeiss
Gemini Ultra 55 machine (Carl Zeiss company) with a
Bruker XFlash 3001 detector (Bruker company). The
gas flow velocity v, on the substrate surface was

3.5 3.2 0.5 0.4 0.3 0.2 0.1
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estimated over the radial profile r by using COMSOL
Multiphysics® (COMSOL Inc. software company), a
cross-platform finite element analysis, solver, and
Multiphysics simulation software. The simple FEM
(Finite Element Method) model was used, which only
considered the mass and momentum transfer for the
cold Helium gas. For the simulation of depth profiles
for dynamic line and area etchings, a MATLAB® script
was developed. It allows the calculation of different
profile depths for different experimental conditions.

24 |

For the investigations, three different patterns on the
N-BK7 surface were generated, namely the footprint,
line, and area etching. The footprint etching forms by a
static machining process where the plasma jet dwells on
one spot for a certain time. Line and area patterns were
created by a dynamic machining process using a moving
plasma jet.

For the footprint generation, the plasma jet was placed
perpendicular to the substrate surface. Depending on the
dwell time ¢, a footprint with a certain etching depth D is
created. It was confirmed by the experiments that the
footprint profile has a rotational symmetry, as for
instance, the SEM and EDX images obtained from the
footprint pattern in static etching of N-BK7 shown in
Figure 8. Then, the volumetric removal rate VRR is
calculated in terms of the local etching depth D(r) and
dwell time ¢ as follows:

Machining methods

+o0

VRR = % __[ D(r)2nrdr. 1)

For achieving a line etching, the plasma jet is
horizontally moved by a three-axis motion system relative
to the substrate surface while the working distance is fixed.
A straight line on the surface is then treated iteratively with
the constant scan velocity v resulting in a groove. In this
case, the volumetric removal rate VRR is derived by

VRR = % ‘_/o:, D(x)dx, )

where N denotes the number of line iterations.

An area etching is performed by moving the plasma jet
over the surface in raster path mode. For the experiments, a
constant velocity v =2 mm/s and a line feed Ay of 0.1 mm
over the surface were used. The working distance was again
fixed. An etched area with the desirable size is obtained by
adjusting the number and length of lines which are used in

FIGURE 2 Schematics of (a) footprint, (b) line, and (c) area
etchings showing the axes definitions and motion directions

the experiment. In this case, the volumetric removal rate
VRR is computed as follows:

VRR = vADAy. (3)

For illustrative purpose, the schematics of footprint,
line and area etchings showing the axes definitions and
motion directions are presented in Figure 2.

3 | RESULTS AND DISCUSSION
3.1 | Optimization of parameters for
N-BK7 machining process

Various process parameters affect the fluorine flow
densities and consequently the chemical processes in
the plasma jet and on the substrate surface. Hence, these
parameters have been optimized according to the given
application. In this section, the influence of gas mixture
and working distance Ad was investigated to improve the
efficiency of plasma jet machining of N-BK7. For
the following optimization experiments in this section,
the line etchings were used at the velocity v =2 mm/s.

3.1.1 | Effect of O, addition on
etch-profile cross-sections

The dependence of etching depth profiles on the
proportion of O, in the CF,/He gas mixture is shown in
Figure 3 for the line etchings performed on the N-BK7
surface when the number of iterations N =1 and the
working distance Ad = 5mm. For the sake of compar-
ison, the results for fused silica are also provided in
the same condition and shown in Figure 3. In these
experiments, the flow rates of CF,, He, and N, were fixed
to the constant values 1, 400, and 400 sccm, respectively,
while the O, flow rate was increased from 0sccm to
4 sccm. One can observe from Figure 3 that the etching
profiles exhibit nearly a Gaussian shape except the ones
with the low O, rate (i.e., when it is <2 sccm for N-BK7
and it is <1 sccm for fused silica) where nearly no etching
in the center of the profile is achieved. However, at lateral
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FIGURE 4 Cross-section of electric field strength at inner
gas tube outlet of the plasma jet source calculated by FEM (Finite
Element Method)

positions, a similar etching as for higher O, flow rates is
observed for both N-BK7 and fused silica.

