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ABSTRACT

A Bi3*t-stimulated Au electrodeposition process in slightly alkaline Na;Au(S03), + Na,S0;
electrolytes has been previously demonstrated for void-free extreme bottom-up filling of high
aspect ratio trenches in gratings that are key to advanced X-ray imaging technologies. Effective
use of the full area of the gratings with conventional X-ray sources requires they have a finite
radius of curvature to align the high aspect ratio Au-filled trenches with divergent X-rays. With
that in mind, this work demonstrates bottom-up Au filling in gratings that are attached to curved
holders. Contactless mapping of the Au-filled gratings captures residual curvature that is retained
after their release from the curved holders (i.e., intrinsic curvature). X-ray diffraction captures the

elastic strains in the Si underlying the Au-filled trenches of the grating. Complementary
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measurements on the surfaces of unpatterned Si wafers mounted on curved holders capture the
actual curvatures and strains imposed in the mounted gratings. Both intrinsically curved and re-
bent toward their radius while mounted, the gratings provide high visibility across the entire field
of view of an X-ray phase contrast imaging system with elastic strains substantially below those

in planar gratings bent to the same radius.

INTRODUCTION

The development of a bottom-up Au filling process and its extension to high aspect ratio
trenches and vias in gratings etched into the surfaces of 100 mm Si wafers has been detailed in a
series of recent reports*®. Simulations based on a mechanistic model capture key experimental
observables of the process in the Bi3*-containing sulfite electrolyte®. The process enables dense,
void-free Au fill in high aspect ratio trenches for the manufacture of Au/Si gratings used in X-ray
grating interferometry (XGI) and imaging applications for which the high absorption contrast
between the Au-filled features and surrounding Si is especially well-suited'%-®. \Void-free, bottom-
up filling was demonstrated in gratings with arrays of trenches as deep as 305 um as well as
gratings with trenches having aspect ratios (depth/width) exceeding 60. Filling was uniform within
even these most aggressive features in gratings patterned across 100 mm Si wafers.
Correspondingly good performance (i.e., “visibility”) of the Au-filled gratings®”, as well as X-ray
phase contrast imaging of biological samples®®, demonstrated the potential for biomedical
applications of these gratings, applications that have been explored previously using gratings filled
by other processes.!’?® Key characteristics of gratings for XGI are the grating size, which

determines the field of view of the imaging system, uniformity of trench pitch and quantity of Au



fill in the silicon template. Uniformity of pitch obtained through the widely used X-LIGA process
is not good, which decreases the visibility in XGI, particularly for large focal spots (see for
example Fig. 11 in Ref. 22). The sensitivity and imaging quality of XGI systems are directly related

to the pitch, aspect ratio and metal-fill of their gratings.?®

The present effort is intended to address the fact that XGI devices based on commercial X-ray
sources have a compact geometry with a fan-out X-ray field. Visibility with a flat grating is
degraded away from the central axis due to increasing misalignment of the X-rays from the source
that reduces absorption in the Au-filled features of the grating and increases absorption in the Si
between them. Uniform performance across the area of a grating requires the lamellae of the
grating be geometrically aligned with the X-rays; i.e., the grating must be curved to a radius equal
to its distance from the source. In this study the Bi3*-mediated Au electrodeposition process is
used to bottom-up fill the trenches in etched Si gratings that have been bent elastically to a uniform
curvature, as pictured schematically in Fig. 1. The intrinsic curvature of the gratings after release
from the curved holders used during the Au filling as well as the strain in the Si underlying the

Au-filled features are quantified and compared to model predictions.

An elastic stress-strain analysis is presented to estimate the stress distributions associated with
the bend-then-fill approach, both when the etched Si grating is mounted on the curved holder and
after it has been Au filled and released. The stress state after the grating is dismounted from the
holder manifests balance between the homogeneous Si underlying the grating, which seeks to
return the entire structure to its own stress-free planar state, and the composite Si/Au layering
created by Au filling of the recessed features of the grating, which seeks to retain the curved state

