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The fabrication of a large number of high-resolution thin-shell mirrors for future space telescopes remains challenging,
especially for revolutionary mission concepts such as NASA’s Lynx X-ray Surveyor. It is generally harder to fabricate
thin mirrors to the exact shape than thicker ones, and the coatings deposited onto mirror surfaces to increase the reflec-
tivity typically have high intrinsic stress that deforms the mirrors further. Since the rapid development of femtosecond
laser technologies over the last few decades has triggered wide applications in materials processing, we have developed
a mirror figure correction and stress compensation method using a femtosecond laser micromachining technique for
stress-based surface shaping of thin-shell x-ray optics. We employ a femtosecond laser to selectively remove regions of a
stressed film that is grown onto the back surface of the mirror, to modify the stress states of the mirror. In this paper, we
present experimental results to create both isotropic and anisotropic stress states on thin flat silicon mirrors with thermal
oxide (SiO2) films using femtosecond lasers. We show that equibiaxial stress can be generated through uniformly micro-
machined holes, while non-equibiaxial stress arises from the ablation of equally spaced troughs. We also present results
from strength tests to show how this process minimally affects the strength of mirrors. These developments are beneficial
to the high-throughput correction of thin-shell mirrors for future space-based x-ray telescopes. ©2022 Optica Publishing

Group under the terms of theOpticaOpen Access Publishing Agreement
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1. INTRODUCTION

Thin silicon optics are considered great candidates for a variety
of space missions and are actively being researched for a number
of space telescopes, from segmented mirrors for next generation
space x-ray telescopes [1] to ultra-lightweight deformable mirrors
[2]. For instance, the Lynx X-ray Observatory is a flagship mission
concept funded for study in the 2020 NASA Astrophysics Decadal
Survey to provide x-ray vision for supermassive black holes, galaxy
formation, stellar evolution, etc. [1]. To achieve its science objec-
tives, Lynx requires a large number (∼37,400 pieces) of densely
packed, grazing-incidence, thin-shell silicon mirrors, each of
thickness from 0.5 to 4 mm while maintaining half-arcsecond
half-power diameter (HPD) on-axis angular resolution, to make
up the telescope assembly with an outer diameter of 3 m and a total
effective area greater than 2 m2 at 1 keV. It is critical for this mission
to have thin accurately figured mirrors with high-reflectivity x-ray
coatings to enable the orders-of-magnitude gains in throughput
and field-of-view size for sub-arcsecond imaging over previous
telescopes.

However, it is quite challenging to obtain thin mirrors to the
exact shape with high optical quality, because they tend to deform
easily during fabrication. Several different types of mirror materials
have been explored for x-ray telescopes in the past few decades,
from ceramics and glass to silicon. For example, one technology
under development for Lynx by NASA Goddard Space Flight

Center is the Silicon Meta-shell Optics concept [3], which applies
advanced polishing technologies to monocrystalline silicon. Due
to its low density, low coefficient of thermal expansion, high ther-
mal conductivity, and near-zero internal stress, monocrystalline
silicon makes an attractive material choice for space telescope
mirrors. Though recent advances in mirror fabrication techniques
such as silicon pore optics [4] and monocrystalline silicon polish-
ing [5,6] have made great progress towards accurate production of
thin mirrors, telescope mirrors still need to be coated with highly
reflective coatings, which typically have nonuniform intrinsic
stress that deforms the mirror. Common choices for these reflective
coatings include single-layer heavy metal films such as iridium
[7–9], and multilayer films [10,11]. Typical single-layer iridium
films of 15 nm thickness deposited with magnetron sputtering
have low roughness (about 5 Å) and high density, but large intrinsic
stress (about−3 GPa, minus sign representing compressive stress)
[8], which results in an integrated stress (the film stress integrated
over its thickness) of about −45 N/m. This will lead to a large
amount of distortion beyond telescope tolerance. Chalifoux et al .
[12] showed that Lynx may require integrated stress magnitudes
of <0.2 N/m and film thickness non-uniformity better than
±1% for each piece of mirror to achieve its required resolution.
This is especially difficult to achieve on a curved mirror substrate.
Annealing a single-layer film or multilayer films may only reduce
but not eliminate the intrinsic stress [7], and may affect the film
composition and roughness [13,14], which impacts the reflectivity.
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Various techniques have been explored to correct for shape
errors during the fabrication process and to reduce distortions
from the coating film stress, including surface finishing methods
such as ion-beam figuring (IBF) and magnetorheological finishing
(MRF), both of which have been widely used in the semiconduc-
tor industry for trimming wafer thickness. These deterministic
methods can be used to correct surface height errors in mirrors
[15], but their low material removal rates make it time consuming
and expensive to apply to a large number of thin mirrors for large
aperture telescopes, and the significant amount of heat generated
during the process is hard to remove from the optics in a vacuum
chamber. In addition, these methods can be applied only prior to
the deposition of coatings that enhance mirror reflectivity, and
thus they cannot correct for the coating distortion of thin mirror
substrates.

Another approach is the stress-based figure correction method,
which exploits the bendability of thin mirrors and applies stress
at or close to the back surfaces of mirror substrates to manipulate
them into their desired shapes. A 2D stress field is applied to induce
controlled bending by adjusting the planar stress components in
the thin mirrors without introducing additional surface height
errors. Several passive and active methods have been developed for
this purpose. For example, piezoelectric film adjusting is an active
in situ correction technique that applies patterned piezoelectric
films that expand or contract in response to an applied electric
field onto thin glass mirror substrates [16]. It is a complex process
to design and apply the hundreds of pieces of piezoelectric cells
to a single mirror, while the activation of one piezoelectric cell
results in an approximate gradient of figure change of about 10′′

[17,18], which is still relatively large for the science goal of many
planned missions. Ion implantation [19], on the other hand, is a
passive approach that applies a static correction where high-energy
ions are implanted into a thin mirror substrate to generate stress
near its surface. It requires a large expensive ion generator and
operates in vacuum, and it has been shown to correct the substrate
shape to within 60 nm RMS, in most cases to within 1/20th of the
coating deformation [20]. Another method is oxide patterning
with photo-lithography and acid etching, which utilizes a micro-
patterned silicon oxide layer on the back side of the substrate. It has
been shown to reduce the stress-induced distortions in flat silicon
substrates by a factor of 68 for RMS surface height [21]. In spite of
the high accuracy, this process includes over 10 time-consuming
steps, most of which need to be done inside a clean room.