It is assumed that the dissociation of CF, generating
fluorine atoms or F~ ions preferably takes place in the
region of high electric field strength. A simple FEM model
simulating the electric field distribution of the coaxial
conductor system was used with no ignited plasma
discharge. The FEM simulation of electric field strength
at the inner conductor in Figure 4 validates this
assumption by showing an annular shaped region of
maximum field strength that occurs at the edges of the
inner nozzle. In the center region where high CF,
concentration and lower electric field strength occurs,
the CFy radical formation is more probable. It is known
that CF, radicals generated in fluorocarbon plasmas by
electron impact dissociation can lead to the deposition of a
fluorocarbon film on the surface.”**! Obviously, a masking
layer is formed in the center during the treatment that
inhibits the fluorine radical attack. The deposition rate of
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fluorocarbon film depends on the gas composition and
precursor density. In the case where no O, is added into
the gas mixture or the O, flow rate is low, the fluorocarbon
film deposits fast on the surface. Then, the film continues
to thicken and makes the attained local etch rates in the
center nearly negligible.

However, it is well-known that oxygen has the capability
of reacting with neutral CFy to form COF, and F,.124 By
increasing the O, content in the gas mixture, not only the
deposition rate of the fluorocarbon film on the surface
is impaired but also a larger concentration of F atoms or
F~ ions is provided for etching the surface, and hence the
etching rate in the center of the plasma interaction zone
increases.?*?*! On the other hand, the addition of O, to
the gas mixture leads to dispersing the plasma energy
discharge since O, molecules compete with CF, molecules
in energy uptake from the free electrons in the plasma
discharge leading to excited states, dissociation, or forma-
tion of ions.

Furthermore, a dilution of the fluorine radical concen-
tration becomes effective. Hence, the etching rate decreases
for N-BK7" and fused silica, respectively, when the O, flow
rate exceeds from 2 sccm and 1 sccm. A similar behavior of
adding O, has been reported by Mogab et al.*®! in the case
of a low-pressure CF,;-O, plasma etching process. For the
following experiments on the plasma jet machining of
N-BK7', the optimal flow rate of O, was adjusted to 2 sccm.

3.1.2 | Effect of working distance Ad on
etch-profile cross-sections

The active region of plasma discharge and consequently
the etch efficiency of the plasma jet for both dynamic and
static surface machining strongly depend on the distance
between the plasma jet outlet and substrate surface (i.e.,
working distance Ad). The dependence of working
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FIGURE 6 Chemical composition of N-BK7" surface
measured by XPS before, after area etching, and after removal
of the residual layer where Me can stand for Na, K, and Ba

distance on the etching depth D is investigated for the
line etching with the number of iterations N = 2. Figure
5 shows the cross-section profiles at different working
distances Ad. At Ad =5mm the material removal rate
reaches a maximum. It is assumed that the generation of
etching particles such as fluorine radicals is promoted by
oxygen entrainment from the peripheral gas flow,
yielding optimal conditions for dissociation of CF, and
oxidation to COF, preventing the recombination of
fluorine radicals. For a larger working distance, recom-
bination effects may become stronger. In the following
experiments, the working distance was set to 5 mm.

3.2 | Surface characterization
of plasma-treated N-BK?7

To investigate the chemical composition of nonvolatile
compounds formed on the surface after plasma jet
etching, a raster path scheme was applied, as described
in Section 2.4. The process parameters were adjusted to
the optimum parameters determined in the previous
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(a) Etch profile depth, and (b) volumetric removal rate (VRR) as well as the plasma tool FWHM depending on the working
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FIGURE 7 Energy dispersive x-ray analysis image of residual
layer, which forms on the plasma treated surface of N-BK7  after
area etching

experiments (i.e., Pyy = 16W, Ad = 5mm, CF,=1sccm,
0, =2sccm, He =400 sccm, N, =400 sccm).

After the plasma processing, a rough residual layer
forms on the plasma affected area, which was analyzed
by XPS. For reference, the chemical composition of an
unprocessed N-BK7 surface was measured and the
amount of the components was determined in atom.%.
The result is depicted in Figure 6 as reference. In
addition, the chemical composition of the N-BK7 surface
after etching is presented in the same figure, where the
measurement results directly after plasma processing and
after a subsequent water/ethanol cleaning process,
respectively, are shown. It can be observed that the
residual layer formed on the plasma treated surface
consists of a variety of metal oxides and fluorides such as
Na,O, NaF, KF, BaF,, and multielement compounds like
BaO,F,,, BaFS, and SbO,F,(s) as well as a fluoridic B
compound (BF,). The XPS analysis after washing
exhibits a surface with very low amount of residual
etching products.

