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1
METHOD AND SYSTEM FOR ULTRAFAST
LASER-BASED MATERIAL REMOVAL,
FIGURING AND POLISHING

CROSS REFERENCE

This application claims the benefit of the filing date of
U.S. Provisional Patent Application No. 62/889,811, filed
Aug. 21, 2019, which is hereby incorporated by reference in
its entirety.

This invention was made with government support under
grant number 11P-1338877, 1IP-1338898, 1IP-1822049 and
1IP-1822026 awarded by US National Science Foundation
(NSF) /UCRC Center for Freeform Optics. The government
has certain rights in the invention.

FIELD

The present disclosure relates to a method and system,
including software and physical models, for ultrafast laser-
based removal, figuring and polishing of a material and, in
particular for ultrafast laser-based removal, figuring and
polishing of the surface of a material without leaving tool
marks on the material, and/or removing tool marks left by
conventional polishing methods.

BACKGROUND

The next generation of imaging systems for applications
such as consumer electronics, augmented and virtual reality,
and space-based telescopes require advanced optical design
strategies to reduce the system footprint and weight while
maintaining high optical performance. One such strategy is
the integration of freeform optics having complex, rotation-
ally asymmetric surface geometries to condense the task of
a system of spherical optics into a single element. To glean
the full advantage of these novel optical elements, a stan-
dardized process chain for deterministic fabrication is
required. This need has provoked the investigation of dis-
ruptive tools and techniques to manufacture sophisticated
freeform surfaces to optical tolerances. However, it is chal-
lenging to manufacture the complex rotationally asymmetric
surfaces to optical tolerances.

State-of-the-art ultraprecision forming and finishing tools
for freeform optics include deterministic micro-grinding,
diamond turning, raster milling, magnetorheological finish-
ing, and ion-beam figuring. These techniques have advanced
sub-aperture material removal strategies and flexible tool
positioning capabilities which cater to fabricating rotation-
ally asymmetric parts and small, complex surface features.
However, the sub-aperture material removal strategies leave
behind detrimental mid-spatial frequency (MSF) tool marks
on the millimeter scale, and the complexity of sample-tool
alignment leads to surface form errors. Contact-based pol-
ishing methods also generate significant waste and have long
lead times for freeform parts which are disadvantageous for
high-volume manufacturing. Therefore, there remains a
need for alternative forming, finishing, and post-processing
tools for fabricating freeform optics.

Over the last decade, lasers have been readily investigated
as a non-contact tool for optical polishing tasks owing to
their flexible beam delivery and tunable control of material
removal. The predominant polishing strategy utilizes con-
tinuous wave and/or micro- and nano-second pulsed lasers
to melt and re-flow a layer of the material surface. Continu-
ous-wave CO, lasers have been used for in-situ healing of
laser damage for high-energy laser beam delivery systems
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2

and as a smoothing step in a laser-based fabrication chain for
freeform optics. Micro- and nano-second pulsed lasers have
also been used to polish various metals to nanometer-order
roughness. However, melt-based polishing requires precise
laser-wavelength/material matching to enable sufficient lin-
ear energy absorption to achieve melting. The thermal nature
of the laser interaction also causes detrimental structure
changes including large sub-surface melt and heat-affected
zones, high spatial frequency ripples due to melt front
solidification, and form errors due to the flow of molten
material. These requirements limit both the versatility and
precision of laser micro-polishing, which is currently unsuit-
able for optic-quality polishing tasks. Currently, the art lacks
a high-precision non-contact laser-based polishing method-
ology and system capable of deterministically figuring,
removing defects, and/or smoothing from a material surface
without leaving tool marks.

SUMMARY

In accordance with an aspect of the present disclosure,
there is provided a system for laser-based removal, figuring
and smoothing of a material surface, including:

an ultrafast laser;

a laser beam control module, including a processor for
executing machine executable instructions for simulating
with a physical model the physical mechanisms of ultrafast
laser interaction with a substrate material over a range of
laser parameters for a given material, determining from the
physical modeling an ablation threshold of the material;
determining from the physical modeling whether the under-
lining physical mechanisms of the laser material interaction
include material breakdown induced non-thermal ablation,
thermal melting-based material removal, or a combination
of the two, determining from the physical modeling a set of
optimum laser processing parameters which maximizes non-
thermal ablation while eliminating or controlling thermal
melting of the material, and determining with a tool path
model in combination with the physical model a scanning
strategy for a three-dimensional laser scanning path to
produce a fluence distribution or energy deposition on the
surface of the material in accordance with the optimum laser
processing parameters;

a beam delivery system that guides the beam, e.g., with
free-space optics or with fibers;

a beam shaping system which generates the spatial, tem-
poral fluence distribution or energy deposition;

a beam scanning system whose timing is synchronized
with the laser beam and the positioner of the sample with
controlled delays;

a sample fixture and positioning stage; and

optionally, an extraction system that removes the ablated
nanoparticles from the surface of the material.

In accordance with another aspect of the present disclo-
sure, there is provided a method for the non-contact laser-
based removal, figuring or smoothing of a material surface,
including:

collecting thermal and electron properties of a given
material;

modeling how absorption of laser energy by the material
drives the generation of a dense, hot system of free-carrier
electrons which then collides with and transfers heat to the
material lattice until the system reaches thermal equilibrium;

simulating how heat accumulates and dissipates over
multiple pulses;
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predicting material removal mechanisms, comprising
material breakdown induced non-thermal ablation, thermal
melting-based material removal or a combination of the two;

determining a laser ablation threshold for the material;

modeling temperature evolution at the material surface at
a laser fluence near the laser ablation threshold for a range
of repetition rates and scanning speeds;

optimizing the repetition rate and scanning speed at the
laser fluence to control thermal impact on the surface of the
material;

optimizing a scanning strategy comprising the percentage
overlap of the line scans to minimize surface scan marks and
the number of area scans to determine the desired material
removal at a specific location;

determining a beam shape and distribution at the material
surface that provides a desired fluence distribution or energy
deposition; and

scanning a surface of the substrate with an ultrafast laser
beam within the determined set of laser parameters, with the
beam shape and distribution generated by a beam shaping
device and the scanning strategy to remove spatially selec-
tive material with a desired thickness, performing at least
one of figuring, defect removal, cleaning and smoothing of
the material surface without an appearance of tool marks.

In accordance with another aspect of the present disclo-
sure, there is provided a scanning method for eliminating or
mitigating ripples caused by the exact overlay of line scans
from multiple area scans of a laser scanning method, the
method including randomizing a starting position for each
area scan following a first of multiple area scans, by spatially
dithering a starting position of each line scan in a direction
orthogonal to a line scanning direction so that the line scans
of multiple area scans do not overlap with each other
eliminating ripples otherwise induced by exact overlay of
line patterns from multiple area scans.

In accordance with another aspect of the present disclo-
sure, there is provided a method for achieving smooth
ultrafast-laser polishing of a material surface, including
determining a laser fluence near the ablation threshold of a
given material at a given pulse duration and repetition rate;
and optimizing a scanning speed and scanning strategy with
a line scan overlap between 50% to 85% to minimize heat
accumulation at the material surface from scanning with the
laser.

These and other aspects of the present disclosure will
become apparent upon a review of the following detailed
description and the claims appended thereto.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a series (individual and composite) of
multiple area scans exhibiting an embodiment of spatial
dithering (randomizing) the starting position of each line
scan;

FIG. 2A is a graph showing physical modeling of the
physical mechanisms for ablating silicon and FIG. 2B is a
graph showing physical modeling of the physical mecha-
nisms for ablating germanium;

FIG. 3A is a graph showing the determined ablation
threshold for silicon through physical modeling and FIG. 3B
is a graph experimentally validating the modeling deter-
mined ablation threshold;

FIG. 4A is a graph showing Two Temperature Model
(TTM)-simulated number density of free-carrier electrons
(Ne), carrier-system temperature (Tc), and lattice tempera-
ture (T1) at the location of peak intensity for incident-pulse
fluences of 0.37 J/em?, FIG. 4B a graph of 0.22 J/cm?, and
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FIG. 4C is a graph comparing heat diffusion behavior on the
nanosecond timescale post electron/lattice temperature
equilibration for the fluences shown in FIGS. 4A and 4B;

FIG. 5A is a graph of modeled maximum surface tem-
perature corresponding to the location of peak fluence of the
immediate-past pulse and FIG. 5B is a graph of modeled
predicted base surface temperature achieved prior to the next
laser pulse;

FIG. 6A is a graph of sensitivity of ablated crater area to
single-shot laser fluence and FIG. 6B is an optical micro-
scope image of single-shot processing at a fluence of 0.22
J/em? (ablation threshold of germanium);

FIG. 7A is an optical micrograph of line processing using
a 1 m/s scan speed and a 250 kHz repetition rate for laser
fluence of 0.22 J/em® and FIG. 7B for laser fluence of 0.37
Jem?,