To take advantage of the stressed film figuring method while
avoiding some of the problems, we started to investigate another
approach—femtosecond laser micromachining, which com-
bines advanced laser machining technology with the stress-based
figure correction technique. The nonlinear nature of the ultra-
fast laser–matter interaction leads to many unique advantages
for femtosecond laser micromachining in target materials over
other fabrication techniques, such as with photo-lithography and
excimer lasers. Traditional laser processing methods typically use
laser sources with pulse widths of nanoseconds or longer, resulting
in greater thermal effects including a large heat-affected zone,
shock waves, and micro cracks. Molten material at the focus of the
laser beam can be ejected to the surface and form a recast layer, leav-
ing a significant amount of debris and causing damage to adjacent
structures. In comparison, ultrafast lasers are capable of control-
lably producing highly precise features, such as holes, channels,
and marks on various materials with little collateral damage, as heat

diffusion outside the laser focused area is minimized [22,23]. The
three-dimensional degree of freedom of ultrafast micromachining
and its material independence [24,25] enables fabrication in com-
pound substrates composing several different materials including
single- or multilayer films. In addition, advanced femtosecond
lasers have high repetition rates that allow for much higher machin-
ing speeds and throughput than many traditional methods, which
makes it a promising figuring method for fast high-volume figure
correction of the large numbers of ultrathin mirrors required in
next-generation space-based x-ray telescopes.

In this paper, we first describe the methodology of applying the
stress-based figure correction approach with femtosecond lasers.
Then we present experimental results on thin flat silicon mirrors
with thermal oxide films to show that non-equibiaxial stress states
can be generated through the ablation of equally spaced troughs.
Further, we present a series of strength test results to show to what
extent this process affects the strength of mirrors.

2. METHODOLOGY

A. Stress-Based Figure Correction Approach

Many substrate deformations are undesirable effects, as in the
case of mirror coatings where a thin stressed film is applied to the
mirror surface to enhance the reflectivity. With an appropriate
film stress field applied to the mirror’s backside surface, a desired
deformation field can be created and the figure of the mirror can
be improved. The stress can be applied through either a distinct
stressed film, or to the substrate at or near the surface. The mecha-
nism of deforming a mirror using an additional stress field relies
on an internal strain generated in a thin region of a relatively much
thicker substrate. Here, we consider the case of a thin stressed film
on a substrate. With the thin film laterally constrained by the sub-
strate, an in-plane stress field develops within the film. No external
loads or constraints are applied to the substrate, and this film stress
bends the substrate until the substrate-film system reaches an equi-
librium. By manipulating the stress field in the film applied to the
substrate, we can control the deformation field of the substrate–
film system, which is chosen to eliminate any undesirable surface
figure errors in the mirror.

Mathematically, a general stress tensor has six independent
components, while in the plane stress case, only three in-plane
stress components contribute significantly to the substrate defor-
mation. The condition for simplification requires that the thin
mirror substrates are acted upon only by parallel load forces, and
this is satisfied given the film is thin compared to the substrate
thickness. Various approaches have been developed for applying
film stress to generate a controlled deformation in thin mirrors,
and they can be split into two categories based on the type of stress
they apply, i.e., equibiaxial stress, or general biaxial stress. Many
previous attempts in stressed film figuring methods are focused
on applying equibiaxial stress only, which limits the types of mir-
ror distortion that can be accurately corrected. It can be useful
to correct the deformation caused by another equibiaxial film
stress, such as from a deposited reflective film, in which case the
equibiaxial stress field alone will be sufficient. However, for many
other types of mirror distortions, general biaxial stress fields are
needed to achieve exact figure correction of arbitrary surface figure
errors in thin mirror substrates [26]. This requires applying a non-
equibiaxial stress state, which includes both antibiaxial stress and
shear stress, in addition to equibiaxial stress.
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The challenge in applying general biaxial stress is that it requires
controlling three variables, whereas for equibiaxial stress, only
one variable is controlled. There are fewer approaches to applying
non-equibiaxial film stress that have been developed than those
for equibiaxial stress. Patterning a stressed film, for example, by
writing lines with width comparable to the film thickness can result
in a non-equibiaxial stress state [27]. By carefully choosing the
rotation angle and aspect ratio of the lines, a non-equibiaxial field
can be generated with the stressed film, as has been shown both
theoretically [28] and experimentally [29]. A practical challenge
with this approach is to pattern large surface areas with very small
non-repeating features. Additionally, the micro-fabrication tools
built for the semiconductor industry, such as photo-lithography,
are designed to work on flat wafers but not curved mirror substrates
that are of interest to x-ray astronomy.

Building upon these existing methods, we have developed two
different types of approaches to correct for equibiaxial and general
biaxial stress components, with advantages distinct to ultrafast laser
micromachining techniques.

Method I. Ultrafast laser micro-stressing, focused on the “intro-
duction of stress” to mirrors, relies on internal modification of
glass mirrors. Laser pulses are focused inside the back surface of
a mirror substrate, creating locally stressed volumes in the focal
regions, which then leads to substrate bending and further defor-
mation. This work has been demonstrated on fused silica glass, and
equibiaxial stress states have been generated [30]. An example of
the micromachining parameters used in that work were individual
laser spot size∼2 µm, pulse energy∼50 µJ, and micromachining
depth∼50 µm [30].

Method II. Stressed film patterning with ultrafast lasers, focused
on the “removal of stress” to silicon mirrors with stressed films, is a
modification to the method of patterned removal of a stressed film.
Femtosecond laser surface ablation is applied to correct for thin
mirrors with patterned stress fields, through the selective removal
of stressed film regions and adjacent substrate regions. It is capa-
ble of applying both equibiaxial stress and non-equibiaxial stress
components. This is the focus of this paper, and the design and
experimental setup are the subject of the next section. A wide range
of micromachining parameters can be used in this method. For
example, in this work, we used a femtosecond laser with spot size
of∼2 µm, pulse energy from 0.1 to 20 µJ, and depth of removed
region from 0.5 to 20 µm.

Both methods can be applied to curved mirrors with a different
setup to allow for three-dimensional movement of the substrates.
The two methods are illustrated in Fig. 1.