The chemical and structural properties of the plasma
treated area was further investigated by imaging EDX
analysis. Figure 7 shows the result directly after the
plasma treatment before washing. A nonuniform dis-
tribution of Na/F and K/F signals assigned to the formed
residues NaF and KF, and Si/O signals with weak
homogeneously distributed Na and K signals assigned

AND POLYMERS
to the substrate material N-BK7 is observed. Due to the
inhomogeneous coverage of the surface by the residuals,
layer thickness determination could not be performed.
The XPS and EDX results indicate that the reactions of
N-BK7 surface in interaction with the He/CF,/O,-based
plasma can be described into two general categories. One
includes reactions between fluorine and network formers,
that is, 70% silica (SiO,) and 8% boron trioxide (B,0O3). The
other category entails the interaction between fluorine and
the metal oxides (i.e., BaO, K,0, and Na,O). The reactions
of the first category produce volatile compounds such as
SiF4(g), CO(g), CO4(g), BFs(g), B,F4(g), and COF,, which
have very low boiling points (see Table 2).?”! The
desorption of these volatile compounds from the surface
occurs by thermal activation, which results in material
removal. In contrast, the second category of reactions forms
nonvolatile fluorine compounds such as NaF, KF, BaF, as
well as the multielements’ layer like BaO,F,, and SbO,F,,
that remain on the surface.

3.2.1 | Local distribution of residual

layer

Area etchings yield limited information on the local
interaction of the plasma jet with the surface. This is due
to the fact that the relative motion of the plasma jet leads
to the convolution of the local removal function R(x, y)
with the plasma dwell time ¢ at certain coordinates x, y in
the Cartesian coordinate system. Then, the local etching
depth D(x, y) is determined as follows:*!

D(e,y) = [f R&x =%y -3 -t(p)dedy  (4)

Therefore, static footprint etchings have been per-
formed to investigate simply the local depth and the
lateral distributions of the residuals. Figures 8 and 9
show the SEM images of a footprint obtained for an
etching time of t=8s. The formation of a residual layer
is clearly seen. In the central area with a radius of
approximately 400 um, the layer is cracked into several
patches and partly delaminated. At the peripheral area,
the layer seems to be compact until the edge at r
~800 um, where the layer is fully delaminated in a ring-
like zone. However, at an even larger radius (i.e.,

TABLE 2 Boiling points (BP) and vapor pressure of volatile and nonvolatile components of N-BK7" surface in interaction with CF,/O,-

based plasma discharge!?”

Reaction

product (o{0) BF; SiF, COF, CO, KF NaF BaF,

Boiling point (°C) —191 —100 —86 -84 —78 1,505 1,700 2,260

Vapor pressure 34 [atm] >50 [atm] 36.5 [atm] 55.4 [atm] 56.5 [atm] 0.0013 [atm] 0.0013 [atm] 0.0013 [atm]
(~140°C) (20°C) (20°C) (20°C) (20°C) (885°C) (1,077°C) (1,436°C)



8of14 PLASMA PROCESSES

KAZEMI kT AL.

AND POLYMERS

<

EREEEEE -

FIGURE 8 Scanning electron microscopy (left) and energy dispersive x-ray (right) images of a footprint obtained after static etching for

an etching time of t =8s

r > 800um), a compact layer is again visible, though
partly delaminated on the edge. This finding is
consistent with the EDX measurement shown in
Figure 8, where the main components of the substrate
and residuals are color-coded.

Four different spots (labeled with A, B, C, D) along the
radial profile r have been further analyzed to reveal their
corresponding chemical composition. The relative abun-
dance of elements at those spots is shown in Figure 10. At
the center of the footprint pattern (i.e., the location A),
the largest amount of fluorine as well as Na and K is
measured. This is attributed to the residual layer
consisting of NaF and KF with the largest thickness that
accumulates at the center of the footprint. At position B,
the signal indicating alkali-fluorides decreases, while at
the position C approximately 0.8 mm distance from the
center, nearly no fluorine occurs, and the Si and O signal
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FIGURE 10 Relative abundance of elements at the spots
shown in Figure 8 with the labels A, B, C, D

FIGURE 9 Surface morphology scanning electron microscopy of the spots A, B, C corresponding to Figure8
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FIGURE 11 Velocity magnitude of radial gas flow for He gas
jet at z=5mm on a perpendicular plate

exhibit a maximum. According to the SEM images in
Figures 8 and 9, the residual layer is removed at this
radial position and the initial N-BK7 surface appears.