of the stress-free Au deposits.
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Figure 1: a) Schematic cross-section view of the recessed parallel trenches of a grating etched into
a Si wafer subject to applied moment M and force F indicated at the ends with associated internal
stress o(z) within the thickness of the wafer. The patterned-then-etched trenches rest upon a
thickness of solid Si. b) Schematic of the grating curved to a uniform radius of curvature R, by an
applied moment. The elastic strain associated with bending varies linearly over the height z within
the material, crossing through zero at a centroidal plane located at height c,, midway through the
thickness of the underlying material in the patterned area and at height c,, midway through the full
thickness of the wafer in the unpatterned area; local stress is proportional to the local strain. Both
the curvature and the thickness of the substrate are increased substantially to facilitate visualization
of the stress (strain) distribution. ¢) Plan view schematic, drawn to scale, of a 100 mm diameter Si
wafer with a nominally 8 cm x 8 cm grating etched into one side (gray). Clamps mount the wafer
to a holder whose concave surface is cylindrical about y, such that displacement of the attached

grating out of the plane varies only with +x. Flats that define the (110) crystal direction in the Si,



3cmand 2 cm long, are seen at the +x ends of the wafer; the trenches in this grating lie along the
y direction on the compressed surface, parallel to the flats. In this clamping geometry the four
pairs of low-profile clamps along the perimeter of the wafer, spaced at 2 cm intervals in x
symmetrically about the midline of the wafer, attach the grating to the curved surface of the holder

during Au deposition.

METHODS
Elasticity for curved silicon substrates

Electrochemical processing is used to Au fill arrays of trenches etched in one surface of a Si
wafer to create a Au-filled grating exhibiting residual curvature in the free-standing state (i.e.,
intrinsic curvature). There has been substantial analysis of the inverse problem of curvature
unintentionally induced by electrodeposition of stressed films on planar substrates. One of the
earliest and best known is that of Stoney?*, which considered post-deposition elastic deformation
after a thin stressed film and the much thicker stress-free substrate on which it has been deposited
are released from the planar deposition geometry. Later works have considered more complex
geometries, including thick films, biaxial curvature and mismatch of film and substrate elastic
moduli as well as time-dependent constraint conditions imposed during the film deposition
process.?>?% For bending of a Si wafer substrate of thickness Twarer Such that displacement of the
surface in the z direction varies along the x direction (bending axis along y) pictured schematically
in Fig. 1, the uniaxial stress a,, (internal force in the x direction per unit area of material with
normal in the x direction) as a function of height z within the substrate is related to the force F;

and moment M, applied per unit width of the substrate by
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Twafer [1]
F, = f Oxx(2)dz
0

Twafer [2]
M, =— f 20, (2)dz
0

For homogeneous substrates that are thin compared to the radius of curvature R, of the surface in
the x - z plane, the elastic strain ¢,,(z) in the material (i.e., the fractional elongation in the x
direction of a length along x) created by the stress is related to the radius R, and the distance of
the material from the centroidal plane at height z = ¢ whose length in the x direction remains
unchanged by the bending deformation. For conventional linear elasticity, where a modulus Y

relates the stress and strain, the relationship is

cC—Z [3]
Ry

Oxx(2) =Yey(2) =Y

For uniaxial bending of a beam the modulus Y is Young’s modulus E. For a wafer that is

uniformly wide and thick and subject only to pure bending (F;, = 0) it is readily shown that the
preceding equations are satisfied by ¢ = Ty 4fer/2 and R, = TWafer3/12ML so that

TWafer/2 —Z [4]

Oux(2) = Yere(2) = 12M,Y 3
Wafer

The centroid ¢ thus lies midway through the thickness of the curved wafer, and the moment M,
required to bend the wafer to a given radius increases as the cube of the wafer thickness. As the
wafer is bent, material above the centroid (z > c¢) experiences ¢,,(z) < 0 (contraction) under
compressive stress while material below the centroid (z < c) experiences &, (z) > 0 (elongation)

under tensile stress. The maximum and minimum stresses occur on the surfaces of the substrate

and equal Gmax/min = £ YTwager/ 2Ry, thus scaling with the substrate thickness divided by the
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imposed radius. For brittle substrates such as Si wafers the positive (tensile) stress at the convex

surface is most significant because it drives cracking.