B. Process Flow

A series of preparation steps is needed to apply a stressed film to
a mirror substrate to correct figure errors caused by fabrication
errors or coating distortions. A thin film of stressed material is first
applied onto the substrate back surface, which is then selectively
ablated with femtosecond lasers. By removing portions of the
stressed film at different substrate locations in a controlled fashion,
the imparted film stress is partially relieved. The stressed film we
use here is the thermal oxide of silicon (SiO2). Research has shown
the growth of thermal oxides on silicon to be repeatable and the
resulting films to be stable, and the films have an intrinsic compres-
sive stress of in the range of 300–450 MPa, depending on a number

Fig. 1. Illustration of the two stressed film figuring methods for cor-
recting thin mirrors using ultrafast lasers. (a) Method I: ultrafast laser
micro-stressing. Laser pulses are focused inside the back surface of a mirror
substrate, creating locally stressed volumes in the focal regions, which
then leads to substrate bending and further deformation. (b) Method II:
stressed film patterning with ultrafast lasers. Femtosecond laser surface
ablation is applied to correct thin mirrors with patterned stress fields,
through the selective removal of stressed film regions and adjacent
substrate regions.

of factors such as the growth temperature and substrate orientation
[31,32].

Starting with a bare silicon mirror with figure errors to be mea-
sured and corrected, a thin layer of silicon dioxide (SiO2) needs
to be applied to both sides of the silicon mirror substrate. The
oxidation can be done by exposing the mirror substrate to a com-
bination of oxidizing agents and heat to grow thermal oxides on
its surfaces. The integrated stress of the oxide film can be adjusted
by varying the thickness in the oxidation step, such as controlling
the oxidation time. Then, the oxide film on the front side of the
mirror is removed with buffered oxide etch, while the backside
oxide is protected by a layer of photoresist, which is removed later
with piranha solution. The surface profile of the mirror substrate is
measured before and after this step of oxide removal, to determine
the effective stress map of the thermal oxide at the back surface of
the substrate. Then, the mirror front side is coated with a highly
reflective film coating, and some thermal annealing cycles might be
needed to ensure the stability of the coating. After that, the surface
profile of the mirror’s front side is measured again and compared
to the target shape to generate an error map for correction. Up to
this point, the process is similar to the process for thermal oxide
patterning with photo-lithography [21], but the difference is in the
following step.

Next, as shown in Fig. 1(b), laser pulses are focused onto the
thermal oxide film on the back side of the mirror substrate to create
a series of features such as holes or troughs. The dimensions of these
features are on the order of 10 µm. The removal of the stressed
film inside these features allows the material in the adjacent regions
to relax. The removal of the stressed film and the relaxation of
adjacent substrate regions together contribute to further stress
relaxation and substrate bending. To achieve this stress relief over
the full mirror, the substrate is moved perpendicularly to the laser
beam to expose various regions across the whole substrate. A stress
field that corrects the error map is calculated, and a removal pattern
is derived that determines the amount of material to be removed in
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Fig. 2. Illustration of single- and multi-pass correction schemes. Most stressed film figuring methods are capable of applying only one correction pass,
even if the target mirror profile has not been reached. In comparison, using ultrafast laser micromachining can enable a multi-pass correction scheme, where
a feedback loop is implemented to reduce the figure error terms repeatedly until an acceptable mirror profile has been achieved. (a) Single-pass correction
scheme. (b) Multi-pass correction scheme with a feedback loop.

different regions, as discussed earlier. By tuning the micromachin-
ing parameters in different regions, the figure errors in the coated
silicon mirror can be removed. After the correction step, the mirror
surface profile is measured again and compared to the target surface
profile.

In addition, we introduce a multi-pass correction scheme that
can greatly improve the results. Figure 2 shows two types of cor-
rection schemes for implementing stressed film figuring methods.
Most stress-based figure correction methods are capable of apply-
ing only one correction pass as shown in Fig. 2(a), even if the target
mirror profile has not been reached. The process flows from top
to bottom, starting with a fabricated mirror that has some figure
errors to be corrected, since most fabrication processes are not
perfect. The surface profile of the front side of the mirror is marked
as W1, which is measured with a metrology tool, such as an interfer-
ometer or a Shack–Hartmann tool. Then, the mirror is coated with
highly reflective film coatings such as iridium, and some thermal
annealing cycles may be needed to ensure the stability of the coat-
ing over time. After that, the mirror’s front side is measured again
with the same metrology tool to obtain a surface profile, marked as
W2. It is then compared to W1 to determine the mirror distortion
from the coating stresses. It may also be compared directly to the
target mirror profile Wtarget to determine the total figure error map
from both the fabrication process and coating distortion. After
obtaining the error map, the stressed film figuring method will be
used to correct for it. A map of the stress field that will be applied
to correct for the error map can be calculated in a number of ways,
such as those described by Chalifoux et al . [26]. The mirror is
then measured on the front side again to obtain its final surface
figure, marked as W3. This process basically ends here, regardless
of the difference between the obtained mirror profile and the target
mirror profile ‖W3 −Wtarget‖.

In comparison, with multi-pass correction, a feedback loop is
implemented to reduce the figure error terms repeatedly until an
acceptable mirror profile has been achieved, as shown in Fig. 2(b).
After the last step of obtaining a surface measurement W3, it is
compared with the target mirror profile Wtarget to generate a dif-
ference map W3 −Wtarget. If the absolute difference is greater than
the acceptable tolerance, then the mirror needs to go through the
correction process again, and a new map of the stress field that
is needed to correct for the new error map will be calculated and
applied. This correction-measurement-comparison step can be
repeated multiple times until the calculated difference between the
obtained mirror profile and the target profile is smaller than the
tolerance. One should be careful, though, not to over-correct the
figure errors in one pass, because it would be difficult (though
not impossible) to reverse the process. (This will be discussed in
another paper in preparation.) In practice, a good approach is to
ensure that a thick enough stressed film is deposited on the back
side of the mirror, such that only one type of stress (tensile or com-
pressive) needs to be applied to compensate for coating distortions.
In addition, it would be beneficial to always leave some margin in
one correction pass so that it is more forgiving to mistakes.

This multi-pass correction scheme may not seem a significant
innovation from the single-pass correction scheme, but in prac-
tice, it is difficult for many other types of stressed film figuring
methods to perform more than one correction pass. For example,
with the photo-lithography and etching method, over 10 steps
of time-consuming clean-room processes are needed to etch the
micrometer-scale features inside the thermal oxide film. If a mis-
take is made, or if the designed pattern of the stress map fails to
correct all the terms in the error map, which is likely to happen, it
is difficult to reverse back and create another lithography pattern
and etch into the processed surface. This problem, however, can
be solved with ultrafast laser micromachining, where the ultrafast
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laser beam can be used as a fine stress correction method, on top
of the first coarse correction pass done by photo-lithography, for
example, to trim off any additional oxide and correct for residual
error terms. It is also more forgiving with process control excur-
sions for each correction pass and enables the combination of
different stressed film figuring methods. This technique can also
be used in conjunction with other stress-based figure correction
techniques, to target different spatial-frequency errors.