FIG. 8A is an optical micrograph of an unprocessed
(control) Ge surface, FIG. 8B is an optical micrograph of a
laser-polished Ge surface generated using 20 polishing
passes and FIG. 8C shows a surface height map of the
20-pass laser-polished area and the surrounding unprocessed
surface;

FIG. 9A shows a surface height map of a 20-pass laser-
polished area and the surrounding unprocessed surface, FI1G.
9B shows a zoomed-in surface profile of an unprocessed
area, and FIG. 9C shows a zoomed-in surface profile of a
laser-polished area;

FIG. 10A is a graph showing the impact of the number of
polishing passes on material removal depth (black line) and
the resulting RMS surface roughness (grey line) and FIG.
10B is a graph showing the material removal depth verses
total deposited energy density;

FIG. 11A shows a germanium substrate that has mid-
spatial-frequency (MSF) pattern on the top and the laser
polished portion in the bottom and FIG. 11B shows the peak
to valley of the surface roughness for the laser polished area
in comparison with the unpolished area;

FIG. 12A shows a phase pattern generated on the spatial
light modulator (SLM) surface and FIG. 12B shows the
multiple focal spots that are generated by the SLM, which
can be used to simultaneously figure/smooth the surface of
a material;

FIG. 13A shows surface smoothness achieved when the
direction of the line scans is parallel to the laser polarization
direction and FIG. 13B shows surface smoothness achieved
when the direction of the line scans is orthogonal to the laser
polarization direction; and

FIG. 14 is a schematic showing an embodiment of a
laser-based material surface removal, figuring and smooth-
ing system in accordance with the present disclosure.

DETAILED DESCRIPTION

The present disclosure relates to a system and method for
non-contact figuring, smoothing, material (defect) removing
and/or cleaning the surface of a substrate by exposing the
surface to a sequence of pulsed laser beams from an ultrafast
laser system. An embodiment of the method includes col-
lecting properties of the substrate material as input of a
software package that is composed of a set of physical
models and a tool path model. The ablation threshold of the
material can be determined using the physical models or by
experimental procedure. The possible physical mecha-
nism(s) that enable(s) ablation and smoothing is determined,
for the selected substrate material. A set of optimum laser
parameters that maximize non-thermal ablation while elimi-
nating or controlling thermal melting are determined by the
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physical model. In an embodiment, a set of laser processing
parameters include wavelength, pulse length, fluence (pulse
energy/area of the laser spot on surface), repetition rate, and
scanning speed. Using the tool path model, the laser scan-
ning path in three dimensions is determined, which includes
the three dimensional coordinates of the contours that the
laser beam will follow, overlap of the line scans, the overlap
of the focused/defocused beam, the starting location of each
line scans, and the number of area scans. The laser beam is
shaped to produce the model determined fluence distribution
on the surface of the material, using either one or multiple
focused or defocused beam(s). An ultrafast laser system is
operated at a fluence near the model-determined ablation
threshold to experimentally fine tune the laser ablation
threshold and other model determined processing param-
eters. The laser beam is shaped to produce a single or
multiple beam on the surface of the substrate to improve
processing efficiency. Energy density is used as a matrix to
normalize the combined effect from a set of laser processing
parameters which have different combinations of, for
example, pulse energy, focal spot size, scanning speed,
repetition rate, overlap of focal spots, line scans and number
of area scans. The scanner is controlled to ensure accurate
spatial precision and timing delays in laser marking. Mate-
rial removal depth versus energy density is experimentally
determined to remove spatially selective material with the
desired thickness, performing figuring/material removal/
smoothing of the surface without the appearance of tool
marks.

In an embodiment, the method includes the following
steps (1) the material properties are collected as input of a
software package including a set of physical models and a
tool path model. Using the physical models, (2) the ablation
threshold of the material can be determined; (3) the possible
physical mechanism(s) that enable(s) ablation and smooth-
ing can determined, for the selected material; (4) a set of
optimum laser parameters that maximize non-thermal abla-
tion while eliminating or controlling thermal melting can be
determined by the model. The set of laser processing param-
eters include wavelength, pulse length, fluence (pulse
energy/area of the laser spot on surface), repetition rate, and
scanning speed. (5) Using the tool path model, the laser
scanning path in three dimensions can be determined, which
includes the three dimensional coordinates of the contours
that the laser beam will follow, overlap of the line scans, the
overlap of the focused/defocused beam, the starting location
of each line scans, and the number of area scans. (5) The
laser beam can be shaped to produce the model determined
fluence distribution on the surface of the material, using
either a focused or a defocused beam. (6) The ultrafast laser
system can be operated at a fluence near the model deter-
mined ablation threshold (from Step 2) to experimentally
fine tune the laser ablation threshold. (7) The laser beam will
be shaped to produce a single or multiple beam on the
surface of the substrate to improve processing efficiency. (8)
Energy density is used as a matrix to normalize the com-
bined effect from a set of laser processing parameters of
different combination pulse energy, focal spot size, scanning
speed, repetition rate, overlap of focal spots, line scans and
number of area scans. (9) The scanner is controlled to ensure
accurate spatial precision and timing delays in laser mark-
ing. (10) Material removal depth versus energy density can
be experimentally determined to remove spatially selective
material with the desired thickness, performing figuring/
defect removal/smoothing of the surface without appearance
of tool marks.
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FIG. 14 is a schematic showing an embodiment of system
components including a control unit, ultrafast laser, beam
shaping system, beam delivery system, beam scanner,
sample fixture and positioner and beam extraction system in
accordance with the present disclosure.

The present method optimizes processing parameters of
ultrafast lasers to induce nonthermal ablation/structural
changes, where material breakdown is achieved while the
thermal impact is minimized and or controlled. When an
ultrafast laser is operated at a high repetition rates (e.g.,
>200 kHz), material can also be removed via heat-accumu-
lation-induced ablation for which solid-liquid-gas phase
change occurs. The present methodology also optimizes
processing parameters to remove material while avoiding
significant thermal melting and large heat-affected zones, as
these affect the structural integrity and final roughness of the
laser-processed surface. The contributing impact of ablation
and temperature rise/melting during laser irradiation is con-
trolled to achieve the desired mix of nonthermal ablation/
thermal melting-based material removal conditions for opti-
mum polishing. Physical modeling of the ultrafast laser/
material interaction process is conducted to determine the
optimum laser parameters for precisely removing material
with minimal thermal effects. Depending on the properties
of the material, the present ultrafast-laser-based methodol-
ogy can achieve figuring, material removal, and/or smooth-
ing of the surface via non-thermal ablation alone, thermal
melting alone or the combination thereof.

In the case that the critical electron density is available for
a given material, such as through a literature review, the
laser ablation threshold for the material can be determined
through physical modeling, as shown for example in FIG.
2A for silicon.

In the case that the critical electron density is not available
for a given material, the critical electron density can be
determined through physical modeling using an experimen-
tally determined laser ablation threshold, as shown for
example in FIG. 2B for germanium.

In either case, the ablation threshold and the critical
electron density for a given material can be determined.
With this information, it can be further predicted whether
non-thermal ablation (when the predicted free electron den-
sity exceeds the critical electron density) will occur for any
given wavelength, pulse duration, and fluence for a given
material. The surface temperature of the material in relation
to the melting temperature can also be determined by
physical modeling. When the surface temperature exceeds
the melting temperature, the time duration that the tempera-
ture stays above the melting temperature can be determined,
i.e., the extent of the thermal impact. It can be determined
what the thermal impact is from single pulse and/or multiple
pulses. The laser parameters can be optimized to minimize
the thermal impact on the material.

Material description: Suitable substrate materials include
for example germanium, silicon, glass, crystal, metal, dia-
mond, sapphire, silicon carbide ceramics and polymer. Suit-
able materials also include optical and additively manufac-
tured materials.

Laser description: Suitable ultrafast lasers include ultra-
fast lasers having a pulse duration of less than 50 picosec-
onds. These include femtosecond and picosecond lasers.
Suitable wavelengths of the laser include but are not limited
to 248 nm, 355 nm, 385 nm, 515 nm, 527 nm, 532 nm, 615
nm, 620 nm, 775 nm-800 nm, 825 nm, 10302 nm, 1045
nm, 1047 nm, 1053 nm, 1060 nm, 1064 nm, 1300 nm, 1550
nm, 1558 nm, and 2400 nm. Suitable repetition rates range
from 1 kilohertz to 1 gigahertz, with typical values including
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100 kHz and 250 kHz. The laser can be externally triggered
and synchronized with a scanner that scans the laser beam to
ensure the appropriate laser emission response for a given
processing process.