This radial distribution of the residual layer can be
explained by the gas flow pattern of the plasma jet. In this
configuration, an impinging jet flow is assumed that
forms a stagnation point in the center. A FEM simulation
of a helium jet emerging from a tube with the inner
diameter of 0.2 mm, that is directed to a perpendicular
plate at the distance of 5mm, was performed to obtain
the radial gas velocity on the plate surface (i.e., the
velocity component parallel to the surface).

The distribution of radial gas flow velocity is shown in
Figure 11. At the radial position of 0.8mm
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FIGURE 12 Etch-profile depth obtained by reactive plasma
jet on N-BK7 surface after static plasma processing and removal of
the residual layer with water/ethanol solution

AND POLYMERS
approximately, the maximum is observed. As the residual
layer
is probably not compact and prone to delaminate, the gas
blows loose parts outwards and spreads it radially over
the surface. In the SEM image, such particles are found
around the footprint.

3.2.2 |
time

Etch profile as a function of dwell

Static etching for different treatment times ¢t was
performed to investigate the temporal evolution of etch
profiles. Figure 12 depicts the cross-section of etching
profiles for the dwell times of 1 to 12s. Note that the
profiles shown in Figure 12 were measured after
removing the residual layer by washing at the end of
experiments.

At the beginning of the process when the dwell time ¢
is <2 s, the profiles exhibit a near-Gaussian shape, that is
usually found for fused silica or Si plasma jet etching.!'*
Hence, the near-Gaussian profile represents the reactive
particle density distribution always present on the
surface. Even if a residual layer is formed, it is thin
enough to be penetrated by etching species and the
isotropic etching can proceed. However, as the dwell time
increases, the profiles depart significantly from
the Gaussian shape. Obviously, the residual layer in the
center is masking the surface underneath and prevents
the attack of etching species. Thus, etching is inhibited
leading to a flattened profile shape. Consequently, by
increasing the etching time ¢, material removal is barely
observed at the center and the local etching rate R is
reduced considerably. Contrariwise, the gas velocity v, at
the radial position of 0.8 mm reaches a maximum (e.g.,
20 m/s; see Figure 11) such that the brittle residual layer
is cracked easily and blown away by the gas flow, and the
parted residual particles stay on the surface instead of a
dense residual layer. Therefore, the profile cross sections
show a sharp edge at r>0.8mm because the local
material removal is not affected by the separated residual
particles dispersed over the surface.

The SEM image for the peripheral area of the footprint
at the etching time ¢ =8 s before washing and cleaning
is shown in Figure 9 (the spot C) at the Section 3.2.

3.2.3 | Roughness measurement

After washing the plasma treated sample, the roughness
of footprint etching over the radial profile r was
determined. Figure 13 illustrates a qualitative depen-
dence of N-BK7 surface roughness on the etching time ¢
ranging from 1s to 8 s for 21 different spots on the radial
profile. At the beginning of footprint etching when the
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FIGURE 13 Surface roughness of N-BK7 which forms after
static etching at different etching times ¢ for 21 different spots of
radial profile

etching time ¢ is <2, the etching results in a relatively
smooth surface, and the measured roughness of footprint
(i.e., Sg=4nm) does not change remarkably in compar-
ison to the polished N-BK7 surface without any plasma
treatment (Figure 13, the curve at t = 1s). However, by
increasing the etching time ¢, the measured roughness
over the radial profile r rises especially at the center and
at approximately r=0.8 mm. At the center, the thick
local residual layer converts into a masking layer during
the process. However, as it seems to partly delaminate,
the mask is not fully dense, and it leads to a rough
surface.

Additionally, at the peripheral area of footprint,
the brittle residual layer is locally cracked and
removed during the process by increasing the etching
time. However, the separated residual particles
instead of a dense and packed residual layer remain
on the surface, and cause a rough surface (Figure 9,
the spot C).

