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Accessing the immense value of freeform surfaces for mass-sensitive applications such as space optics or metaform optical
components requires fabrication processes that are suited to figuring thin substrates. We present stress tensor mesostruc-
tures for precisely correcting figure errors, even after microstructures or coatings have been applied to the optical surface.
These mesostructures can be fabricated using standard semiconductor fabrication equipment. We introduce three differ-
ent mesostructure types that each spatially control the three required stress tensor components over the surface of thin
substrates, each offering relative advantages. We patterned all three mesostructures on the backsides of silicon wafers to
demonstrate freeform figure generation and correction. Stress tensor mesostructures can enable low-cost accurate figur-

ing of the thin substrates that will become increasingly important for lightweight and metasurface optics.  ©2022 Optica
Publishing Group under the terms of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.445379

1. INTRODUCTION

The recent explosion in metasurface optics research [ 1-3] promises
to drive optical systems toward lighter and simpler systems with
exciting new capabilities. Meanwhile, the rapidly growing set
of techniques to make accurate freeform mirror surfaces [4] has
resulted in more compact optical systems that use fewer com-
ponents than was ever possible before. Combining meta-lenses
with thin freeform mirrors [1] provides synergy to create ultra-
lightweight folded optical systems that will become ever more
important as wearable optical systems such as augmented reality
headsets [5] become ubiquitous, or as more optical systems are
launched into space [6—8]. A barrier to accessing this synergy is that
current optical fabrication methods are unsuitable for figuring thin
freeform mirrors because they uncontrollably bend thin mirror
substrates during fabrication [6,9], and since they remove material
from the optical surface they must be used before micro-structures
and thin reflective films are created. Noncontact deterministic
figuring techniques that leave the optical surface unaffected could
open the door to freeform metasurface optics, improve the fig-
ure accuracy of deformable mirrors [10,11] and semiconductor
wafers [12,13], and enable ultrathin mirrors for space applications
[10,11,14,15].

In all of these applications, the substrate should be determinis-
tically and permanently figured after coatings, active device layers,
or microstructures have been created. Material removal and addi-
tive processes such as polishing [9], chemical and plasma etching
[16], ion-beam figuring [14], and 3D-printing [17] can accurately
figure surfaces but generate residual stresses that create unexpected
deformations of thin substrates [9]. In addition, forming thin
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substrates with a functionalized surface is almost impossible using
these methods due to the stress in coatings, structures, and device
layers.

In contrast to material removal processes, stress figuring
processes create stress on the back surface to bend the substrate
[15,18,19] and leave the optical surface unaffected. Flat or curved
substrates can be coated and accurately patterned using ultravi-
olet lithography [18,19]. Stress can be readily generated using a
wide variety of coating materials suitable for specific applications:
piezoelectric or magnetostrictive [9,11] films for dynamic defor-
mation and metal or dielectric thin films [18,20] for set-and-forget
figuring. Most existing stress generation methods are limited to
only correcting a subset of figure errors or small clear apertures
[21] because the stress is unary (e.g., equibiaxial stress or uniaxial
stress with fixed orientation) [22] (Fig. S1). Generating arbitrary
deformation requires fully controlling all three in-plane stress
tensor components, i.e., the two normal stresses (0, 0,) and shear
stress (T,,). Existing methods to provide the required nonequibi-
axial stress control include ion implantation [15], laser processing
[23], and 3D-printing with ferromagnetic or ferroelectric powders
[24,25], but these methods rely on difficult-to-control and spa-
tially varying process parameters (ion dose, write speed, droplet
size, etc.) that degrade stress manipulation accuracy. Stable meth-
ods to precisely control the stress state over the back surface of a
thin substrate are necessary butstill lacking.