Beam delivery and shaping system description: The laser
beam can be a single beam or multiple beams. The spatial
and temporal profiles and the relative spatial location and
temporal delay among the multiple beams can be shaped by
a beam shaping device known in the art, such as a spatial
light modulator (SLM). The laser beam can be delivered to
the surface of the material for example through free space or
via fibers or other manners known in the art. The relative
position between the focal spot(s) and the surface can be
determined by a model-determined optimum laser fluence
on the surface in accordance with the present disclosure,
which can be realized by either a focused or defocused beam
on the surface of the substrate. In an embodiment, the
fluence of the laser beam on the surface of the material is
near the ablation threshold of the processed material. The
intensity distribution of a laser beam on the surface can hold
Gaussian distribution, flat top distribution or user defined
other distribution.

Scanning system and scanning strategy description: The
scanning system can provide scanning control of the laser
beam in three dimensions. The system is synchronized with
the laser, and the relative time delay between the laser
trigger time and the starting time of the scanner can be
adjusted. The scanning strategy includes choosing combi-
nations of scanning speed, overlap of scanning beams along
a scan line, overlap of the scanned lines in an area scan (as
for example shown in FIG. 1), the starting position of first
scan line, number of area scans to achieve the desired
ablation depth and surface smoothness, and the line scan-
ning direction in relation to the laser polarization direction.

An embodiment of an optimum scanning strategy
includes overlap of scanning beam within each line, overlap
of line scans, number of area scans, the line scanning
direction in relation to the orientation of the laser polariza-
tion, and dithering method to randomize starting position of
each line. The overlap of the scanning beam within each
scan line can be determined by a combination of laser
repetition rate and scanning speed of the beam. A typical
repetition rate ranging from 100 kHz to 250 kHz can be used
to minimize the thermal impact while maintain scanning
speed on the order of 1 m/s. A suitable scanning speed range
includes from 0.1 m/s to 4 m/s and can go up as high as 25
m/s or beyond depending upon scanner technology. Suitable
overlap of line scans ranges from 50% to 85% of the laser
spot diameter. Preferably, the line scanning direction is
orthogonal to the laser polarization direction. Preferably,
spatial dithering follows a random distribution with the
overlap of line scans as the boundary. An optimum scanning
strategy is determined via modeling as described herein. The
physical models can determine the potential surface tem-
perature and free electron density for a given material, using
fluence values near the ablation threshold and the various
combinations of scanning parameters within the ranges
described herein. A set of scanning parameters with which
nonthermal ablation is predicted to occur and thermal impact
is minimized with the desired spatial and temporal resolu-
tion can be identified as an optimum strategy. Operating the
laser at a fluence value near the ablation threshold means a
fluence value slightly below, at, or slightly above the abla-
tion threshold.
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In an embodiment, the potential periodic imprint, such as
ripples, caused by the exact overlays of line scans from
multiple area scans can be eliminated or mitigated by
spatially dithering for each area scan the starting position of
the first line scan in the direction orthogonal to the line
scanning direction. FIG. 1 shows an embodiment of dither-
ing wherein the starting position of each line scan in the
direction orthogonal to the line scan direction is spatially
dithered (randomized) so that the line scans of multiple area
scans do not overlap with each other, eliminating potential
ripples induced by exact overlay of line patterns from
multiple area scans. FIG. 1 shows a sequence of three
individual area scans in the left column. The top and bottom
figures illustrate two area scans having a random position
offset to the left and right relative to the nominal position of
the middle scan, respectively. The distance between the lines
shown in the sequence represents the dithering amount for
the top and bottom area scans, relative to the middle scan
whose first line has a nominal position without dithering.
The sequence of the three individual area scans is shown in
an overlap view as a composite in the right column. The
right column figure illustrates that the overlay of the three
area scans with spatial dithering breaks the repeat of the
periodic pattern shown in the area scan (middle, left column)
that has nominal position for the first scan line.

Physical models: Suitable physical models include a Two
Temperature Model (TTM), Nonlinear Absorption Model
(NAM) and Heat Accumulation Model (HAM), which is an
extension of the TTM and NAM models for multi-pulse
processing. The TTM or the NAM simulate how absorption
of laser energy drives the generation of a dense, hot system
of free-carrier electrons which then collides with and trans-
fers heat to the material lattice until the system reaches
thermal equilibrium. The TTM considers the energy transfer
between electrons and lattices on a pulse scale while NAM
consider instantaneous energy transfer from electrons to
lattices. TTM is typically used to model semiconductor and
metal materials while NAM is typically used to model
glass/polymer/ceramics, however, these models can be inter-
changeable when sufficient material electron properties are
known. The models are used to investigate the sensitivity of
the free-carrier electron density and the lattice temperature
to different laser parameters for a given material. The
models can determine possible polishing mechanisms for a
specific material, according material properties such as band
gap energy, thermal conductivity and heat capacity. Depend-
ing upon the type of material and the availability of material
properties relating to electrons, either TTM or NAM can be
used to (1) determine the physical mechanisms of the laser
material interaction; (2) predict laser ablation threshold; (3)
predict and control the impact of laser parameters, in par-
ticular fluence on nonthermal ablation, the heating and/or
temperature evolution of the material, identifying the opti-
mum laser parameters that suppress or induce thermal effect
required by the interaction process; and (4) predict and
control the impact of the combined laser parameters on heat
accumulation, identifying optimum laser processing param-
eters.

The physical models (e.g., TTM) can be derived from the
principals and equations below relating to absorption of
laser light (eq. 1); generation of carrier electrons (eq. 2);
change of carrier system energy (eq. 3); and transfer of heat
to material lattice (eq.4).
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where [ is the laser, z is material depth, t is time, n is the
number density of the free-carrier electron system; o, B, and
® are the respective single-photon, two-photon, and free-
carrier absorption cross section coefficients; hv is photon
energy [h is Planck constant (6.63x107>* m? kg/s), and v is
fluence of the laser beam], v is the coefficient of Auger
recombination, T, is temperature of the material lattice, C,
is specific heat capacity, k; is thermal conductivity, U is
energy density in the electron-hole pairs, W is current, T, is
carrier energy temperature, C,_, is heat capacity specific to
electron-hole pairs, and T, is electron relaxation time.

The TTM/NAM is used to investigate the sensitivity of
the free-carrier electron density and the lattice temperature
to different laser parameters. Simulating the free carrier
density allows prediction of material breakdown and simu-
lating the lattice temperature rise can predict the onset of
thermal melting during processing. These two predictions
allow one to (1) determine whether the underlining physical
mechanisms of the laser/material interaction is (a) material
breakdown induced non-thermal ablation, or (b) thermal
melting-based material removal, or (c) combination of the
two ((a) and (b)) and (2) predict the laser ablation threshold
for a given material.

FIG. 2A shows that for silicon, when operating the laser
at a fluence near the ablation threshold, the free electron
density exceeds the threshold value for material breakdown,
but the maximum temperature is less than the melting
temperature of silicon. This indicates that the physical
mechanism for ablating silicon at the laser ablation threshold
is non-thermal ablation only.

FIG. 2B shows that for germanium, when operating the
laser at a fluence near the ablation threshold, the free
electron density exceeds the threshold value for material
breakdown while the maximum surface temperature is
slightly above the melting temperature of germanium. The
physical mechanism for material removal when operating
the laser at a fluence near the ablation threshold is the
combination of non-thermal ablation and thermal melting-
based material removal.

For example, for germanium having a laser fluence of
0.22 J/cm™2, processing conditions include a laser fluence
near the ablation threshold of 0.2 J/em™ at 1030 nm, 300 fs,
scanning speed of 1 m/s, repetition rate of 250 kHz, 75% of
line scan overlap, a smooth laser polished is achieved and
the thickness of the material to be removed is further
determined by the number of area scans per the determined
energy density.

The TTM or NAM can be used to predict the laser
ablation threshold for a given material via simulating the
impact of laser fluence on the achieved maximum free-
carrier number density. The corresponding fluence value at
which the free electron density exceeds the threshold value
for material breakdown is determined as the ablation thresh-
old. This method provides an alternative to the conventional
process of experiment-based trial and error for determining
the ablation threshold.

20

25

30

35

40

45

50

55

60

65

10

As an example, FIG. 3A shows that the maximum free-
carrier number density increases with increasing laser flu-
ence. The model determined fluence threshold for achieving
ablation is ~0.45 J/cm? at which the carrier density is equal
to the critical value of 6.9x10%° cm™. The model determined
ablation threshold for silicon is experimentally validated as
shown in FIG. 3B.

The TTM/NAM can be used to predict/control the impact
of laser parameters, in particular fluence, on the heating
and/or temperature evolution of the material, identifying the
optimum laser parameters that suppress or induce the ther-
mal effect required by the interaction process.

The TTM/NAM and HAM can be used to predict and
control the impact of the combined laser parameters on
non-thermal ablation and heat accumulation, thus identify-
ing optimum laser processing parameters.