3.2.4 | Estimation of local etching rate R

The experimental data presented in Figure 12 is used to
illustrate the depth D of static etching for N-BK7 as a
function of the radial profile r and etching time ¢ (see
Figure 14). For conventional deterministic machining in
which the local etching rate R(r) is constant with respect
to the etching time ¢, we can simply write the relation
between the local etching rate R(r) and the depth D as

D (r)

R(r) = — (5
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FIGURE 14 (a) The attainable local etching depth D of
static machining for N-BK7" as a function of the radial profile r
and etching time ¢; (b) the corresponding local etching rate R
based on the obtained depth D over the radial profile r and
etching time ¢

However, as discussed before, the removal behavior of
N-BK?7 is not linear in terms of etching time ¢. Hence, to
compute the local etching rate R of N-BK7, the etching
time t must be considered as an extra variable in addition
to the radial position 7. In this case, the relation between
the local etching rate R and the depth D is expressed as
follows:

aD(r, t) t)

R(r,)=—

(6)
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Interpolant of local etching rate R in terms of the

According to Equation (6), the local etching rate R(7, t)
is computed by the partial derivative of depth D (r, t) with
respect to the etching time ¢. The experimental data has
been interpolated to obtain a smooth 2-dimensional
function R, that is shown in Figure 14a. The result of
the local etching rate is illustrated in Figure 14b.

Based on this function, it is now possible to calculate a
dependence of the rate on the already reached etching
depth D(r, t) for a certain radius, i.e., R(D(r, t), r). By
using an interpolation routine, a new data set for
R(D(r, t), r) is generated, which is shown in Figure 15.
We can observe from Figure 15 that the local etching rate
R is maximum at the center of radial profile r where the
depth is low e.g., D < 0.2 um. However, the etching rate R
decreases and approaches zero with some small fluctua-
tions in its amount as the depth D increases. These
fluctuations of local etching rate R at the center for large
values of depth D can be attributed to the brittle residual
layer on the surface which can be removed coincidentally
by the gas flow velocity v, during the process.

The peaks in depth D are achieved for the radial
profile around r = —0.8 and r = 1 mm as the gas flow
velocity v, has the highest amount (see Figure 11) and
results in the removal of the residual layer. In the
following, the local etching rate function is used for
simulation of a dynamic line etching.

3.2.5 | Simulation of dynamic surface
machining

The simulation algorithm assumes an etching rate
function R(D(x — X,y — ¥, t)) in 2D coordinate space,
where x. and ), denote the center-point of the rate
function. The motion is implemented by the iterative
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TABLE 3 Proposed algorithm for creating the dynamic surface
machining from the footprint profile that is already obtained using
the static process

Algorithm 1
Require: Simulation of dynamic surface machining
Input: Experimental static footprint etching
Output: Simulated line and area etching
1. Initialization:
(a) Define 2D space over x and y axes
(b) Set the center of footprint for t = ¢, at x.(ty) = X, and
Y:(to) = ¥y
(c) Set the principal etching depth D (xo, y,) =0
(d) Set the masking constrains
Ry =0,Dp > 0.3um, 7y < 0.5mm

2. While i < T — 1 where I denotes the total number of time
steps for the given maximum etching time ¢ = tyax:

(a) Calculate the radial profile
r(t) = 0 — xc(8))* + O — %(8))?

where t; = ¢y, + iAt denotes the current etching time and At is
the time-step

(b) Calculate the interpolant of the local etching rate
R (r (), t), r (1))

() If: R(D(ty), r(t;)) =Ry = 0 and D(r(ty), t;) > Dy where
r(t;) < ry, then a mask is made by stopping the etching,
ie, D((r(tis1), tiy1)) = D(r (), )

(d) Else: Perform the etching by calculating the new depth D

as
D((r(ti41), tix1)) = D(r(8), &) + AR(D (&), r (1)
(e) Move the center point of etching profile by
xe(fi41) = X (1) — (=1"vAL)
Yo (tiv1) = %.(&)
where n denotes the etching iteration index and v is the
velocity in mm/s
3. If: line etching
(a) Reset the center point as x.(ty) = X (tv—1) and y,(ty) =¥,
(b) Go to the step 2 for the next etching iteration n - n + 1
4. Else If: area etching
(a) Reset the center point as x.(tp) = xc(ty—1) and y,(t) =
¥.(to) + Ay where Ay denotes the line feed in mm

(b) Go to the step 2 for the next etching iterationn — n + 1

shifting x.(¢) in the case of a line etching, or x.(¢) and
%.(t) in the case of area etching according to the applied
velocity and direction. The starting etching depth is
initialized to D(x,y, ty) = 0. Further etching is then
realized by accumulating D =D +dD, where
dD = Rdt, and dt is the time step. Table 3 summarizes
the proposed algorithm. The algorithm described in
Table 3 is implemented in MATLAB’, and the
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FIGURE 16 Etch profile depth obtained by the experimental
approach and the proposed simulation algorithm for line etching
on the N-BK7" surface with different numbers of line iterations N

simulation results are obtained for both the line and
area etching. Figure 16 shows the cross-sectional shape
of simulated depth profiles and experimental results for
the line etching. It can be observed that the calculated
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profiles agree well with the experimental results for the
same setting parameters when the velocity v = 2 mm/s
is used and the number of line iterations N is set to
{1,2,4,8}.