We present three types of mesostructures (Fig. 1) to fully con-
trol the stress state over the entire substrate back surface, relying
primarily on patterning accuracy. We designed and patterned three
types of mesostructures on the backside of 100 mm silicon wafers
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Fig.1. (a) Gratinglines trenched into silicon substrates, with the TOx coated on the top of the grating tooth. AR = h/w; the thickness of TOx is negli-
gible. (b) Measured deformation of a silicon wafer. Backside is patterned by a uniform grating structure in (a) with AR = 0.5. (c) The red line and squares
represent the modeled and measured equivalent stress (normalized by the stress when AR = 0) in the y direction, assuming the grating structure in (a) is a
fictitious equivalent continuous film. The blue line and circles show the ratio of the curvatures between the x and y directions on a grating-patterned sil-
icon wafer. The blue line shows a theoretical result from a classic model, in which the trenches are only in the film [26] (AR = h/w for teeth of coatings,
width comparable with the coating thickness). The blue circles are the measured results (AR = h/w for teeth of trenched silicon, width much larger than the
coating thickness). The dashed blue line is the asymptotic line of the solid line derived from the classic model, with the value of silicon’s Poisson’s ratio, v,.
(d) Type-I mesostructure with a highlighted exemplar unit cell at the center. The yellow disk is a 200 nm-thick TOx layer. The blue area by TOx is bare sili-
con. The parallel lines are trenched gratings through TOx into the silicon substrate. The grating line pitch is 10 ptm, and the aspect ratio of the grating tooth
is 1. Parameters A, B, and ¢ define the dimensions, which can vary from cell to cell within the boundary, which is a 500-pm-diameter circle shown by the
green dashed line. (Note: all TOx outside the highlighted unit cell region is grayed out.) (¢) Type-II mesostructure with highlighted unit cell indicated by
green dashed lines. The diameter of each grating circle area is 500 um, and the grating line pitch is 10 ptm. The orientations of the grating lines are fixed at
—60°, 0°, and 60°, as noted by the white arrows. Parameters C, D, and E represent TOx disk diameters that have different grating orientations. (f) Type-
III mesostructures are similar to Type-II except the TOx disks are larger than the circled grating areas to provide additional equibiaxial stress by adjusting
parameter F. The grating lines are trenched before the TOx growth and patterning process. Note that the side wall and the adjacent area of the grating teeth
are also coated with TOx. As a result, the magnitude of the uniaxial stress produced by the grating area is increased, proportional to the AR.

to demonstrate precise, free-standing, full aperture figure gener-
ation and correction. The stress is provided by a thermally grown
silicon dioxide layer on top of the structure, which is well known to
be stable [18]. The demonstrated technique can be applied to fab-
ricate thin mirrors using standard semiconductor equipment. The
mesostructures we present can also apply to other stress generation
methods including stressed coatings and functional materials for
active deformation.

2. GENERATION OF UNIAXIAL STRESS

A state of plane stress (two normal stresses and a shear stress)
can be decomposed into equibiaxial stress (0cqyi) and uniaxial
stress (O, j) components at a set of specific orientations (¢;) by
inverting Eq. (1):

Here, the term on the left is a stress state represented in x — y
coordinates. The terms on the right are the product of a three-
by-three rotation matrix and a stress state vector in the principal
coordinate frame (wherein the shear stress is zero; see Fig. S2). The
summation limit 7 depends on the mesostructure type and will be
explained later.

Equibiaxial stress already exists in conventional coatings.
Here we present a scheme to create uniaxial stress as follows and
illustrated in Figs. 1(a)—1(c). First, we coat a substrate with a film
of equibiaxial stress. Second, we pattern the coated surface with
grating lines in which trenches are extended into the substrate,
in contrast with previous research that patterned the film only
[26]. Our study has revealed that uniaxial stress can be generated
with a grating pitch close to the total trench depth, which can be
significantly greater than the thickness of the film. This relaxation

o m cos*(¢;) sin®(¢;) 2 cos(¢p;) sin(¢;) Ocqui T Ouni, j
oy | = Sin2 (¢]) cos? (¢]) =2 COS(¢j) Sln(¢]) Oequi (1)
Ty j=1 | — cos(¢;) sin(¢;) cos(¢;) sin(¢;) cosz(qb/) — sin2(¢j) 0
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of the requirement on the grating pitch allows the patterns to be
more easily manufactured.

Figure 1(a) illustrates an example of grating lines patterned
horizontally (x direction) on the backside of a 100-mm-diameter,
0.5-mm-thick silicon wafer. The pitch is 10 pm, much larger
than the thickness of the stressed film—a 200-nm-thick thermally
grown silicon dioxide (TOx) layer with —350 MPa equibiaxial
compressive stress. By using a 2D finite-element (FE) model (Fig.
S3), we determined how the local bending curvature of the wafer
surface in the y direction varies with the trench depth in silicon.
After modeling, it is instructive to assume the grating structure
can be replaced by a fictitious film of uniform stress, wherein the
equivalent uniaxial stress of the film in the y direction is calculated
from the wafer curvature for different aspect ratios (AR = h/w;
the thickness of the TOx is negligible) of the grating teeth, and
then normalized to one for an AR of 0. The results are plotted as
the red solid line in Fig. 1(c), suggesting that the equivalent film
stress in the y direction drops to 0 when the AR is around 0.3 and
greater than 1. In Section 3, we detail how patterns are created with
fixed AR = 1, but with varying area, to linearly adjust equivalent
integrated stress. On the other hand, a surprising stress reversal
occurs when the AR is higher than 0.3, reaching a maximum when
AR = 0.5. This stress reversal is not critical to the present work,
which uses AR = 1. However, we have confirmed the presence
of this stress reversal using FE models (Fig. S3) and additional
experiments (Fig. S6). Further investigation and applications will
be implemented in future work.