Operational laser parameters include wavelength, pulse
duration, fluence at the location of the surface interacting
with the laser beam, laser repetition rate, scanning speed of
laser beam relative to the material, overlap between the line
scans, and polarization of the laser beam. An example of a
suitable set of operating parameters for smoothing a germa-
nium surface is 1030 nm wavelength, 300 fs pulse duration,
0.22 J/em?, 250 kHz repetition rate, 1 m/s scanning speed,
75% overlap between scan lines, and the direction of line
scans is orthogonal to the orientation of the laser polariza-
tion. Preferably with respect to smoothing quality, laser
polarization is orthogonal to the direction of line scans
compared to a polarization direction that is along the line
scan direction.

Smoothness, cleaning/defect material removal and figur-
ing: The surface of the material can be smoothed to a surface
roughness of less than 10 nanometers or a roughness that is
larger than 10 nanometers when desired. The surface can be
flat, curved, or freeform. The system and method enable
layer by layer removal of the substrate surface with nano-
meter precision control achieving figuring, smoothing, and
cleaning/defect removal. The system and method have been
demonstrated for a material removal depth increasing from
4 nm to approximately 30 nm when increasing the number
of polishing passes from 15 to 100. The optic-quality surface
with 1.5 nm RMS roughness is consistently maintained for
various material removal depths (FIG. 10 A). The material
removal depth can be further increased to micro level via
using larger numbers of scans and multi beam processing.

An embodiment of the system includes an ultrafast laser;
a laser beam control module; a beam delivery system; a
beam shaping system providing the desired fluence distri-
bution or energy deposition; a scanning system whose
timing is synchronized with the laser beam with controlled
delays; and a sample fixture and positioning stage.

In an embodiment, the laser beam control module
includes a processor which executes machine executable
instructions for simulating with physical model(s) the physi-
cal mechanisms of ultrafast laser interaction with a given
substrate material over a range of laser parameters, deter-
mining from physical modeling or experimentally an abla-
tion threshold of the material; determining from physical
modeling whether the underlining physical mechanisms of
the laser material interaction are material breakdown
induced non-thermal ablation, thermal melting-based mate-
rial removal, or a combination thereof, determining from
physical modeling a set of optimum laser processing param-
eters which maximizes the non-thermal ablation while elimi-
nating or controlling thermal melting of the material, and
determining with a tool path model in combination with a
physical model a scanning strategy for a three-dimensional
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laser scanning path to produce a fluence distribution or
energy deposition on the surface of the material in accor-
dance with the optimum laser processing parameters.

Sample fixturing and positioning stage description: The
laser polishing system can be equipped with a sample
fixturing and positioning stage known in the art to ensure
accurate and repeatable alignment of various samples to the
laser system.

Extraction subsystem description: the laser polishing sys-
tem can be equipped with an extraction system known in the
art that removes the ablated nanoparticles from the surface.

The following publications are incorporated herein by
reference in their entireties: L. L. Taylor, J. Xu, M. Pomer-
antz, T. R. Smith, J. C. Lambropoulos, and J. Qiao, “Fem-
tosecond Laser Polishing of Germanium towards Freeform
Fabrication [Invited],” Optical Materials Express 9 (11),
4165-4177 (2019); K. Mishchik, G. Bonamis, J. Qiao, J.
Lopez, E. Audouard, E. Mottay, C. Honninger, and I.
Manek-Hénninger, “High-efficiency femtosecond ablation
of silicon with GHz repetition rate laser source,” Opt. Lett.,
44, 2193-2196 (2019); L. Taylor, R. Scott, and J. Qiao,
“Predicting Femtosecond Laser Processing of Silicon via
Integrating Thermal and Two-Temperature Models,” Optics
Materials Express, Optical Materials Express 8 (3) 648-658
(2018); and L. Taylor, Jun Qiao, and Jie Qiao, “Optimization
of femtosecond laser processing of silicon via numerical
modeling,” Optics Materials Express, 6 (9), 2745-2758
(2016).

To address the need for disruptive, high-precision sub-
aperture forming and finishing techniques for freeform
optics, the present disclosure provides an alternative, non-
contact material removal, figuring and polishing methodol-
ogy and system using an ultrafast laser. The ultrafast-laser-
based polishing technique is capable of high-precision
material removal while maintaining optical surface quality.
The polishing methodology opens a viable path for sub-
aperture, optic quality finishing of optical materials with the
capability to scale up to address complex polishing tasks
towards freeform fabrication. The present disclosure enables
deterministic, high-speed, high-quality material removing,
figuring and polishing with negligible tool/thermal artifacts,
without the need for time-consuming, iterative experiments.

In comparison to conventional grinding/polishing tech-
niques, the present ultrafast-laser-based polishing is a green
manufacturing technique producing minimal waste (i.e., no
slurries, chemicals, water, purge gasses, etc. are needed).
The precise, localized material removal achieved is trans-
formative for processing small, freeform optical features
which currently cannot be accessed by sub-aperture mate-
rial-removal tools. Mid-spatial-frequency ripples left by
machine tools can be mitigated as a result of the size of the
laser beam. High powers/scanning speeds/repetition rates
offer increased processing speeds which rival current con-
ventional polishing techniques.

An important aspect of the disclosure relates to two
components which are inter-linked via feedback loops: (1)
fundamental, theoretical modeling to investigate the ultra-
fast laser/material interaction mechanism and the impact of
laser parameters, and (2) experimental implementation of
ultrafast laser-based processing of materials. The developed
laser/material interaction process directly enables, high-
precision polishing of, for example germanium, using ultra-
fast lasers, i.e., selectively removing material while main-
taining an optic-quality surface. The method can be
extended to other optical materials and additively manufac-
tured materials for wide application in optics and photonics
fabrication applications.
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Important aspects/attributes of this disclosure include: an
ultrafast laser polishing system developed for achieving
material removal based on material breakdown and/or ther-
mally controlled melting. A laser scanning strategy estab-
lished to achieve ablation and avoid the onset of undesired
thermal effects by controlling the combined impact of laser
parameters. A Two-Temperature Model/Nonlinear Absorp-
tion Model and a Heat Accumulation Model used to inves-
tigate the femtosecond laser/material interaction mecha-
nism. Controllable laser polishing is achieved using a set of
model-determined operational laser parameters. The poten-
tial underlying mechanism for ultrafast laser-based polishing
of a given material is determined via laser/material interac-
tion modeling.

Ultrafast lasers enable precise, spatially localized abla-
tion-based material removal with minimal thermal impact on
various materials having different optical properties. This
disclosure exploits the unprecedented material removal
capabilities offered by these specialized lasers to develop a
space-selective, high-precision material removal strategy
which maintains optic-quality surface roughness.

This disclosure has several important uses (also appli-
cable for commercialization): Standalone tool for final-
finishing and/or form correction for high-precision and
freeform optics manufacturing. This is important at the
current time, as the field of freeform optics manufacturing is
in dire need of a new tool for high-precision material
removal which can offer the following attributes: (1) high
precision for complex/small surface geometries and both
weak and strong surface departures, (2) ability to perform
polishing without and/or remove existing fabrication-in-
duced tool marks from the optic surface, (3) capability to
process a variety of different crystalline and amorphous
materials and also brittle materials, (4) reduction of polish-
ing cost, waste, and lead-time. Other uses include integra-
tion into an ultraprecision machine tool or an existing optics
grinding/polishing process chain (e.g., diamond turning,
magnetorheological finishing). Integration with other high-
power lasers to develop a full, laser-based optic manufac-
turing station (e.g., using CO, and/or nanosecond Nd:YAG
lasers to shape/initially polish an optic preform and use the
described technology for final, high-precision finishing of
the part). Integration with laser-based additive manufactur-
ing machines for inter-layer smoothing/densification and
final surface polishing. Integration with laser structuring and
laser welding to realize integrated optics/micro-optics/pho-
tonics.

This disclosure provides a fundamental understanding of
how to precisely balance the contributing laser-interaction
phenomena to control material breakdown and material
phase change to achieve polishing. This balance can be
revealed by using both physical modeling and experiments
to develop a feedback loop to drive the selection of laser
parameters to effectively control the material removal
mechanism to achieve controllable and repeatable polishing.
The ultrafast laser-based polishing is achieved though the
high-precision thermal controllability via tuning the spatial
and temporal energy deposition, in combination with mate-
rial breakdown. The process is adaptable to a given material.
The present disclosure takes advantage of the significance of
the fine thermal control ability of femtosecond lasers in
methodologies that heretofore have used continuous wave or
nanosecond lasers for purely melting induced polishing.
Femtosecond lasers were used to drive non-thermal abla-
tion-based polishing while there was a lack of methodology
to control the often-accompanying thermal effect with high
spatial and temporal resolution.
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This disclosure can directly compete with conventional
final-finishing techniques for optical fabrication, such as
Ion-Beam Figuring, and offer a “green” technology for
optical polishing. The scale-up of material removal can
allow the technique to compete with other ultraprecision
tools for optical fabrication. The refined processing capa-
bility offered can eliminate the need for melt-based laser
polishing with pulsed and/or CW lasers, which has lower
precision and limited tunability for addressing different
materials and complex surface geometries than the present
methodology.