C. Stress Analysis and Stress Field Calculation

Two other issues to be addressed in the application of stressed film
figuring methods are: how to calculate the stress field from the
surface measurements, and how to derive a stress map to achieve
the needed deformation field. As mentioned above, the mirror
surface profile needs to be measured multiple times during the
correction process, which we do with either an interferometer or
a Shack–Hartmann metrology tool. The difference between two
measurements represents the change in the surface profile caused
by the intervening process, and this difference map of the substrate
surface can be reconstructed by fitting to a set of basis functions.
These could be Legendre polynomials for rectangular substrates
such as the Lynx flight mirrors, or Zernike polynomials, in the case
of circular wafers used for laboratory testing to reduce costs.

The deformation of the thin-film/substrate system is propor-
tional to the stress in the film integrated over its thickness, i.e., the
integrated stress, which is equivalent to the mean film stress multi-
plied by the film thickness. For a uniform integrated stress field,
the change of curvature of the substrate can be calculated from
Stoney’s equation [33] for an equibiaxial stress state, or Stoney’s
equations by Suresh and Freund [27] for a general biaxial stress
state. The relationships between the substrate curvature and the
integrated film stress Sαβ (α, β taken from x , y ) are as follows:

Sxx =
E s h2

s

6(1− ν2
s )
(κxx + νs κyy), (1)

Syy =
E s h2

s

6(1− ν2
s )
(νs κxx + κyy), (2)

Sxy =
E s h2

s

6(1− νs )
κxy, (3)

where E s and νs are the Young’s modulus and Poisson’s ratio of
the substrate, and h s and h f are the thickness of the substrate
and film, respectively; h f � h s . κxx, κyy, κxy are the curvatures
of the film/substrate system, where the former two terms are the
curvature in x and y directions, and the last one represents a twist
of the substrate’s midplane. The mean stress of the film can then
be derived by dividing the integrated stress by the thickness of the
film:

σxx =
Sxx

h f
, σyy =

Syy

h f
, σxy =

Sxy

h f
. (4)

The above formula provides a stress map of the thin mirror from
measurements of its surface profiles.

Much work has been published on creating non-uniform,
equibiaxial stress fields to generate a desired displacement field,
focused mostly on flat plates [34,35]. Several authors have pre-
sented mathematical formulas [36] and analytical solutions [26] to
create general biaxial stress fields on a round flat plate. Chalifoux

et al . [26] has shown two general biaxial stress fields that can cor-
rect any figure error field in thin flat plates. One of them is trivial,
and is essentially the inverse of Stoney’s equations [Eqs. (1)–(3)].
The other one provides a numerical displacement field as linear
combinations of Zernike polynomials. In addition, they show that
equibiaxial stress, though easy to generate, can be used to make
only approximate corrections, while all three plane stress com-
ponents are needed to achieve exact figure corrections for general
error fields.

After a stress field is obtained to achieve the needed defor-
mation to correct for the figure errors and/or compensation of
undesired stress from coatings in a mirror substrate, it needs
to be translated into a pattern that can be applied to the mir-
ror substrate with the corresponding correction method. This
pattern is essentially a combination of an equibiaxial field and
a non-equibiaxial field, for each individual point on the mirror
surface. It should be noted that there is a shear stress component
σ

f
s (superscript f represents “film”) in the original plane stress

decomposition, and it is not easy to physically apply in the methods
that we have developed. However, it can be worked around, by
performing a transformation of axes and rotating the stress field
at an angle of θ , such that the shear component vanishes in the
transformed coordinates. This is essentially equal to finding the
principal planes for each point on the mirror surface. The angle of

transformation is given by tan 2θ =
2σ f

xy

σ
f

xx−σ
f

yy
, and new equibiaxial

and antibiaxial components in the transformed coordinates are

σe = σ
f

xx + σ
f

yy , σa =

√
(σ

f
xx + σ

f
yy )

2
+ 4σ f

xy
2

(subscripts e and a
represent “equibiaxial” and “antibiaxial,” correspondingly). After
identifying the orientation angle for each individual point on the
mirror surface, we are left with the task of applying the two stress
components σe , σa with our chosen stressed film figuring method.
There are also other more involved patterned structures that could
better spatially manipulate the three plane stress components [37].

Our method relies on having a library of polynomials that rep-
resents different figure error terms and is correctable with equibiax-
ial and non-equibiaxial stress components. In the next section, we
will describe ways to generate these two stress fields in thin mirror
plates.

3. EXPERIMENTS

We primarily demonstrate applying this method on flat silicon
wafers in the experiments. The “flat plate model” is the limiting
case of a thin-shell mirror substrate when its radius of curvature R
approaches infinity, and it is an important preliminary step towards
correcting curved mirror segments. The error that needs to be
corrected for a mirror should not have surface height errors larger
than tens of micrometers. In this case, after subtracting the ideal
(or target) figure from the measured figure of the mirror surface
profile, the difference map can be described with a flat plate model
well enough. Though the analysis in this paper is constrained to flat
mirror substrates, it in principle applies to the difference map of
curved mirror substrates as well.

A. Experiment Setup

We designed an optics system to micromachine flat silicon wafers.
The first version of the system was equipped with an IR fem-
tosecond laser beam from IPG Photonics, and the results were
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Fig. 3. Laser micromachining system setup at Advanced Optowave
Corporation. The femtosecond laser delivers a pulse width of τ = 800 fs
at a pulse frequency of 100 kHz. The wavelength is λ= 515 nm after
second harmonic generation.

previously presented [38]. The second version uses a green fem-
tosecond laser (AOFemto series diode-pumped solid-state laser)
from Advanced Optowave Corporation (Ronkonkoma, NY). It
has a pulse width of τ = 800 fs at a pulse frequency of 100 kHz.
The wavelength is λ= 515 nm after second harmonic generation.
The waist of the Gaussian beam at the focus on the substrate is
about 2 µm. The system setup is shown in Fig. 3.