To test the modeled results, we patterned uniform grating lines
with deep trenches on the backsides of five silicon wafers. Each
wafer had the same 10 pm grating pitch, but the trench depths
produced by deep reactive ion etching varied with ARs from 0 to
1. The wafer deformation induced by the grating patterns was
monitored by a Shack-Hartmann (S-H) metrology tool [27-29]
(for details, see Fig. S4). Figure 1(b) shows an example of the mea-
sured deformation when AR = 0.5 Based on these measurements
(Fig. S5), the normalized equivalent stresses in the y direction were
calculated, with results plotted in Fig. 1(c) (red squares), matching
the modeled results (solid red line) (Fig. S3). We have concluded
that controlled uniaxial stress can be created when the AR is around
0.3.Inaddition, AR > 1.0 canalso produce nearly uniaxial stress.

‘We also measured the ratio of the curvatures between the x and
y directions on the fabricated wafers (blue circles), comparing the
results with a classic model (blue line), which has a similar con-
figuration but assumes the trenches are only in the film [26]. The
deviation demonstrates that bending due to the new method, i.e., a
grating with substrate trenches, can converge to uniaxial stress
faster and produce counterintuitive negative bending (Fig. S6).

3. CONTROL OF STRESS TENSOR WITH
MESOSTRUCTURES

Based on this new capability of generating controlled uniaxial
stress, we have created three types of periodic mesostructures
arrayed in a 2D lattice on the backside of silicon wafers to produce
stress tensors for freeform surface shaping. This scheme assumes
that the mesostructures are comparable to, or smaller than, the
substrate thickness, so that each unit cell can essentially be con-
sidered as a pixel of controllable stress representing a continuous
tensor stress field. This scheme also prevents print-through from
backside patterns [19] (Fig. S3). We present the three types of

mesostructures, with a set of parameters such as (4, B, ¢) shown
in Fig. 1(d), that are determined for each pixel by the stress tensor
required to produce the desired substrate deformation. Figure 1(d)
shows the Type-I mesostructure arrayed in a hexagonal lattice
of 500 pum horizontal spacing. The highlighted yellow disk of
diameter A represents a pattern of the TOx layer. The ratio of the
disk area to the unit cell area is controlled to determine the local
magnitude of equibiaxial stress. The parallel lines with 10 um pitch
represent trenches with AR = 1 through the TOx into the silicon,
which convert the stress within the grating area from equibiaxial to
uniaxial, as discussed previously. The width B of the grating region
controls the local magnitude of uniaxial stress, while the spin angle
¢ controlsits local orientation [see Eq. (1)].

After determining the target surface deformation, the desired
stress is transformed from global orientation (o, ,, T,,) to local
orientation (Gequi> Ouni, j» ;) using Eq. (1) (Fig. §2). For Type-I
structures, 72 = 1, and ¢, is the orientation of the grating lines,
Ocqui 1s the equibiaxial stress, and 0y, is the uniaxial stress. These
local stress states can be transformed, in turn, into 2D distributions
of local geometric parameters A, B, and ¢ using a calibration proc-
ess (Figs. S7 and S8). Tensile and compressive stress components
can be achieved by adding a bias film on the front and/or back
surfaces (Figs. S6and S9).

Type-1 structures can produce deformations efficiently since
grating lines in each unit cell are rotationally aligned to maximize
the principal stresses. However, secondary adjustment of the stress
orientation for post-correction deformation or shape actuation
would be difficult. For this reason, we introduced the Type-II
mesostructure as shown in Fig. 1(e). The unit cell is highlighted
and indicated by green dashed lines consisting of a triplet of unique
patterned circles. In this pattern, 7 = 3 in Eq. (1), and ¢; is one
of the three grating line orientations (60°, 0°, or —60°), Ocqui =0,
and oy;, ; is the uniaxial stress (recall that ; indicates the location
of the cell on the substrate). In contrast with the Type-I mesostruc-
ture, the geometric variables of Type II are the diameters of the
TOx disks at the three orientations [C, D, and E in Fig. 1(e)],
which can manipulate the stress tensor components without
changing the grating line orientations. This configuration can
enable secondary adjustment (see Fig. 5) or active control of the
stress tensor if the stress provider is a ferromagnetic or piezoelectric
material. Although Type II has more flexibility, the magnitude of
the stress generated is less than Type I since only one-third of the
fractional TOx area is in effectatan arbitrary orientation.