The disclosure will be further illustrated with reference to
the following specific examples. It is understood that these
examples are given by way of illustration and are not meant
to limit the disclosure or the claims to follow.

Example 1

To determine the possible physical mechanisms for ultra-
fast laser interaction with both silicon and germanium
materials, both free electron density and surface temperature
are predicted by physical modeling at a fluence value near
the ablation threshold of the material.

FIG. 2A shows that for silicon, when operating the laser
at a fluence value near the ablation threshold, the free
electron density exceeds the threshold value for material
breakdown, but the maximum temperature is less than the
melting temperature of silicon. The analysis indicates that
the physical mechanism for ablating silicon at the laser
ablation threshold is non-thermal ablation only. More spe-
cifically, the TTM predicted that, for silicon, when the laser
fluence value is at 0.43 J/cm?® (ie., the silicon ablation
threshold) the electron number density increases to 9.3x
10%°, exceeding the threshold for silicon breakdown (6.9x
10*° ¢cm™), predicting the occurrence of non-thermal abla-
tion. The TTM predicts surface temperatures not to exceed
the silicon melting temperature of 1687 K, therefore no
thermal melting occurs in the ablation process.

FIG. 2B shows that for germanium, when operating the
laser at a fluence value near the ablation threshold, the free
electron density exceeds the threshold value for material
breakdown while the maximum surface temperature is
slightly above the melting temperature of germanium. This
analysis indicates that the physical mechanism for material
removal when operating the laser at a fluence value near the
ablation threshold is the combination of non-thermal abla-
tion and thermal melting-based material removal. More
specifically, the TTM predicted that, for germanium, when
the laser fluence value is at 0.22 J/cm? (i.e., the germanium
ablation threshold) the electron number density increases
from an initial value of 10'* cm™ to a value on the order of
10%* cm™ in less than one picosecond after the arrival of the
peak intensity. This density is characteristic of the onset of
material breakdown in semiconductors, indicating the poten-
tial onset of ablation. The TTM result predicts surface
temperatures exceed the Ge melting temperature of 1213 K,
leading to the onset of melting, confined to nanometer-order
depth.

Example 2

In this example, the silicon laser ablation threshold is
determined by the TTM via simulating the impact of laser
fluence on the achieved maximum free-carrier number den-
sity. The corresponding fluence value at which the free
electron density exceeds the threshold value for material
break down is determined as the ablation threshold. This
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eliminates the need for experiment-based trial and error to
determine the ablation threshold.

FIG. 3A is a graph of TTM-simulated maximum electron
number density versus laser fluence for laser-silicon inter-
action (300 fs pulse width, 1030 nm wavelength), which
shows that the maximum free-carrier number density
increases with increasing laser fluence. The dashed line
marks the critical density above which ablation occurs
(6.9x10%° cm™). The model determined fluence threshold
for achieving ablation is ~0.45 J/cm® at which the carrier
density is equal to the critical value of 6.9x10%° cm™>.

The model-determined ablation threshold value for sili-
con shown in FIG. 3A is experimentally validated, as shown
in FIG. 3B, which is a graph of ablated crater area on silicon
versus laser pulse fluence. The ablation threshold was
experimentally determined to be 0.43 J/cm?®, corresponding
to the x-intercept of the regression curve.

Example 3

TTM/NAM is used to predict/control the impact of laser
parameters, to predict fluence on the heating and/or tem-
perature evolution of the material, identifying the optimum
laser parameters that suppress or induce thermal effect
required by the interaction process.

FIGS. 4A-4B show the TTM-simulated number density of
free-carrier electrons (N_), carrier-system temperature (T,),
and lattice temperature (T)) at the location of peak intensity
for incident-pulse fluences of (FIG. 4A) 0.37 J/em® and
(FIG. 4B) 0.22 J/cm? for a single pulse. FIGS. 4A and 4B
compare the TTM results at the material surface and in the
spatial center of the incident Gaussian pulse for the two
different peak fluences shown. Times are relative to the
arrival of the peak pulse intensity at 0 ps. This density is
characteristic of the onset of material breakdown in semi-
conductors, indicating the potential onset of ablation for
both cases. The generation of free-carrier electrons causes
the electron-system temperature to rise to 2.9x10*K for a
fluence of 0.37 J/cm?® and to 1.6x10* K for a fluence of 0.22
J/em®. The higher electron temperature allows stronger
coupling of thermal energy to the material lattice, causing
the lattice temperature to rise to nearly 2100 K for the higher
fluence, and ~1400 K for the lower fluence. Both predicted
surface temperatures exceed the Ge melting temperature of
1213 K. For the lower fluence case, only the onset of
melting, confined to nanometer-order depth, is predicted
based on the amount of energy supplied to the simulated
lattice voxel.

FIG. 4C shows the dissipation of surface temperature
following laser irradiation and electron/lattice temperature
equilibration. In all plots, the dashed horizontal line corre-
sponds to the Ge melting point at 1213 K. FIG. 4C compares
heat diffusion behavior on the nanosecond timescale post
electron/lattice temperature equilibration. The surface tem-
perature induced by the 0.22 J/cm® fluence is predicted to
dissipate to below the melting point an order of magnitude
faster than for 0.37 J/em?® (4 ns vs. 40 ns). This indicates that
reducing laser fluence can minimize the time over which
detrimental thermal melting may occur. Therefore, a fluence
near 0.22 J/em? is expected to induce ablation while con-
trolling the extent of thermal effects. FIG. 4C shows that the
time for the material (germanium) to stay above the melting
temperature can be controlled within nanosecond precision,
which ensures the thermal impact will only occur on a single
atom layer.

Example 4

To predict heat accumulation, the TTM/NAM was
extended to three spatial dimensions to simulate multi-pulse
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laser-material interaction for area processing. FIGS. 5A-5B
predicted surface temperature evolution due to femtosecond
laser interaction using the initially determined set of laser
parameters. The TTM was used to evaluate and control heat
accumulation and the onset of thermal effects during multi-
pulse processing/polishing, using a fluence of 0.22 J/cm?, a
scanning speed of 1 m/s, and a repetition rate of 250 kHz.
FIG. 5A shows that the maximum surface temperature
corresponds to the location of peak fluence of the immedi-
ate-past pulse. FIG. 5A shows that for each laser pulse, the
surface temperature rises and then dissipates due to heat
diffusion in the time between laser pulses. As more pulses
are deposited, heat continues to accumulate until the thermal
energy deposited by each laser pulse and the amount of heat
dissipated between pulses reach equilibrium, controlled by
the Ge thermal properties (specific heat capacity, thermal
conductivity).

FIG. 5B shows the predicted base surface temperature
achieved prior to the next laser pulse for processing with 125
laser pulses, insuring that after multiple pulse material is not
melting. FIG. 5B shows that the base temperature achieved
immediately prior to the next laser pulse begins to settle after
25 pulses at a temperature of 345 K. Between 25 and 125
pulses, the base temperature is predicted to rise by only ten
Kelvin to a value of 355 K. This demonstrates the capability
for the selected laser parameters to produce controlled
thermal processing conditions with minimal heat accumu-
lation while producing a pulse overlap in the regime for
uniform processing. Therefore, the combination of a 0.22
J/em? laser fluence, a 250 kHz repetition rate, and a 1 m/s
scan speed is shown as a suitable set of laser parameters for
polishing.

Example 5

Point and line processing experiments were carried out to
evaluate the TTM-predicted laser parameters for femtosec-
ond laser polishing of Ge. Experiments were performed on
Ge substrates with <111> crystal orientation and ~1 nm root
mean square (RMS) surface roughness, cleaned with iso-
propanol and/or methanol before irradiation. Substrates
were processed using a 300 fs, 1030 nm Ytterbium fiber
laser (Satsuma HP3, Amplitude Systémes). Beam attenua-
tion, scanning, and focusing were controlled using inte-
grated beam control and scanning hardware (L.S-Shape and
LS-Scan, Lasea). The 1/e” radius of the laser focal spot is 30
pm.

FIG. 6A shows an experimental sensitivity study of laser
fluence on ablation carried out using single-shot laser pulses.
FIG. 6A shows the impact of laser fluence on the resulting
area of ablation craters as measured by a Zygo NewView
interferometric microscope. The relationship between the
crater area A, and the laser fluence F, is defined as
A=(mw _?/2)In(F/F,,), where F,, is the ablation threshold
fluence and w, is the 1/e” radius of the laser beam. Fitting
this relationship to the experimental data yielded an ablation
threshold of approximately 0.2 J/em? for Ge. FIG. 6B is an
optical microscope image showing that single-shot process-
ing at a fluence of 0.22 J/cm?, near the ablation threshold,
modifies the surface region without generating rough central
features like melt-induced ripples or nucleated gas bubbles.
This confirms the TTM-prediction that the 0.22 J/cm? fiu-
ence is capable of ablation-based material removal.