The green arrows illustrate the light path of the femtosecond
laser beam from the box where it is collimated before it reaches the
sample. The red line points to a galvo scanner head, which contains
two galvanometer scan mirrors (one for each axis) to direct the laser
beam to any position in the horizontal plane in the field of view
(30 mm× 30 mm). It allows for very fast scanning speed—up to
3000 mm/s, and provides flexibility for arbitrary scan patterns not
limited to just dots or straight lines. The purple line points to an
F-theta lens, which is designed with a barrel distortion that yields
a beam displacement linear with the deflection angle θ , resulting
in a planar imaging field. (The beam displacement on the imaging
plane is the product of the effective focal length f and θ ). With
the galvo scanner and F-theta lens, the incoming laser beam can be
focused to the same focal plane perpendicular to the optical axis
without moving the substrate. The silicon substrate is mounted
on top of a fast moving x − y stage. Since the substrate diameter

is 100 mm, larger than the field of the view of the galvo scanner,
“stitching” of different fields is needed to cover the whole substrate.
In practice, the scanning pattern over the whole substrate was
manually divided into 12 sections; within each, the galvo scanner
was used to perform a fast micromachining scan. The substrate was
then moved to expose a different section using the stage to perform
the stitching process, and the stitching precision for this specific
system was around 20 µm.

B. Pattern Design

Knowing how much stress can be created from a uniform micro-
machining pattern is the stepping stone for further development of
stress-based mirror correction. To do this, we need to characterize
the amount of stress that can be generated with this micromachin-
ing process as a function of various micromachining parameters,
such as pulse energy, density of micromachined features, number
of laser shots at a single location, etc. Since the stress effects of an
individual laser ablated spot is almost immeasurable by the metrol-
ogy tool, we instead calibrate this effect by applying a uniform
micromachining pattern across the whole substrate and then meas-
uring the change of curvature over the substrate surface. A simple
way to achieve this is to create equally spaced features, i.e., uni-
formly distributed holes or periodic troughs. Figure 4 illustrates
these two patterns.

Figure 4(a) shows uniformly ablated holes separated by the
same distance in both x and y directions. The basic machining
pass is a raster scan over a square region (100 mm× 100 mm),
covering the entire 100 mm wafer. The stage carrying the sub-
strate moves in the horizontal plane at a constant velocity. After
a fixed machining interval 1 (for example, 1= 500 µm), the
stage pauses and dwells at the same position for a fixed time tdwell

(for example, tdwell = 50 ms), so that the laser beam can shoot
npulse(= tdwell × 1 kHz= 50) consecutive laser shots into the
same spot to drill a deep hole. Research has shown that multiple-
pulse irradiation alters the substrate materials more readily than
single-pulse irradiation [39]. In the enlarged picture on the right,
the round dark gray dots connected by dotted lines represent a
single correction pass in this raster-dwell-scan format. This trace of

Fig. 4. Two basic machining patterns to characterize the amount of stress that can be generated with various micromachining parameters. (a) Top view
illustration of a “uniformly distributed hole pattern” with multi-pass correction using method II (stressed film patterning with ultrafast lasers). Three
machining passes are shown in this figure. (b) Top view illustration of a “periodic trough pattern” with multi-pass correction using method II (stressed film
patterning with ultrafast lasers). Three machining passes are shown in this figure.
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motion is represented by gray dashed lines connecting the round
gray dots in the figure. This is referred to as “micromachined
holes of multiple exposure,” as each ablated hole in this pattern is
exposed to multiple laser pulses. Both1 and npulse can be adjusted
through the control program.

There are two other types of patterns used, i.e., “microma-
chined holes of single exposure,” and “micromachined troughs.”
As the name indicates, the former is composed of micromachined
holes exposed to laser irradiation only once per spot, and the latter
involves connecting all the laser irradiated regions into continuous
lines. Both can be tested following almost the same process as the
one described earlier, and they can all be useful in the correction of
an actual mirror with varying shape errors in different regions of
the surface. Figure 4(b) illustrates the pattern with periodic ablated
troughs parallel to each other. Similarly, a raster scan program is
used to run the stage. But instead of the move-and-dwell process
along the scan path, the stage moves constantly at a much slower
speed (for example, 3 mm/s), such that the laser irradiated regions
from different pulses are overlapping on the substrate and every
spot along the path is irradiated by multiple laser pulses. The size
of the micromachined features we used in these experiments can be
found in the next section.

The mirror substrate profiles are measured with a Zygo inter-
ferometer before and after each micromachining pass. The change
in the surface profile is used to reconstruct a surface height change
map by fitting to Zernike polynomials, and to calculate the stress
distribution across the substrate caused by the micromachining
process. To demonstrate the capability of multi-pass corrections,
after measuring the surface profile of the substrate from one micro-
machining scan pass, we put the substrate back on the stage and
micromachine it again, with the same machining pass but offset by
a small distance from the first scanning pass. Then we measure the
surface profile again and calculate the profile changes to calculate
the difference in the stress map. We can add more machining passes
as long as there is still enough unmachined film on the substrate.
Figure 4(a) shows three different machining passes, where the
magenta triangles and the orange squares represent the second and
third micromachining passes, respectively. Therefore, the total
material removed from the stressed film increases proportionally
with the number of total machining passes.

4. RESULTS AND ANALYSIS

In this section, we present experimental results from stressed film
patterning through femtosecond laser surface ablation on thin
silicon mirror substrates with thermal oxide films. A variety of
thermal oxide film thicknesses have been used in the experiments
to adjust the maximum magnitude of the integrated stress field

that can be applied to the mirror substrates. The samples used in
these experiments are flat silicon wafers of 100 mm in diameter
and 525± 15 µm in thickness. All of them are coated with a thin
layer of thermal oxide on the back side, and some have double-side
thermal oxide. The oxides on the front surface do not matter for
the experiments described in this paper, as these tests are primarily
focused on calibrating the ultrafast laser-induced effects in the
mirror substrates as well as for studying the contributing factors in
the micromachining process. Therefore, we do not need to have the
front surface coated in these experiments. But to carry out the tests
for flight mirrors, the mirrors’ front sides will need to be coated
to enhance x-ray reflectivity. A number of different thermal oxide
thicknesses were tested, ranging from 50 to 1400 nm. The experi-
ments are intended to demonstrate that femtosecond laser surface
ablation with stressed film patterning can effectively change the
surface figure by introducing controlled bending in thin silicon
mirrors, hence having the potential to correct for their figure errors
as well as compensating for coating distortions.