A detailed analysis for bending of plates of isotropic materials oriented in the x - y plane under
uniaxial bending stress along x yields analogous results?’. However, strains in the orthogonal y-
(and z-) direction defined by Poisson’s ratio v (= 0.3) upon bending to radius R, induce a curvature
of the plate such that there is also variation of the displacement in z along the y-direction exhibiting
a radius R, = —R, /v (i.e., the plate is convex along y when concave along x). Bending a plate
into strictly cylindrical shape as profiled in Fig. 1b, with radius R, along x and R,, = o along y,
requires imposition of a biaxial stress state. The modulus in Eq. [4] relating the stress and strain
components in the wafer along the bending direction x is Y = E/(1 — v?). For the y direction,

Eq. [4] is written instead in terms of the stress a,,, and strain &,,, components and the modulus is

Y = Ev/(1—v?).

The gratings relevant to grating-based X-ray applications have arrays of trenches of aspect ratio
(trench depth/width) in the range of 10 to 100 etched into one surface of a Si wafers such that they
overlie a thickness of unetched Si. In this work the trenches are 2.6 um wide, at a pitch of 5.25
pm, and 100 um to 110 pm deep. The Si wafers are from 250 um to 390 um thick. Prior to Au
filling the tall and thin Si walls between the trenches do not contribute substantially to the stiffness
of the substrate; as suggested by the schematic of Fig. 1b, the card-like sheets of Si can shift and
tilt independently in accord with bending of the underlying unetched Si. This is an approximation
in this study because Si bridges between the Si sheets, of the same width as the sheets themselves
but spaced at 100 um intervals and staggered by 50 um in adjacent trenches, are included to
stabilize the grating structures against deformation during Au filling. However, widely spaced as
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they are, the impact of these bridges on the stresses and strains associated with bending of the

gratings is small, and they are ignored in subsequent discussion.

The mechanical properties of the Si wafer in the etched region of the grating are thus similar to
those of a wafer whose thickness is that of the unetched Si beneath the trenches. As a result, with
R, = TWafer3/12M, a Si wafer that is not completely patterned with a grating is necessarily
subjected to forces from the holder at the boundaries between the patterned and unpatterned areas
when mounted on a holder imposing uniform R,.. The stress distribution in the vicinity of these
boundaries is complex, and the stress state in the wafer is complicated further by the previously
noted biaxial stress state associated with the unidirectional curvature of a cylindrical holder. It is
clear, however, that bending of the wafer during installation can be unintentionally localized to the
thinner patterned regions and that the local variation can cause fracture of the brittle Si; installation
of Si wafers patterned with deeply etched gratings onto curved holders for deposition requires

some care.

Several empirical, and for the most part intuitive, observations are made regarding the gratings
that were bent and mounted for Au filling. Firstly, thinner wafers are compatible with bending to
a smaller minimum radius R,,;,, before fracture. Considering the maximum stress in the wafer
Omax = YTwarer/2R and assuming a critical value of stress o, above which fracture initiates at
surface defects, one obtains Ry, = YTywqafer/2004:. A study of the role of surface defects
associated with wafer cutting on the mechanical strength of Si wafers found characteristic fracture
strengths of approximately 250 MPa for o.,;..2® Studies of wafers with polished surfaces®® obtained
fracture stresses of 2.8 GPa, with a standard deviation of 1.2 GPa, that are consistent with the ~

3.5 GPa and ~ 2.2 GPa values obtained for 1 um and 20 um diameter Si whiskers, respectively.3%3



Using a value of 2.5 GPa for polished surfaces and modulus Y equated to E = 170 GPa for uniaxial
loading (obtained by tensor analysis®? from the values C;;,; = 166 GPa, C;1,, = 64 GPaand C,3,3
= 80 GPa of the stiffness tensor in the crystal frame®) for single crystal Si (100) wafers with
trenches along the (011) direction and bending and stress along the orthogonal in-plane (011)

direction, a value of Ry, = 34Ty 4., is obtained. A 0.5 mm thick polished Si wafer can thus,

under ideal conditions, be bent to a radius as small as approximately 1.7 cm and a 0.3 mm thick
wafer to a radius of 1 cm. That said, values obtained for micrometer size specimens and polished
surfaces are necessarily optimistic for etched wafer-scale gratings, even where the patterned

surface is under compression.