Line-configuration processing was also carried out to
examine the combined effectiveness of the TTM-investi-
gated fluence, repetition rate, and scan speed towards pol-
ishing Ge. The processed region corresponds to the ~30-50
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um wide bright track and the structures therein. FIG. 7A is
an optical micrograph of line processing using a 1 m/s scan
speed and a 250 kHz repetition rate for a laser fluence of
0.22 J/em®. FIG. 7A shows that the parameters generate a
uniformly colored processing track with potential surface
smoothing, evidenced by “blurring” of the scratches which
passed through the processing track. FIG. 7B is an optical
micrograph of line processing using a 1 m/s scan speed and
a 250 kHz repetition rate for a laser fluence of 0.37 J/em?.
FIG. 7B shows that using a higher fluence of 0.37 J/cm? for
the same repetition rate and scan speed produces rough
structures in the center of the processed track. The structures
have periodicity on the order of the laser wavelength result-
ing from interference between the incident electric field and
the dense ionic plasma generated by the laser pulses. They
are also potentially exacerbated by the thermal impact of
processing at higher fluences, indicated by the model-pre-
dicted lattice temperature of 2100 K (significantly above the
Ge melting point of 1213 K) for processing with a fluence
of 0.37 J/em?.

According to the modeling results shown in FIG. 4B and
FIG. 4C and the experimentally determined Ge ablation
threshold, ablation and the onset of melting will most likely
occur simultaneously during laser polishing of Ge. Thus, the
aim is to achieve as close to a nonthermal ablation state as
possible to minimize thermal effects and heat-affected
zones. The experimental results for point and line processing
guided by the TTM model prediction confirm that selecting
a laser fluence near the ablation threshold and a repetition
rate and scanning speed to minimize heat accumulation is a
strategy towards achieving smooth femtosecond laser pol-
ishing.

Example 6

Femtosecond laser polishing experiments were carried
out using the experimentally validated set of laser param-
eters for smooth processing shown in FIG. 7A. A strategy to
generate overlapping lines of processing was devised to
polish a region of the Ge surface (~0.5 mmx0.5 mm). Lines
were marked unidirectionally with line overlap initially set
to 75% of the laser focal spot diameter to maintain process-
ing efficiency. A completed scan over the defined polishing
area is referred to as a “polishing pass”.

FIG. 8A is an optical micrograph of an unprocessed
(control) Ge surface compared to an optical micrograph of
a laser-polished Ge surface generated using 20 polishing
passes shown in FIG. 8B. The laser parameters used include
a laser fluence of 0.22 J/cm?, line overlap of 75%, 250 kHz
repetition rate, scanning speed of 1 m/s, number of area
scans of 1200. The representative optical micrographs in
FIGS. 8A and 8B show that the control surface contains
defects including scratches and discoloration which are not
evident in the laser-polished surface.

FIG. 9A shows a full-area Ge polishing surface height
map of a 20-pass laser-polished area and the surrounding
unprocessed surface (measured using a Zygo NewView).
The depth of material removal in the polished area is 6 nm.
The slight deepening of the removal at the top and bottom
edges of the polished region follows from increased laser
dwell time due to scanning acceleration and the slight
striation in the area follows from the initial line overlap
selection, both of which are undergoing correction. The
average RMS roughness in the center of the laser-polished
area is 0.826+0.102 nm, and that of the surrounding unpro-
cessed area is 0.824+0.185 nm (averages calculated over
five, 150 umx150 pm regions). Representative zoomed-in
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surface profiles of unprocessed and laser-polished areas are
shown in FIGS. 9B and 9C, corresponding to the locations
of the images in FIGS. 8A and 8B. The femtosecond-laser-
polished area maintained single-digit nanometer surface
roughness quality, e.g., 0.72 nm RMS in comparison to 0.78
nm in the unprocessed region.

The results in FIGS. 8A-8B and FIGS. 9A-9C demon-
strate that the devised laser polishing strategy effectively
removes surface defects while maintaining sub-nanometer
optic-quality surface roughness, revealing the capability of
femtosecond laser polishing for high-precision material
removal tasks.

The controllability of material removal by femtosecond
laser polishing was investigated by varying the number of
polishing passes and/or the overlap of the scanned lines
provided by a various combination of laser parameters of
laser pulse energy, scanning speed and repetition rate.

FIG. 10A shows the impact of the number of polishing
passes on material removal depth (black) and the resulting
RMS surface roughness (gray). FIG. 10A shows that the
material removal depth increases from 4 nm to approxi-
mately 30 nm when increasing the number of polishing
passes from 15 to 100. The optic-quality surface with <1.5
nm RMS roughness is consistently maintained for various
material removal depth. FIG. 10B shows the material
removal depth versus total deposited energy varied by
polishing with: (A) 10 passes/scan-line overlap of ~60 to
90% of the laser spot diameter, (#) 100 passes/scan-line
overlap of ~60 to 75%, and (@) 5 to 20 passes/75% scan-line
overlap. FIG. 10B shows that material removal depth lin-
early follows the total deposited laser energy density result-
ing from various combinations of line overlaps and numbers
of polishing passes. This demonstrates that the deposited
energy per area can be used as a metric by which laser
parameter combinations can be determined to maximize the
processing efficiency, accommodate larger-scale polishing
tasks and rougher surfaces, and achieve dynamic control of
material removal for extension to complex freeform surface
geometries. The material removal rate for the femtosecond
laser polishing experiments in FIGS. 10A-10B is on the
order of 10~* mm>®/min, comparable to certain ion-beam
figuring processes with small beam sizes, used in final
finishing of freeform optics. Using the metric of total
deposited energy, laser-based material removal rate can be
improved via determining an optimal combination of focal
spot size, line overlap, scanning speed, and repetition rate,
further competing with ultraprecision final-finishing tech-
niques like magnetorheological finishing.

Example 7

The effectiveness of using an ultrafast laser to mitigate
mid-spatial frequency (MSF) pattern was tested. The same
laser was used to generated MSF like periodic line pattern
that has 100 nm spacing. An area scan was conducted to
reduce the MSF pattern. FIG. 11A shows the germanium
substrate that has an MSF pattern at the top and the laser
polished portion at the bottom. R1 designates the area
having an MSF pattern; R2 designates the laser polished
area. FIG. 11B shows that the peak to valley of the surface
roughness for the laser polished area R2 (after 20 area scans)
is smaller that of substrate area R1 that was not polished
(comparison of peak to valley of the MSF pattern without
(blue) and with laser polishing (red)), indicating the effec-
tiveness of ultrafast laser polishing on the mitigation of the
MSF.
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Example 8

A spatial light modulator (SLM) and a phase retrieval
algorithm (such as weighted Gerchberg-Saxton) were used
to generate various phase patterns that can shape the laser
pulse into desired spatial profiles, generating single/multiple
beams with controlled spatial distribution and temporal
delays to improve efficiency. FIG. 12A shows an illustrative
phase pattern generated on the SLM surface and FIG. 12B
shows an example for the multiple focal spots (nine uniform
focal spots are produced) that can be used to simultaneously
figure/smooth the surface of a material.

Example 9

The orientation of the laser polarization in relation to the
scanning direction can be adjusted to improve the quality of
the surface smoothing. Smoothing includes removing mid-
spatial frequency with single or sub-millimeter periodicity.
This polishing experiment was done for two different polar-
izations, maintaining all other laser parameters and scanning
parameters the same. FIG. 13A is an optical micrograph of
the polished surface achieved when the direction of the line
scans was parallel to the laser polarization direction and
FIG. 13B is an optical micrograph of a polished surface
achieved when the direction of the line scans was orthogonal
to the laser polarization direction. A comparison shows that
better surface smoothness is achieved when the direction of
the line scans is orthogonal to the laser polarization direction
as compared to when the direction is parallel.

EXAMPLE 10

In this example, we demonstrate a methodology, model-
ing, and experimental results for high-precision polishing of
germanium using femtosecond lasers, i.e., selectively
removing material while maintaining an optic-quality sur-
face. In Section 1, we describe a strategy to achieve ablation
and avoid the onset of undesired thermal effects by control-
ling the combined impact of laser parameters. A Two-
Temperature Model was used to investigate the femtosecond
laser/germanium interaction mechanism. Section 2 demon-
strates that smooth and controllable laser polishing is
achieved using a set of model-determined operational laser
parameters. In Section 3, we discuss the potential underlying
mechanism for femtosecond laser-based polishing of ger-
manium.