A. Inspection of Laser Micromachined Features

Preliminary tests were conducted first to map out the parametric
space with the laser system. We first inspected the micromachined
features using various tools, including a microscope, interferom-
eter, and scanning electron microscope (SEM). Here, we show
mainly results from optical microscopes and SEM.

We first examined various features micromachined with the
green fs laser system (λ= 515 nm, τ = 800 fs) under a confocal
microscope. By capturing multiple two-dimensional images at dif-
ferent depths, we can reconstruct the three-dimensional structure
within the substrate. The sample under test has a 0.5-µm-thick
thermal oxide layer on the test surface. Figure 5 shows the images
of four micromachined holes exposed to 100 consecutive laser
pulses, but with different pulse energies. When the input pulse
energy is reduced from 20 to 0.1 µJ, the diameter of the ablated
hole drops by only 50% from 14 to 7 µm, while the depth of the
hole decreases 30× from 15 to 0.5 µm.

Figure 6 shows images for three micromachined troughs with
the same pulse energy (1 µJ) but different deposited energies.
The deposited energy is the total amount of energy deposited
onto a unit area, and it can be adjusted by changing the scanning
speed. The amount of energy deposited per unit area is inversely
proportional to the scanning speed. In Fig. 6(a), the scanning
speed is 100 mm/s, which is 5× slower than that of Fig. 6(c), so
the deposited energy is 5×more. The width of the ablated trough
drops by only 12% from 17 to 15 µm, while the depth of the
trough decreases by more than half from 0.55 to 0.25 µm.

Fig. 5. Confocal microscope images of four micromachined holes exposed to 100 consecutive laser pulses at different pulse energies. (a) Input: pulse
energy = 0.1 µ J. Output: hole diameter = 7 µm, depth = 0.5 µm. (b) Input: pulse energy= 0.2 µJ. Output: hole diameter = 11 µm, depth≥ 2 µm.
(c) Input: pulse energy= 2 µJ. Output: hole diameter = 12 µm, depth≥ 7 µm. (d) Input: pulse energy= 20 µJ. Output: hole diameter = 14 µm,
depth≥ 15µm.
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Fig. 6. Confocal microscope images of three micromachined troughs with the same pulse energy (1 µJ) but different deposited energy. (a) Input: scan-
ning speed= 100 mm/s. Output: trough width= 17 µm, depth= 0.55 µm. (b) Input: scanning speed= 200 mm/s. Output: trough width= 16.5 µm,
depth= 0.45 µm. (c) Input: scanning speed= 500 mm/s. Output: trough width= 15 µm, depth= 0.25 µm.

All these modes can be quite useful in actual correction appli-
cations, and they can be used in different areas on the substrate to
generate desired stress states.

B. Substrate Bending and Integrated Stress Fields

Just knowing the geometry of these micromachined holes or
troughs is not enough. We need to know how much stress changes
these features can create. A large number of experiments have
been done to establish the effectiveness of the method. Part of the
results for the uniformly distributed hole pattern has been pre-
sented previously [38], and we have demonstrated that this pattern
leads to an equibiaxial stress state, as the two stress components in
orthogonal directions are very close to each other in magnitude.
When applied to the back surface of the mirror, bending moments
can be created to impart concave deformations at the front surface,
and the curvature of the deformation gets larger as more thermal
oxide is removed.

Here, we present surface ablation tests for six samples with ther-
mal oxide patterning using periodic trough patterns. The samples,
numbered from 1 to 6, are silicon substrates with 500-nm-thick
single-side thermal oxide processed with single-pass microma-
chining. The trough period is 200 µm for all six samples, but they
have different trough geometries (width and depth) since they were
machined with different parameters. Their shape changes, i.e., the
differences of the surface profiles before and after micromachining,
are plotted in Fig. 7. The “trough aspect ratio”—a dimensionless
parameter defined as the trough depth divided by its width, is
measured after micromachining for each sample and also provided
in the title. In general, we can see that the substrate bending has
different magnitudes in the two orthogonal directions (note that
the troughs are parallel to the y direction). This difference of bend-
ing moments becomes more prominent as the trough aspect ratio
increases, along with larger substrate deformation.

From the measured surface profile changes shown in Fig. 7, we
calculated the curvatures and derived the integrated stress field
of each sample. The results are shown in Fig. 8, where the vertical
axis shows the integrated stress in the two axial directions, and the
horizontal axis is the trough aspect ratio. It is clear from this figure
that the result is non-equibiaxial tensile stress fields generated in
these samples. Laser ablation of troughs in the stressed film cre-
ates different bending moments for the mirror substrates in two

directions perpendicular (x direction) and parallel (y direction)
to the troughs. A higher tensile stress field is measured in the x
direction, as more original compressive film stress is relieved in this
direction. We also found that at small trough depths (within a few
µm), the laser-induced stress relief effect forms a quasi-linear rela-
tionship with the trough aspect ratio. This relationship, however,
does not hold when the trough becomes deep (as when the depth
becomes comparable to the trough width). We discuss in detail this
topic as well as the stress relief mechanism itself in a separate paper
[40]. There is also some uncertainty in the measurements, that
comes mainly from variations in trough geometry and curvature
measurements of the relatively small substrate deformation.

It is also worth noticing that the magnitudes of the laser-
induced slope changes and integrated stress fields are quite small,
especially in the substrate with 50-nm-thick thermal oxide, where
the smallest integrated stress field is <2 N/m [41]. This is good
because to meet the PSF requirements, the coating stress field still
needs to be highly uniform, and the tolerance for non-uniformity
in the applied stress field needs to be as small as possible. So, the
capability to generate a very small integrated stress field in a con-
trolled manner makes this method promising for applications in
x-ray telescope mirrors.

5. STRENGTH TESTS

A concern for the correction method that we are developing is that
the small holes and troughs on the surface of the mirror substrates
could weaken the mirrors and limit their use for a telescope applica-
tion. Thus, it is crucial to conduct a series of strength tests to both
unmachined and micromachined silicon samples and compare
their strength.

There are established test procedures for evaluating the reli-
ability and strength of materials. If any mirrors that are either
fabricated or corrected with any of the methods we have touched
upon in this paper are intended to be launched into space, then
they must show adequate strength to survive launch and harsh
space environments. However, the strength of mirrors in many of
the proposed mirror fabrication and correction methods has not
yet been measured. In this section, we describe our efforts in using
a standard ring-on-ring test approach to measure and analyze the
breaking strengths of mirror materials.
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Fig. 7. Measured surface profile changes of six silicon substrates with 500-nm-thick single-side thermal oxide before and after micromachining using
periodic trough patterns. The trough period is 200 µm for all six samples, while the measured “trough aspect ratio” is different for each sample, as listed in
the title of each figure.