With compressive stress above the centroid for the bending geometry pictured in Fig. 1 and the
centroid mid-height in the underlying Si (Eqg. [4]) within the patterned region, the material
immediately under the trenches is under compression no matter the depth of the trenches in the
wafer. Based on this consideration alone, crack propagation from the bottoms of the patterned
features, natural initiation sites given their narrow and thin geometry, should not occur during
bending as shown. However, trenches that are deeper than half the wafer thickness extend below
the centroid in the adjacent unpatterned wafer. Anticipating that the complex stress state at the
borders of the patterned region might make the grating more susceptible to fracture at these

locations, trench depths in this study were less than half the Si wafer thickness.

The bent state of the wafers is not expected to affect the Bi3*-stimulated Au filling process.
Modification of the trench geometry resulting from the bending imposed in this study is small. The
length of the concave inner surface of a 0.4 mm thick wafer bent to a 20 cm radius contracts less

than 1 % (Eq. [4]). Trench openings in a grating with trench width equal to one half trench pitch



will thus narrow by less than 2 %, which is insignificant in comparison to the periodic oscillations
of trench width evident in gratings fabricated by the Bosch process that have previously been Au
filled in this manner.>® Further, the bottom-up filling is dominated by the depths of the high aspect
ratio features, rather than the nature of flow above them, so that variation of fluid flow caused by
the bent geometry should not affect it. Finally, although self-passivation upon the completion of
filling at more negative potentials is linked to the flow across the openings of filling features, at
the potentials used for the deep and high aspect ratio trenches filled here, self-passivation that

follows bottom-up filling is observed even with modest transport.

Grating relaxation upon dismounting

Although one can design curved holders enabling utilization of the Au-filled gratings in their
mounted state, bottom-up Au-filled gratings retain a nonzero curvature upon release from the
curved holders used during deposition. The radius of this intrinsic curvature can be estimated by
assuming equilibrium is achieved through elastic relaxation in the bilayer structure of the filled
grating, with its Au-filled trenches of depth Dryencn = Twarer — Tsi @nd thickness T; of unetched
Si beneath them. Separating the contributions for the unetched Si lying beneath the grating
z:[0, Tg;] and the composite Au/Si within the etched and Au filled grating itself z: [Ts;, Twaser|
that together comprise the total wafer thickness, the zero force and zero moment conditions for

Egs. [1] and [2] that define equilibrium of the released Au-filled grating are written

fTwafer [5]

Tsi
0 =f o(z)dz + o(z)dz
0

Ts;
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TWG. er
f ! zo(z)dz (6]

Tsi
0= f zo(z)dz +
0

Ts;

In the unetched Si the stress is defined in terms of the strain using Eq. [3]

0(z) =Ee(z) =E CfR_ z [7]
f

with the modulus E that of Si and the final radius of curvature R, and centroid height ¢, to be
determined. In contrast to the underlying Si, the vertically layered Au deposits and Si spacers of
the grating are assumed to be stress- and strain-free in the mounted state; the absence of obvious
warpage in gratings that are bottom-up Au filled on planar holders indicates deposition stresses
are not significant.” The stress in the relaxed composite structure of the grating after release is also
defined using Eq. [3] but modified to account for the elastic strain- and stress-free state being in

the mounted geometry prior to release:

0(z) = Eerre(z) = Egpf leR; z_ CoR— Zl [8]

The effective elastic modulus of the composite Au and Si layers, d4,, and dg; thick, respectively,

. . . . . dgi+d
and stressed in series for curvature imposed orthogonal to the trenches, is obtained from 5;—‘“" =
ef f

? + Zﬂ by elementary mechanics. For gratings with trenches that are half the grating pitch, so
Si Au