1. Numerical Modeling to Determine Key Laser Param-
eters.

Numerical modeling of the femtosecond laser/germanium
(Ge) interaction process was conducted to determine the
potential laser parameters and processing conditions to
achieve laser polishing. The modeling goal is to understand
the individual and combined impact of laser parameters and
to determine a combination capable of removing material
with minimal thermal effects. The modeling process pro-
vides insight and guidance for targeted experiments, as
experimental sensitivity studies with a broad parameter
matrix are time-consuming and material expensive.

A three-dimensional Two-Temperature Model (TTM) was
constructed to model scanning-based femtosecond laser
processing of Ge. The TTM simulates how absorption of
laser energy drives the generation of a dense, hot system of
free-carrier electrons which then collides with and transfers
heat to the material lattice until the systems reach thermal
equilibrium. The model was used to investigate the sensi-
tivity of the free-carrier electron density and the lattice
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temperature to different laser parameters. Simulating the
free carrier density allows prediction of material breakdown
and simulating the lattice temperature rise can predict the
onset of thermal melting during processing.

In the TTM simulations, the laser pulse width and wave-
length are 300 fs and 1030 nm. The initial Ge temperature
was set to 300 K and the initial carrier density was set to 10*>
cm™ to mimic the experimental processing environment and
sample properties. The TTM equations and additional simu-
lation/influence parameters are detailed in the Appendix.

1.1 Impact of Laser Fluence.

The TTM was first used to investigate the standalone
impact of fluence during femtosecond laser/Ge interaction,
as it can independently drive the onset of ablation and
heating of the material surface. The pulse-induced free-
carrier electron number density, carrier-system temperature,
and lattice temperature were simulated to predict the poten-
tial onset of ablation and melting at different fluences.

FIG. 4 compares the TTM results for two different peak
fluences: (FIG. 4A) 0.37 J/cm?® and (FIG. 4B) 0.22 J/cm®.
For both fluence cases, the electron number density
increases from an initial value of 10"* cm™ to the order of
10%* cm™ in less than one picosecond after the arrival of the
peak intensity. This density is characteristic of the onset of
material breakdown in semiconductors, indicating the poten-
tial onset of ablation for both cases. The generation of
free-carrier electrons causes the electron-system tempera-
ture to rise to 29,000 K for a fluence of 0.37 J/em? and to
16,000 K for a fluence of 0.22 J/cm?. The earlier plateau in
carrier temperature is due to competing mechanisms, such as
heat capacity of carriers and the temporal gradient of carrier
density. The higher electron temperature allows stronger
coupling of thermal energy to the material lattice, causing
the lattice temperature to rise to nearly 2100 K for the higher
fluence, and ~1400 K for the lower fluence. Both predicted
surface temperatures exceed the Ge melting temperature of
1213 K. The TTM does not simulate phase change, so for the
lower fluence case, only the onset of melting, confined to
nanometer-order depth, is predicted based on the amount of
energy supplied to the simulated lattice voxel in comparison
to the enthalpy of fusion for Ge (refer to Appendix).

1.2 Impact of Laser Repetition Rate and Scanning Speed.

To minimize the extent of heat accumulation, sufficient
time must be allotted for heat diffusion to ensure that the
surface can return near to its initial temperature prior to the
next pulse incidence. The selected scan speed and repetition
rate must control the temporal and spatial deposition of laser
pulses to accommodate the material heat capacity and ther-
mal conductivity.

The repetition rate and scan speed of our in-house fem-
tosecond laser processing system can be nearly continuously
tuned up to 2 MHz and 4 m/s. To avoid unbounded iterative
numerical investigations, our previous numerical study of
the impact of femtosecond laser parameters in semiconduc-
tor processing was consulted to identify operational ranges
of scan speed and repetition rate to control heat accumula-
tion. A laser repetition rate on the order of 100-500 kHz and
a scan speed on the order of 1-4 m/s demonstrated the
capability to minimize heat accumulation, achieve uniform
processing conditions, and control the onset of thermal
effects during femtosecond laser processing.

A 250-kHz repetition rate and a 1-m/s scan speed were
initially selected for line-configuration processing. This set
of laser parameters adheres to the numerically determined
parameter ranges for low thermal impact processing in. It
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also enables a pulse overlap of 93% of the 1/e* focal-spot
diameter (~60 pum), which is within the reported range for
smooth processing.

The TTM was used to evaluate the capability of the
identified laser parameters to control heat accumulation and
the onset of thermal effects for polishing.

2. Laser Polishing Experiments and Results.

2.1 Experimental Validation of Laser Polishing Param-
eters.

See Example 5

2.2 Demonstration of Laser Polishing on Ge.

See Example 6

FIG. 8 compares an unprocessed (control) Ge surface and
a laser-polished Ge surface generated using 20 polishing
passes. The representative optical micrographs in FIGS. 8A
and 8B show that the control surface contains defects
including scratches and discoloration which are not evident
in the laser-polished surface. FIG. 8C shows a surface height
map of the 20-pass laser-polished area and the surrounding
unprocessed surface. The depth of material removal in the
polished area is 6 nm. The RMS roughness in both the
surrounding unprocessed area and in the center of the
laser-polished area are both 0.93 nm. This demonstrates that
the devised laser polishing strategy is able to effectively
remove surface defects while maintaining the sub-nanome-
ter optic-quality surface roughness, revealing the capability
of femtosecond laser polishing for high-precision material
removal tasks.

3. Discussion on Polishing Mechanism.

The physical mechanism for achieving smooth polishing
is attributed to high-precision laser ablation with controlled
thermal impact. Ablation is predicted because the 0.22 J/cm?
laser fluence is at the experimentally determined ablation
threshold for Ge and the TTM-predicted number density
rises to 10*! cm™ (FIGS. 4A-4C), characteristic of the onset
of material breakdown in semiconductor materials. We
expect that the onset of melting may also contribute to the
smoothing mechanism since the TTM predicts that the 0.22
J/em?® fluence drives the surface temperature to slightly
exceed the Ge melting point. However, only the onset of
thermal melting, controlled to the nanometer order, is
expected due to the small magnitude of the temperature
rise/short time spent above the melting point (refer to
Appendix). This high-precision melt-depth is a significant
improvement over continuous-wave and micro/nanosecond-
pulsed laser-based polishing strategies which generate melt/
heat-affected zones with depths up to tens of micrometers.

Other laser-induced-breakdown phenomena could also
play a role in laser polishing. For example, nonthermal
melting and/or laser annealing can cause lattice ordering/
disordering in single-crystal semiconductors, potentially
contributing to smoothing the Ge surface. These phenomena
can occur once approximately ten percent of the valence
band electrons have been promoted to the conduction band,
signified by electron densities in the range of 10*!-10%2
cm™>, consistent with the TTM-predicted electron densities
in Section 2. However, the TTM cannot independently
assess or differentiate these phenomena from ablation-based
material removal.

CONCLUSION

A strategy for polishing of Ge was established to precisely
remove material while maintaining optical surface quality. A
TTM of scanning femtosecond laser processing was built to
investigate the combined impact of laser parameters on Ge
ablation and surface temperature. Using the model, we
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successfully determined a set of laser polishing parameters
which produce controlled ablation and minimized thermal
effects on the Ge surface, validated by experiments. For the
first time, to our knowledge, we demonstrated femtosecond-
laser-based polishing of Ge with tunable material removal
and maintained the optic-quality surface with roughness of
~1 nm. We also established a metric to scale-up the material
removal towards larger polishing tasks and non-flat surfaces.

APPENDIX

Two-temperature model formulation.

The TTM of scanning, multi-pulse femtosecond laser-
material interaction presented in Section 2 was based on a
model originally formulated to simulate femtosecond laser
processing of silicon. Adapting the model for Ge required
identification and integration of material properties to effec-
tively account for its electronic and thermal behaviors and
re-derivation of certain equations to accommodate these
changes; the original numerical algorithm was maintained.
Therefore, this Appendix only describes relevant TTM
modifications to simulate Ge. We direct the reader to our
separate publication for information on the algorithm, L. L.
Taylor, R. E. Scott, and J. Qiao, “Integrating two-tempera-
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ture and classical heat accumulation models to predict
femtosecond laser processing of silicon,” Opt. Mater.
Express 8, 648-658 (2018).

The TTM simulates the following phenomena for each
incident laser pulse: (1) absorption of laser pulse energy, (2)
generation of free-carrier electrons, (3) temperature of the
electron system, and (4) temperature of the material lattice.
These phenomena are respectively described by Eqgs. 1-4.
The key parameters and coefficients for all equations are
detailed in Table 1.