A. Ring-on-Ring Test Setup

Following the standard ASTM C1499, a monotonic load is applied
to the specimen, which is supported by a circular ring fixture from
the bottom, while the load is applied by a smaller, concentric ring
fixture from the top. The sample loading apparatus and setup
are shown in Fig. 9. The monotonic loading is applied through
an Instron testing machine at the MIT DMSE Laboratory for
Physical Metallurgy. The machine can apply loading at a constant
rate in a continuous fashion, with no reversals from test initiation
to final fracture. A pair of sample holders was built to support the
specimen between two load cells in the Instron machine. The load
ring (8 mm diameter) applies force to the specimen supported by
the support ring (16 mm diameter). Both rings are machined out

of stainless steel to withstand testing samples of high strength. For
small deformations of the sample, the loading results in a relatively
uniform equibiaxial stress in the region of the sample inside the
load ring. The coupling ball between the load cell and the load ring
plate uniformly distributes the loading on the specimen.

The specimens are hand cut ∼ 30 mm square from a silicon
wafer. Each wafer can provide up to seven specimens. Teflon tape
is used on the compressive surface of the specimen to minimize
friction. To start the test, the specimen is placed on the center of the
support ring plate on a load cell, and the load ring plate is aligned
to the bottom plate. The coupling ball is placed in a divot on top
of the load ring plate, and the load cell is lowered slowly until it
is almost touching the ball. The Instron machine is set to apply
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Fig. 8. Laser-induced integrated stress fields in six silicon samples of
500-nm-thick single-side thermal oxide, machined with periodic trough
patterns. The trough period is 200 µm for all six samples, but they have
different trough geometries (width and depth) since they were machined
with different parameters. Non-equibiaxial stress fields are generated in
this series of tests.

Fig. 9. Photographs of silicon wafer strength testing setup with an
Instron machine using ring-on-ring test. Left: Instron machine used to
apply the monotonic loading. Top right: support ring plate and load
ring plate made of stainless steel. Bottom right: a pair of sample holders
supports the specimen between two load cells in the Instron machine.

loading at a constant rate of 16.7 µm/s until the sample breaks.
The breaking load is recorded.

The fracture location and mode are inspected for each speci-
men. For a properly conducted equibiaxial test, fracture typically
occurs on the tensile surface within the diameter of the load ring.
The location of the fracture is consistently near but inside the
load ring, and the origin is not always in the same place. Then the
equibiaxial strength is calculated based on the breaking load, using
the equation provided by the standard ASTM C1499 as

σ f =
3F

2πh2

(
(1− ν)

D2
S − D2

L

2D2
+ (1+ ν) log

DS

DL

)
, (5)

where F is the breaking load, h is the specimen thickness, ν is the
Poisson’s ratio, and DS , DL are diameters of the support ring and
load ring, respectively. In addition, for a square plate, D is a param-
eter with a unit of length that can be determined from the size of the
specimen.

B. Strength Test Results and Weibull Analysis

A large number of specimens have been tested and their equibiaxial
strengths calculated. For simplicity, the specimens are divided into

Fig. 10. Average and variance of ∼7 tested specimens from the same
silicon wafer. Wafers are grouped together based on their thermal oxides
and machining situations.

three categories: unmachined, machined troughs, and machined
holes. For the last two categories, there is quite a wide variety of
features in each category, which affects their strength, but the
difference between these different types of features within one
category is much smaller than the difference between different
categories. The samples are also divided according to their film
thickness and the number of sides with oxide (single or double
side). This distinction is important, as we will see that thermal
oxide can greatly affect the strength of the materials.

In Fig. 10, we take the average of all specimens from the same
silicon wafer, and plot their mean and variance according to the
aforesaid categories. Each bar represents an individual wafer, and
wafers belonging to the same categories are grouped together.
There are six types of thermal oxide conditions, each marked by
a different color. Apart from the one without any thermal oxide
(which is just a bare silicon wafer), the remaining five types include
three double-side thermal oxides and two single-side thermal
oxides. Unmachined, machined troughs, and machined holes are
represented by squares, circles, and triangles, respectively.

From the figure, we see that oxide on silicon wafers improves
their strength greatly, at least in the case of double-side thermal
oxide. Further, the thicker the oxide, the higher the strength. This
relationship still applies even after micromachining. Laser micro-
machining does decrease the strength of silicon wafers in the case
of double-side thermal oxide. For example, it will bring down the
extremely high strength of silicon wafers with 1400 nm double-
side thermal oxide by about 25% if machined with troughs. Silicon
wafers with single-side thermal oxide seem to act quite differently
than the cases with double-side thermal oxide or no oxide. The
original value of the strength is low, and it does not seem to change
much with micromachining.

To better describe the statistical behaviors in the breaking
strengths of materials, we performed a Weibull analysis for each
category. We fit the measured strength of all the specimens in each
category using the maximum likelihood estimates (MLE) to a
three-parameter Weibull distribution whose probability density
function is given by

f (x )=
γ

α

(
x −µ
α

)γ−1

e
−

(
x−µ
α

)γ
, (6)
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Fig. 11. Best fit Weibull distribution for wafers with 500 nm thermal oxide in all three machining categories. The first row is the CDF of the fit and
empirical CDF of the data. The second row is the Q-Q plot for comparing two distributions.

where x is the breaking strength, γ is the shape parameter, α is the
scale parameter (or characteristic strength), and µ is the location
parameter (or threshold parameter).

We compare the empirical cumulative distribution to the
cumulative density function (CDF) of the fitted distribution, to
evaluate how well the fit performs. The CDF is also the unreliabil-
ity function, which represents the probability of a failure occurring
beyond a given strength. For example, the best fit Weibull distribu-
tions for wafers with 500 nm thermal oxide in all three machining
categories are plotted in Fig. 11. The first row is the CDF of the fit
and empirical CDF of the data. The second row is the quantile–
quantile (Q-Q) plot for comparing two distributions. The points
in the Q-Q plots approximately lie on the line y = x , so the two
distributions being compared are similar, i.e., the fits describe the
test dataset relatively well.