-1
that d,, = dg;, this gives Erp = 2 [Ei + Ei] such that the modulus is closer to that of the lower
Si Au

t Electrodeposits can develop stresses, for example through the convergence of nuclei** and other
surface or defect related mechanisms®. Stresses in Au deposits from sulfite electrolytes have
been seen to range from below 10 MPa to several tens of MPa depending on the additives and
conditions used®®. Addition of TI~, which accelerates Au deposition from the sulfite electrolyte
like Bi~, produces tensile stresses of the same order that decrease toward zero with the additive
concentration®’.
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modulus material, Au. Equating the initial radius R, to the radius of the holder R}, used for the
deposition and the initial centroid c, to mid-height in the unetched Si, i.e., ¢, = Ts; /2, EQs. [5]
through [8] allow Ry and ¢f of the released Au-filled grating to be evaluated. The radius of this

intrinsic curvature, expressed as a multiple of the radius of the holder, is plotted in Fig. 2 as a
function of the fractional trench depth. Consistent with intuition, gratings with shallow Au-filled
trenches unbend substantially upon release as they seek to restore the unstressed state in the
comparatively thick underlying Si, and gratings with deep Au-filled trenches retain a radius close
to that of the holder to maintain the nominally stress-free state of the deposited metal. The height
of the centroid in the released grating is also shown in the plot. The values lie below the dashed
line marking mid-height in the Si underlying the Au-filled trenches, which is the location of the
centroid while the wafer remains mounted on the holder; upon release from the holder the centroid
displaces toward the convex, unpatterned Si surface, doing so more with the substantial relaxation

that occurs upon release of gratings having shallower Au-filled trenches.

Decreased strain at the convex Si surface underlying the Au-filled grating (relative to that for
bending of a monolithic specimen) thus derives from two separable effects. After mounting but
before Au filling, the strain at the underlying Si surface is lowered by closer proximity to the
centroid in what is effectively a thinner wafer; the centroid is midway through the Si underlying
the trenches rather than midway through the full Si wafer. The associated reduction of strain at the
Si surface is retained during the Au deposition. After Au filling, the relaxation that follows release

from the holder shifts the centroid further toward the convex Si surface.

12



For comparison, application of the bilayer formulation of Egs. 5, 7 and 8 to evaluate the case
of a grating that is filled while planar (R, = ) and then bent by application of only a non-zero

moment M, yields the location of the centroid in the bent grating to be

2
Tsi Esi
14— ) (=SL—q
_ Twager (TWlleT) (EEff )
c= [9]
2 1+L<&_1>
TWafer EEff

regardless of the radius to which it is bent (which depends on the applied moment). For the ratio
of E.sf to Eg; of 8/17 used to derive the dependence in Fig. 2, c is located between 0.444Tg; and
0.5T;, the exact value depending on the trench depth. Given the substantially lower centroid in
Fig. 2, bend-then-fill reduces the strain and thus the stress that drives cracking from the convex Si

surface at z = 0 (as per Eq. 3), particularly for deeper trenches.

10 T T T T 0.5
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Figure 2: Predicted radius of curvature Ry of gratings released after Au filling on a curved holder,
expressed as a multiple of the radius R;,, imposed during Au fill and plotted as a function of the
trench depth Dryencn Scaled by the wafer thickness Ty 4fer. The locations of the centroid after

release ¢, and the middle of the Si underlying the Au-filled trenches, both as fractions of the wafer
13



thickness, are included in the same plot. The ratio of the Au and Si moduli was set to 8/17,
consistent with (110) oriented Si and bulk Au, and the width of the Au-filled trenches in the grating

was set to equal one-half their pitch, in calculating these results.

Fabrication and assessment of intrinsically curved Au-filled gratings
Silicon patterning

Double-side polished silicon wafers of 100 mm diameter, with thickness ranging from 250 pm
to 390 um (= 10 um stated uncertainties) were thermally oxidized in order to grow a 1.9 um thick
Si0, layer that was used as hard-mask material for deep reactive ion etching.® The wafers were
patterned with the grating design using ultra violet (UV)-mask lithography with a SUSS-MAG6
mask aligner and MICROPOSIT™ SPR™ 220 as photoresist. The patterned area was 8 cm x 8
cm, clipped at the corners by the wafer, with lines at 5.25 pum pitch and with duty cycle of 0.5.
Stabilizing bridges were created by adding cross-bars every 100 um with a 50 pm stagger between
adjacent lines. The patterned area was subject to additional masking of the wafer border by an edge
protection ring in the plasma chamber to realize a robust frame at the wafer edge in view of the
bending stresses. The mask was aligned with the grating lines oriented relative to the main flat of

each wafer as indicated.