When a laser pulse is incident on a material, a fraction of
the energy is reflected away (R=0.39 for NIR light on Ge)
and the remainder of the energy is absorbed by the bulk.

dldz=—(a+ON.)I (1)

Equation 1 describes the fall-off of intensity along the
direction of laser propagation due to energy absorption.
When irradiating Ge with 1030-nm light, linear absorption
(a) dominates since the photon energy is much higher than
the material bandgap (E,;,,,,,~1.2 eV; E_, ~0.8 €V). Energy
absorption drives the number density of generated free-
carrier electrons, N_, orders of magnitude above its initial,
intrinsic value of 10'® cm™, so free-carrier absorption (ON,)
also plays a role. The impact of two-photon absorption is
negligible when E, >>E, ., therefore, it is not consid-
ered in this model.

hoton
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Equation 2 shows that the number density of free-carrier
electrons is increased by energy absorption and respectively
decreased by Auger recombination and ambipolar diffusion.
Impact ionization is not considered because it is negligible
in comparison to the dominant effect of linear absorption.
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Equation 3 describes the corresponding temperature of the
carrier system, increased by energy absorption and
decreased by coupling of thermal energy from the carriers
(T,) to the lattice (T,) according to the electronic heat
capacity (C, ;) and relaxation time (t), ambipolar energy 5
current (W), and respective changes in kinetic and bandgap
energies (where, k, is the Boltzmann constant).

30
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Equation 4 describes the evolution of the lattice tempera-
ture throughout the laser-material interaction process. Ther-
mal energy from the carrier system is coupled to the lattice
until the systems reach thermal equilibrium. Upon thermal-
ization, Eq. 4 becomes the classical heat conduction equa-
tion which describes bulk heat diffusion according to the
material heat capacity (C,) and thermal conductivity (k;) in
the time between laser pulses.

TABLE 1

Key parameters for the Ge TTM

Parameter Symbol Value Unit

Photon energy Eopoton 1.2 eV

(A = 1030 nm)

Bandgap Energy Eoop 0.803 — 3.9 x eV
107 T,

Linear absorption ¢ 1.4 x 10*- (1 + cm!

coefficient T,/2000)

Free-carrier 2] 6.6 x 10720 cm?

absorption

cross-section

Auger recom- Y 2 x 1073! cm®/s

bination coefficient

Ambipolar diffusion D 65 - (T/300)7' cm?/s

coefficient’

Electron relaxation T N, 2 fs

ime o (1 (557))

Electronic heat C._, 3Nk, T em? - K)
capacity

Lattice heat capacity C, 1.7 - (1 + T,/6000) Jiem? - K)
Lattice thermal K, 675 - T 1% Wi/(cm - K)

conductivity

Related to IW

Influence parameters.

An exploration of the influence of the free-carrier absorp-
tion cross section and electron relaxation time on the simu-
lation results was conducted to address the wide range of
values reported in the literature. For each of the investigated
influence parameter values, the behavior of the TTM-pre-
dicted electron number density, electron temperature, and
lattice temperature were compared to the results of molecu-
lar dynamics (MD) simulations of femtosecond laser/Ge
interaction. The free-carrier absorption cross section and
electron relaxation time in Table 1 were selected for the
model because they enable the number density and tempera-
tures to rise and fall to similar orders of magnitude on
consistent timescales with the MD simulations.

Prediction of thermal melting.

Although the TTM can predict the surface temperature
rise in the material lattice, it does not simulate solid/liquid
phase change. Therefore, the surface temperature prediction
is treated only as an indication of thermal energy transfer to
the lattice. In order for the laser to thermally melt the
material surface, enough energy must be supplied after the
melting point has been reached to overcome the enthalpy of
fusion required for solid-liquid phase change (36.94 kJ/mol
for Ge). In a TTM lattice voxel with dimensions of 2 pmx2
pmx5 nm, this would correspond to an energy of ~50 pJ,
calculated as AE=(T;7,T,,.1,)-C, V. where T,,, is the TTM-
predicted lattice temperature, V is the voxel volume, T,,,_,, is
the Ge melting temperature, and c,, is the volumetric specific
heat capacity. For the 0.22 J/cm? simulation in Section 2, the
energy supplied to the surface voxel after the melting point
is reached is just 9 pJ, less than 20% of the energy required
for full melting. Hence, we predict only the onset of thermal
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melting at the surface, and that the melt depth is constrained
to the single-digit nanometer order.

Although various embodiments have been depicted and
described in detail herein, it will be apparent to those skilled
in the relevant art that various modifications, additions,
substitutions, and the like can be made without departing
from the spirit of the disclosure and these are therefore
considered to be within the scope of the disclosure as defined
in the claims which follow.

What is claimed:

1. A method for a non-contact ultrafast laser-based
removal, simultaneously achieving figuring and smoothing
of a material surface, comprising:

collecting thermal and electron properties of a material;

modeling how absorption of laser energy by the material

drives the generation of a dense, hot system of free-
carrier electrons and the rise of material lattice tem-
perature;

determining a laser ablation threshold for the material;

determining the material surface temperature at the laser

ablation threshold;

modeling multipulse laser-induced temperature evolution

and free-electron density evolution at the material
surface at a laser fluence near the laser ablation thresh-
old for a range of repetition rates and scanning speeds
to establish a baseline of laser parameters for line
scans;

experimentally optimizing the baseline laser parameters

which ablate the material and control thermal impact on
the surface of the material to achieve a surface rough-
ness of less than 10 nanometers;

experimentally optimizing a scanning strategy for area

scans comprising the starting position and percentage
overlap of the line scans to minimize surface scan
marks;

determining a number of area scans to achieve a prede-

termined material removal depth at a specific location;
and

scanning a surface of the material with an ultrafast laser

beam operating within the optimized baseline param-
eters and the optimized starting position, percentage
overlap of line scans and number of area scans which
simultaneously ablate the material to the predetermined
material removal depth while maintaining the surface
roughness of less than 10 nanometers.

2. The method of claim 1, wherein the laser parameters
includes at least one of a range of wavelength of from 248
nm to 2400 nm, a range of pulse duration of from 50 fs to
50 ps, and a range of laser repetition rate of from 100
Kilohertz to 1 Gigahertz.

3. The method of claim 1, wherein the laser parameters for
line scans includes at least one of wavelength, pulse length,
fluence, repetition rate, scanning speed, and polarization.

4. The method of claim 1, wherein the area scanning
strategy includes at least one of a laser repetition rate,
scanning speed, overlap for line scans, number of area scans,
scanning direction in relation to the laser polarization and
dithering method.

5. The method of claim 1, wherein the scanning comprises
a laser fluence near the ablation threshold of the material at
a predetermined pulse duration, repetition rate, and scanning
speed with a line scan overlap between 50% to 85%.

6. The method of claim 4, wherein the scanning direction
of the laser beam is orthogonal to the direction of laser
polarization.

7. The method of claim 1, wherein the surface of the
material is flat, curved, or freeform.
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8. The method of claim 1, wherein the scanning comprises
surface figuring by removing a predetermined thickness of
the material in different spatial locations to make a prede-
termined shape.

9. The method of claim 1, wherein the scanning comprises
surface smoothing by removing tool patterns having peri-
odical mid-spatial frequency.

10. The method of claim 1, wherein the scanning strategy
for area scans comprises:

randomizing a starting position for each area scan fol-
lowing a first of multiple area scans, by spatially
dithering the starting position of each line scan in a
direction orthogonal to a line scanning direction so that
the line scans of multiple area scans do not overlap with
each other eliminating ripples otherwise induced by
exact overlay of line patterns from multiple area scans.

11. A system for non-contact ultrafast laser-based
removal, simultaneously achieving figuring and smoothing
of a material surface, including: according to the method of
claim 1,

an ultrafast laser;

a beam delivery system configured to guide a beam from
the laser to the material surface;

a beam shaping system configured to generate a spatial,
temporal fluence distribution or energy deposition of
the beam at the material surface;
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a sample fixture and positioning stage; and

a beam scanning system having timing synchronized with
the laser beam and the sample fixture and positioning
stage.

12. The system of claim 11, wherein the ultrafast laser
comprises a femtosecond or picosecond laser, having a pulse
duration of less than 50 picoseconds.

13. The system of claim 11, wherein the control module
contains a physical model which comprises a Two Tempera-
ture Model (TTM) or a Nonlinear Absorption Model (NAM)
in combination with a Heat Accumulation Model (HAM).

14. The system of claim 11, wherein the material com-
prises germanium, silicon, metal, glass, crystal, ceramic,
polymer, optical or additively manufactured material.

15. The system of claim 11, wherein the surface of the
material is flat, curved, or freeform.

16. The system of claim 11, wherein the ultrafast laser is
configured for initially shaping or polishing of an optic
preform to finishing of the preform.

17. The system of claim 11, wherein the ultrafast laser is
configured for performing inter-layer smoothing or densifi-
cation and final surface polishing of the material.

18. The system of claim 11, wherein the ultrafast laser is
configured for providing integrated optics, micro-optics, or
photonics.

19. The system of claim 11, further comprising an extrac-
tion system configured to remove ablated nanoparticles from
the surface of the sample.
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