We also developed a Type-III structure depicted in Fig. 1(f) for
the purpose of producing higher magnitude stresses with compa-
rable flexibility to the Type-II structure. The Type-III structure has
grating lines with TOx also coated on the side walls and floors of
grating teeth, providing additional uniaxial stresses proportional
to the AR of the grating structure. Sidewall coatings can be realized
by isotropic deposition methods after etching of grating lines, such
as thermal oxidation or atomic layer deposition (ALD). However,
these methods coat the area between grating teeth at the same time,
producing undesired equbiaxial stress that can counteract the
desired deformation. Therefore, the configuration of the Type-III
structure was modified to resolve the problem. The diameters of
the grating disks are controlled as variables for desired uniaxial
stresses. The TOx disk patterned after deposition is slightly larger
than the grating circles. The marginal ring of the TOx in each disk,
indicated by F, produces an additional equibiaxial stress to even
out the variation of equibiaxial stress generated by grating disks.
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Fig.2. (a) Portion of the design for generating trefoil deformation. The pitch between two adjacent circles is 500 pm. (b) Microscope images of 25 fabri-
cated individual unit cells for trefoil deformation. The cells are evenly distributed within a 70 mm by 70 mm area. (c) Measured wafer trefoil deformation.
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8o
QPPee

Fig. 3. (a) Measured wafer surface before (S shape) and after (flat
shape) the patterning process. (b) Microscope images of 25 unit cells for
flattening a wafer’s surface. (c) Microscope image of the area between two
unit cells.

Therefore, the equibiaxial stress within each disk is constant, which
can be compensated by a uniform coating from the other side of the
thin substrate for the initial demonstration in this work.

4. DETERMINISTIC FIGURE GENERATION AND
CORRECTION

To demonstrate the effective use of a Type-I structure for figure
correction, we patterned the backsides of two free-standing sili-
con wafers to generate deterministic freeform deformations. We
selected the Zernike term trefoil (Zg ) as a deformation target since
it requires uniaxial stress with varying magnitude and orienta-
tion [Eq. (§2)], which requires the manipulation of stress tensors
beyond the conventional equibiaxial type. As for metrology, we
measured the surface of all wafers using a S-H metrology tool
[27-29] (Fig. S4), with measurement precision better than 10 nm
RMS.

Figure 2(a) shows a portion of the structure design for trefoil
deformation near the substrate center [Eq. (S3)—(S5)]. A 200-nm-
thick TOx layer was used as a stress provider. Figure 2(b) shows
25 microscope images of individual unit cells evenly distributed
within a 70 mm by 70 mm area. The measured deformation [Fig.
S10] is represented by 12 Zernike polynomial terms (see green
triangles in Fig. 4). Figure 2(c) shows the measured deformation,
which demonstrates that trefoil has been successfully generated.

Ultraflat thin substrates are in demand for wide applications
such as semiconductor manufacturing and metamaterial lenses.
For a final demonstration, we selected a silicon wafer and then
patterned an engineered Type-I backside structure designed to
flatten the surface. In theory, controlling all three stress tensor
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Fig. 4. Zernike coefficients of the measured deformations and surface

profiles in Figs. 2 and 3. The dashed gray line represents the repeatability
of our S-H metrology tool. The tilted text on the bottom indicates the IDs
of the 12 Zernike terms. Letters without underline indicate terms that can
be generated by equibiaxial stress, single underline for terms that can be
generated by antibiaxial stress, and double underline for terms that require
a combination of equibiaxial and antibiaxial stresses.

components can perfectly generate all Zernike terms over the
entire substrate without edge effects. This is not the case if only
equibiaxial stress can be controlled, which usually creates high-
frequency residual errors. However, in practice, the magnitude of
stress required to correct higher-order modes is large and we limit
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our experiments to the first four orders (15 terms) of Zernike poly-
nomials. Previous studies have shown that generating deformation
with different Zernike terms requires different types of stresses.
Among the 12 terms shown in Fig. 4, six of them need antibiaxial
stress, four need equibiaxial stress, and two need a combination
of both (Fig. S1). In this work, flattening surfaces by simultane-
ously minimizing 12 terms is a powerful demonstration of stress
tensor manipulation. The measured surface before correction
is the S shape in Fig. 3(a), with ~10 um P-V, corresponding to
the coefficients plotted by the magenta squares in Fig. 4. After
calculation of the required stress tensor distribution based on an
analytical solution and an FE model and taking into account the
anisotropic elastic properties of silicon [30], Type-I mesostructures
are designed (Fig. S11) and patterned [Fig. 3(b)] on the backside
to provide adequate flattening stress tensors. Figure 3(c) shows the
area between two unit cells, where the trenched lines are clearly
visible. The flattened profile in Fig. 3(a) shows the measured sur-
face after patterning, corresponding to the blue circles in Fig. 4,
representing a RMS slope improvement factor of 27 (RMS height
improvement factor of 21).