The pattern was transferred from the photoresist to the Si0, layer by C,F30,/0, plasma etching.
The Si0O, was then used as a hard-mask for Si etching by the Bosch process in a SPTS-Rapier.
Cleaved gratings were used to tune the process parameters for the targeted trench width, depth and
uniformity across the wafer. A fully etched grating that has been cleaved across the trenches is

shown in Fig. 3; the bridges across the trenches stabilize the structure, including against sidewall
14



displacement during subsequent processing. The gratings used for bending experiments were kept
uncleaved, to avoid the creation of defects that could serve as crack nucleation sites during
bending. Residual Si0, was removed by dipping the wafer in an HF acid solution before a
conformal conductive seed layer (10 nm Al,05 then 40 nm Pt) was deposited by atomic layer
deposition on the silicon surface for Au electroplating. Filling of three of these gratings is detailed

in what follows.

Pitch 5.25 ym

Figure 3: Cross section of an etched Si grating with 100 um deep trenches at 5.25 pum pitch and
with duty cycle of approximately 0.5 viewed by scanning electron microscope (SEM). Alternating
contrast at the tops of the Si walls is caused by deviation of the cleavage plane near the bridges
that are visible at the top of every other trench. These bridges are spaced every 100 um along the

trench lengths, their locations staggered by 50 um between adjacent trenches.

Gold Electrodeposition
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Gold electrodeposition was conducted at room temperature in a three-electrode electrochemical
cell containing 400 mL of electrolyte. The well-explored electrolyte®’ was comprised of 0.16
mol-L™* NazAu(S03), + 0.64 mol-L™ Na,S0; of pH 9.0 containing 50 umol-L™* Bi3* as an
additive. Potentials were measured relativetoa Hg /Hg,S0, /saturated K,S0, reference electrode
(SSE) separated from the main cell by a VVycor fritted bridge. The electrolytes were derived from
0.32 mol'Lt NazAu(S03), source solution (Technic Gold 25-F replenisher concentrate) and 0.64
mol-L ! Na,S0; salt in 18 MQ-cm water. The Bi3* additive was introduced by anodic dissolution
of a 99.999 mass % fused Bi metal electrode on the assumption of a 100 % efficient Bi = Bi3* +

3e™ dissolution reaction at -0.58 V SSE, making the stated Bi3* concentration an upper bound.

In light of the previously noted impact of pH on Bi3* adsorption kinetics*, the pH was
monitored and adjusted to maintain a value of 9.0 prior to activation of bottom-up filling (pH
deviations were typically < 0.05). It was adjusted down using H,SO0, (sufficiently prediluted in
distilled water to avoid gold precipitation) and up using NaOH (dissolved in distilled water for
greater control). No adjustments were made after the start of bottom-up filling, nor was any attempt
made to compensate the applied potential for ohmic losses from the deposition current. Deposition
was under potentiodynamic control (see Fig. 8 in Ref. 7). More negative potentials at the start
accelerated the beginning of bottom-up filling. Less negative potential during bottom-up filling
reduced metal-ion depletion. A return to more negative potential at the end of the process shifted
self-passivation toward the top of the trenches. Timescales, dictated by the wafer response, varied

with the grating. Potential ranges are indicated in the text.

Assessment of Surface Curvature
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The surfaces of the gratings following Au fill and removal from the holder were mapped using
a Zygo NewView 7000 series optical profilometer that utilizes the reflected light from a 570 nm
laser; measurements on unpatterned Si wafers still mounted on the holder are shown in Appendix
A. The height was mapped using a 5x Michelson objective and 0.5x camera zoom, giving a pixel
pitch of 8.837 um. A 10 % image overlap, used for stitching adjacent scans, was performed

automatically in the MetroPro software.*

The curvature of each surface was quantified from the height map. Specifically, the N
datapoints of wafer height as a function of position z,, (x,,, ¥,) within each 0.4 cm x 0.4 cm or
0.5 cm x 0.5 cm region were fit to a function quadratic in x and y by minimization of the least

squares fit Error in Eq. [10]