These Weibull parameters are then used to calculate two other
reliability metrics: mean-time-to-failure (MTTF), which should
be renamed in terms of strength in our work, as the expectation of
the breaking strength SMTTF =µ+ α0(1+ 1

β
), where0(∗) is the

gamma function; and median strength SMedian =µ+ α(log 2)
1
β .

In general, we would like to see higher MTTF values and median
strengths, which indicate that the materials are stronger. The
results are summarized in Table 1.

From the above analysis, we find that for silicon wafers with
single-side oxide, the side with the oxide and under compression is
much stronger than the other side with bare silicon, and is unlikely
to initiate a fracture (needs additional∼270 MPa to break). Also,
the decrease in strength due to laser micromachining is small,
because micromachining is applied on the surface with the oxide,
yet fracture still first initiates from the bare silicon side. In other
words, even after micromachining, the surface with oxide and
hence under compression is still stronger than bare silicon. The
bare Si wafers (with no TOx) and double-side TOx wafers have a
large variance of breaking strength, which may be caused by the
symmetric surface stress on both sides of the wafer surfaces. In

other words, if the top and bottom surfaces both have the same
stress states (either no surface stress as in the pure Si wafer case,
or comparable compressive film stress as in the double-side TOx
case), the fracture may start from either surface, and breaking
strengths of the specimen vary in a larger range. If only one side
of the wafer surface (in this case, the top surface) has a compres-
sive film stress, the breaking strengths of the specimen will be
constrained to a much smaller range. Even though laser microma-
chining decreases the strength in double-side oxides by a significant
amount, its resultant strength may still be higher than a bare silicon
wafer without micromachining. The change of the Weibull shape
parameter γ is not very obvious in micromachined troughs, but
more prominent in micromachined holes. This indicates a change
of flaw distribution, or the introduction of new flaw groups. Either
way, this change is not necessarily a bad thing, as long as the flaws
do not propagate uncontrollably (which would results in the
breaking of specimen materials even before testing).

In addition, this research shows that even when not using
micromachining as a stress compensation method, oxidizing the
mirror to introduce a compressive thermal oxide on the surface
can greatly improve the equibiaxial strength and reduce the chance
of breaking. This can be applied to any Si structures flying into
the sky in the future or other ceramic-type space structures, not
limited to just optics or imaging devices. Static loading tests are
more conservative than dynamic loading, so if the structure sur-
vives the static loading tests, it will have a higher chance to survive
the dynamic loading environment (such as vibrations that occur
during the launch/landing of space vehicles).

6. CONCLUSION

In summary, we demonstrated the patterning of a thermal oxide
layer with two femtosecond laser systems on flat silicon mirrors.
By using a simple optical setup with a scanning x − y stage, we
have shown that a two-dimensional stress field can be generated
with laser micromachined features in a stressed thermal oxide
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Table 1. Mean, Variance, and Weibull Parameters for Specimen Strengths in Each Category

Weibull parameters

Surface Conditions
# of

Specimen
Average
[MPa]

Standard
Deviation [MPa] Shape γ

Scale α

[MPa]
Location µ

[MPa]
MTTF
[MPa]

Median
[MPa]

Single-side TOx 500 nm, unmachined 22 297.5 24.8 2.2 57 247 297.2 296.1
Single-side TOx 500 nm, machined
with troughs

84 277.2 33-9 3 109 179 276.7 275.9

Single-side TOx 500 nm, machined
with troughs (TOx side facing down)

21 545-9 126.8 1-7 237 334 545-6 526.6

Single-side TOx 500 nm, machined
with holes

53 270.2 29.7 4-5 133 149 270 271.2

Single-side TOx 300 nm, unmachined 33 302.5 47.1 2.8 130 186 302.5 300.7
Singleside TOx 300 nm, machined
with troughs

86 260.9 38.9 3-2 131 143 260.6 260.1

Single-side TOx 300 nm, machined
with holes

56 259.6 19.6 6.9 109 158 259.6 261.3

no TOx, unmachined 35 532-5 263.7 1.7 477 105 530.9 487.6
no TOx, machined with troughs 63 397.8 125 1.8 245 180 397.6 379-9
Double-side TOx 50 nm, unmachined 28 650.2 203.1 17 383 308 649.1 616.9
Double-side TOx 50 nm, machined
with troughs

105 571.7 188.6 2.4 487 138 569.9 556.9

Doubl e-side TOx 1000 nm,
unmachined

14 829.6 342-9 14 559 317 825.5 745-9

Jouble-side TOx 1000 nm, machined
with troughs

14 455-8 151.5 2-3 363 132 453-3 437-9

Jouble-side TOx 1400 nm,
unmachined

19 1673.8 662.9 2 1519 295 1647.5 1574.6

Doubl e-side TOx 1400 nm, machined
with troughs

54 1290.7 515.2 1.9 1098 305 1279-5 1209

Double-side TOx I400 nm, machined
with holes

66 590.7 102.2 4-9 420 202 589.2 594.6

film, which can be used to induce controlled bending in thin sili-
con mirrors for correcting its figure errors and compensating for
coating distortions. A stress field can be generated through the
selective removal of stressed film regions and attached substrate
regions. To be more specific, we showed that patterned removal
of uniformly distributed holes leads to equibiaxial stress states,
while fine-pitched oriented removal of periodic troughs generates
non-equibiaxial stress components. The combination of these two
features, with proper rotation of trough orientation, can create a
variety of stress states that can be used to correct for many different
error terms in the mirrors. We also demonstrated the multi-pass
correction capability of this approach for inducing controlled
deformations in thin mirrors [38]. Additionally, we performed a
series of tests to evaluate the strength of the thin mirrors after being
treated with ultrafast laser micromachining. For silicon mirrors
with single-side thermal oxide, the decrease in strength of mirror
materials (Si wafer with SiO2 film) due to laser micromachining
is small. For silicon mirrors with double-side thermal oxide, the
introduction of micromachined features decreased the strength
(by ∼25% with troughs), while the resultant strengths are still
higher than bare Si wafers without micromachining. Therefore,
this technology could be a viable method for processing materials
and optics for space applications.

In short, the femtosecond laser micromachining technique pro-
vides a fast, simple, and straightforward way to correct mirror fig-
ure errors by writing patterns on the back surface of the mirror sub-
strates with ultrafast lasers. Our experiments and tests show that it
can be a possible candidate for trimming stress for thin space optics

in the stress compensation step, and it does not greatly compromise
strength if applied properly.
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