These results can benefit applications that only need one-time
figuring. Figures 5 and 6 show results conducted by Type-II and
Type-1II structures that allow secondary forming and possibly
active actuation [Eqs. (§7)—(S10)]. Figure 5(a) shows a microscope
image of a patterned Type-II structure for trefoil deformation. The
measured deformation in Fig. 5(b) shows the result is not perfect.
As indicated by the arrow, a side lobe in the x direction is slightly
higher, which is caused by an undesired astigmatism generated
by the patterning process. This astigmatism component is clearly
shown in the magenta squares in Fig. 7. Since the generated stress
tensors can be adjusted after patterning due to the flexibility of

Height (um)

0.85 pm

Fig.5. Tiefoil deformation of 100 mm silicon wafers generated by Type-II mesostructures patterned on back surfaces. (a) Microscope image of patterned
Type-II mesostructures for trefoil deformation. Dashed lines indicate a unit cell, and the white arrows note the orientation of grating lines. (b) Measured tre-
foil deformation generated by (a). The dark arrow indicates that one of the generated side lobes is higher than expected, created by an undesired astigmatism
term. (c) Microscope image of a Type-II mesostructure after secondary exposure. A portion of the TOx in grating disk centers with specific orientations is
removed. (d) Measured trefoil deformation after the secondary exposure, showing that the side lobe indicated by the dark arrow is suppressed.
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(a) Microscope images of Type-III mesostructures. The background image is the silicon surface trench with grating lines before coating and pat-

terning. The picture in the foreground shows patterned TOx layers on the top and the side of the grating tooth. (b) Measured trefoil deformation created
by (a). The amplitude of the deformation is ~3 x higher than that produced by Type-II trefoil deformation of 100 mm silicon wafers generated by Type-I1

mesostructures patterned on back surfaces.

Type-II structures, we performed a secondary exposure to remove
the undesired astigmatism. The TOx at the center of the disks,
where the grating lines are along the x direction, was removed iter-
atively (Table S4), but without etching into the silicon [Fig. 5(c)].
Figure 5(d) shows the measured deformation after the secondary
patterning, where the side-lobe amplitude has been suppressed.
The Zernike coefficients plotted by the blue circles in Fig. 7 con-
firm that the generated trefoil has been improved. The capability of
secondary adjustment granted by the Type-II structure can benefit
the precision of the freeform process. In addition, the structure
can enable actively controlled stress tensors for more applications,
by switching the stress provider from TOx to ferromagnetic or
piezoelectric materials.

Despite these advantages, comparing Figs. 2(c) and 5(d), the
deformation amplitude produced by Type-II structures is only
one-third of that produced by Type I due to the inefficient nature of
the design. Figure 6(a) shows a Type-III structure for higher defor-
mation amplitude with the same flexibility as Type II. Since the AR
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Fig. 7. Zernike coefficients of the measured deformations and surface

profiles in Figs. 5(b),5(d), and 6(b). The dashed gray line represents the
repeatability of our S-H metrology tool. The tilted text on the bottom
indicates the IDs of the 12 Zernike terms. Letters without underline indi-
cate terms that can be generated by equibiaxial stress, single underline for
terms that can be generated by antibiaxial stress, and double underline for
terms that require a combination of equibiaxial and antibiaxial stresses.

of the grating lines is 1.0, which provides three times the coating
area, the generated deformation in Fig. 6(b) shows an amplitude
~3 times higher than TypeIl, as expected.

5. SUMMARY

In summary, we have presented three types of stress mesostructures
that can manipulate the general stress tensor on thin substrates
to create precise freeform deformations not achievable by con-
ventional methods. Type-l patterns should be used when the
deformation provided by Type-1I and Type-III patterns is insuf-
ficient. However, Type-II and Type-IIl patterns may enable
multiple-pass corrections because each stress component can be
controlled by adjusting the area of remaining TOx, whereas the
angle ¢ in the Type-I pattern cannot be adjusted after patterning.
Type-III patterns require additional processing steps but provide
higher stress than Type II. The mesostructures are compatible with
modern planar fabrication technologies, which have the potential
to be scaled and extended for a wide range of applications including
active actuation of thin substrates in the future.
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