N 10]
N 2 . . 2 [
Error = Z (Zpit Xm> Ym) — Zm)* = Z z . (Cijxmlym] - Zm)
m=0 1,j=0
m=0
The fit yielded the nine coefficients C;; in each region. Local values of the radius R, on the surface,

i.e., R,(x,y), were obtained from the first and second partial derivatives with respect to x of the

fitted polynomial in each region

1 ZFit,xx [11]

Ry (1 + (ZFit,x)2)3/2

tThe raw data, 10 to 100 million data points depending on the area assessed, was locally
averaged to facilitate computational data analysis. Specifically, a single data point with the
averaged x, y and z values of the replaced data points was used to achieve a ten-fold reduction in
both x and y locations, reducing the number of points by a factor of 100 with negligible impact
at relevant length-scales.
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where comma notation has been used for the partial differentiations. An analogous expression

could be used to obtain the local radius R,, in the orthogonal direction.

Intrinsically curved gratings: Measurement of Curvature

The first grating, etched in a 290 um thick Si wafer, is shown mounted on a holder with radius
of curvature R,= 30 cm using eight discrete attachment points (see Fig. 1) before Au fill in Fig.
4a and after filling in Fig. 4b. The potential ranged from -0.80 V for initiation to -0.72 V for
bottom-up filling before ending at -0.76 V for self-passivation. The deposition charge was 84 %
of the 3160 C calculated for complete filling of the 110 um deep trenches across the 62 cm?
patterned area, accounting for 2 % reduction of trench volume by bridges and using 100 %
coulombic efficiency of deposition from the Au(S05);? of fully dense Au (10.2 cm®-mol™?). The
mediocre fill fraction, consistent with 90 um of net Au height in the trenches, resulted from the
overly negative initial potential used to accelerate the nucleation of Au on the Pt-seeded grating®.
The deposit is somewhat darkened by submicrometer-scale roughness, particularly on the passive
deposits on the Si field between trenches, and micrometer-scale recess of fill within the trenches

from the field. The macroscopic profile maintained during Au fill is captured in Fig. 4c.

The height map in Fig. 4d captures the intrinsic curvature of the dismounted and relaxed Au-
filled grating. The surface height varies mainly along the x direction, indicating that the grating
has roughly maintained the cylindrical shape of the holder upon release. Toward the center of the
grating, elongated ellipsoidal iso-height contours indicate a biaxial strain state with two principal

radii of curvature having the same sign but with radius of curvature R, along the x-direction
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substantially smaller than that in the orthogonal direction (R,,). The iso-height contours toward the

edges of the patterned area suggest a hyperbolic shape with radii of opposite sign.

x (cm)

Figure 4: A nominally 8 cm x 8 cm grating on a (100) oriented 290 pum thick 100 mm diameter
Si wafer mounted on a holder with radius of curvature R, = 30 cm. The cylindrical axis of the
holder surface is along y, the height of its surface varying along x, both directions parallel to the
(011) in-plane crystal directions of the mounted Si wafer. The width of the 110 um deep trenches,
which are parallel to the cylindrical axis, is approximately one-half their 5.25 um pitch. Bridges
every 100 um, staggered by 50 um in adjacent trenches, join adjacent Si sidewalls to stabilize the
structure. a) An oblique view of the grating mounted for Au filling on the holder. The same grating

after it has been Au filled is shown in b) plan view and c) cross-section. A flat has been placed
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across the curved grating along the x-direction in the latter image to emphasize the non-planarity.

d) A plan view map of the height z of the concave, Au-filled surface after release from the holder.

The radius obtained for the different regions is mapped across the area of the grating in Fig. 5.
Despite the monotonic increase of height with position x indicated by the macroscopically smooth
variation of height in Fig. 4d, the local radius of curvature R, oscillates with a =2 cm period in x
that correlates with the 2 cm spacing of the clamps used to attach the grating (Fig. 1c). Evidently
the wafer did not conform uniformly to the radius R, of the holder used for the Au filling.
Substantial deviations from R;, are also evident toward the edges at x = = 4 cm, particularly at x =
-4 cm near the long (3 cm) flat. The radius of curvature also increases, more modestly, farther from
the midline at y = 0. Although accurate assessment of local curvature would require evaluation
over smaller areas, these results suffice to show the problems associated with this clamping

geometry.
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Figure 5: Radius of curvature R, of the nominally 8 cm x 8 cm Au-filled grating after removal
from the R, = 30 cm holder, obtained by fitting the height map in Fig. 4d. The 3 cm flat of the Si
wafer is parallel to the y axis beyond x = -4 cm. The curvature map shows deviation of the local
radius R, from a value of 30 cm (R, of the holder used for filling) in the 0.25 cm? square area
centered at each location. Values are not shown where the corners of the grating are cropped by

the edge of the wafer or at x = -3.75 cm where R, exceeds 180 cm.