Furthermore, Figure 17a,b, respectively, show the
simulated and experimental results for the case of area
etching when the velocity v = 4 mm/s is used, the line
feed Ay is 0.1 mm and the number of etching iterations N
is 70. In addition, the cross-sectional shape of etched area
for both the simulated and experimental results is
presented in Figure 17c,d.

It can be observed that the simulated cross section
matches with the experimental etch profile. Both the
experimental and simulated profile exhibit a complex
shape (see Figure 17). Obviously, the produced
residual layer in the center of the etching zone
reduces the removal depth. At the beginning of area
etching, this dense layer reduces the diffusion of
fluorine atoms into the surface of N-BK7 repeatedly
and causes the ripple-structure at a position of
x = —4mm. The same effect causes the ripple struc-
tures at the beginning and end of the cross-section
profile in the y-direction.
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FIGURE 17 Area etching results: (a) the outcome of the proposed simulation algorithm and (b) the experimental results when the
velocity v =4 mm/s is used; Cross-sectional shape of area etching: (c) along the x-axis and (d) along the y-axis where the red line indicates
the simulation results, and the black line indicates experimental results
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4 | CONCLUSION

This paper describes comprehensive investigations on
the surface machining of N-BK7 with fluorine-based
microwave-driven PJM. The plasma generates active
particles that chemically react with the N-BK7 surface
to create both volatile and nonvolatile compounds.
Based on previous research studies, the surface
machining process of N-BK7 relies on the generation
of volatile compounds such as SiF,4(g), CO(g), CO,(g),
BF3(g), B,F4(g), and COF,, which convert the solid
substrate surface to gaseous compounds.m] The
desorption of these volatile compounds from the N-
BK7 surface occurs spontaneously by a thermal
activation, which results in the etched surface. How-
ever, nonvolatile compounds form a residual layer on
the surface which changes the typical Gaussian-like
etch profile and subsequently causes the reduction and
nonlinearity in the material removal rate.

Based on the XPS and EDX/SEM analysis of the
plasma-treated surface of N-BK7, it was shown that
the residual layer consists of a variety of nonvolatile
metal oxides and fluorides such as Na,O, NaF, KF,
BaF,, and multielement compounds like BaO,F,,,
BaFsS, and SbO,F,(s) as well as a fluoridic B
compound (BF;). However, the XPS analysis also
proved that most of these residual etching products
are washable by the water/ethanol solution and can be
removed.

Furthermore, the mechanism between plasma gener-
ated active particles and the N-BK7 surface atoms was
described by evaluating lateral distributions of residual
layer during the static footprint etching.

The static footprint etching for different treatment
times was performed to monitor the temporal evolu-
tion of the etch profile depth. At the beginning of the
process, although the residual layer is formed, it
is thin enough to be penetrated by etching particles,
and the isotropic etching can be continued. However,
as the treatment time increases, the residual layer
masks the surface underneath and prevents the attack
of etching species. Thus, etching is inhibited leading
to a flattened profile shape. Subsequently, the local
etching rate was modeled over the radial profile to
account for the time-varying nonlinearity of the
material removal rate. It was observed that the local
etching rate decreases disparately over the radial
profile such that the highest local etching rate drop is
measured at the center. By using the temporal local
etching rate function, a model was established that is
capable to simulate dynamic etching, such as line and
area etching of N-BK7. This model is a prerequisite for
a deterministic etching process employing dwell time
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simulation algorithms. To predict etching depths for
varying dwell times, these algorithms have to take
into account the complex tool function behavior.

It is concluded from our investigations that generally
fluorine-based PJM can be applied for shape generation
and error correction of freeform optics of N-BK7. By
introducing a model that is capable of simulation, the
results of this study help to establish a plasma-based
process chain for shape generation and error correction of
N-BK7 freeform optics. As it turned out that the surface
roughness is not sufficient for freeform optical application,
the process chain should comprise additional polishing
steps, for example, shape preserving bonnet polishing.

However, there is still need for improvement and
further research on the N-BK7 surface machining
procedure with fluorine-based PJM. The aspects of higher
surface temperatures and larger mean input powers are
subjects for future work.
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