A geometry imposing circumferential clamping around the perimeter of the entire grating,
visible in Fig. 6a, was therefore pursued. Height and curvature maps of mounted unpatterned Si
wafers, presented in Appendix A, indicate good conformation to the holder is obtained, especially
with thinner wafers. The second grating, with 100 um deep trenches etched into a 390 um thick
wafer was thereby mounted on the R, = 30 cm holder and Au filled in the Bi3*-accelerated
electrolyte. The potential ranged from -0.78 V for initiation to -0.70 V for bottom-up filling before
ending at -0.77 V for self-passivation. The deposition charge was 88 % of the 2870 C calculated
for complete filling of the 100 um deep trenches indicating modest voiding; the somewhat
improved filling, corresponding to 88 um thick Au in the trenches, is consistent with the less
negative potential for initiation. An image of the dismounted grating is shown in Fig. 6b. Maps of
the wafer height, obtained from the concave Au-coated surface, and the derived R, are shown in

Fig. 6¢ and Fig. 6d, respectively.

Because the Si wafer is thicker than that used for the first grating there is now = 290 um of Si
underlying the etched trenches so increase of radius from substantial springback upon release

following Au filling offsets improved uniformity from the modified clamping geometry. A
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combination of somewhat higher reflectivity (see Fig. 6a versus Fig. 4b), diffraction of the sensing
beam™ and system settings resulted in symmetrical bands in Fig. 6¢c where values were not
recorded by the measurement system. The values of R, obtained near the center of the grating in
Fig. 6d are, nonetheless, in reasonable agreement with the value of Ry = 60 cm predicted upon
release for R, = 30 cm using the scaling factor Ry /Ry, = 2 indicated for Drrepncn/Twager = 0.25 in
Fig. 2. However, R, increases substantially moving from mid-wafer in the £x directions, with a
more modest increase in the +y directions (also seen with thick unpatterned Si wafer in Appendix

A).

* Diffraction of the 4 = 0.57 um light from the sensing laser by the p = 5.25 um pitch grating is
expected where the inclination angle 0 of the wafer from the horizontal plane (z = 0) in the x
direction satisfies the Bragg condition 2psin(8) = nA, with n an integer. Diffraction for n = £1
is associated with a slope along x of approximately £ 0.054 (i.e., = 3.1° inclination) that is
consistent with the bands of poor measurement performance.
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Figure 6: A nominally 8 cm x 8 cm grating on a (100) oriented 390 um thick 100 mm diameter
Si wafer. The cylindrical axis of the holder surface lies along y, the height of its surface varying
along x, both directions parallel to (011) in-plane crystal directions in the Si wafer. The trenches
in this grating are perpendicular to the wafer flat, which lies parallel to the x axis. The 100 um
deep trenches have widths approximately one-half their 5.25 um pitch. a) The Au-filled grating
mounted on the R, = 30 cm holder used for the deposition. b) Plan view image of a characteristic
area of the surface. The bottom-up filled regions (bright) are narrower than the passive deposits
(dark) due to conformal deposition on the sidewalls. Bridges every 100 um, staggered by 50 um
in adjacent trenches, join the Si sidewalls between the Au-filled trenches. This image is rotated
90° in the plane as compared to the rest of the figure. ¢) Map of the wafer height obtained from

the concave Au-coated surface after dismounting. Symmetrical bands where height readings could
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not be obtained are shown in white. Circular arcs at the corners of the map correspond to the
rounded edge of the wafer and the container in which the wafer was resting. d) The curvature map
shows deviation of the local radius R, from a value of 50 cm in the 0.25 cm? square area centered
at each location. Anomalously high values in several regions, including several centered at x = -
1.75 cm, likely result from the noted measurement problems. Values over 150 cm obtained near

the grating edges have been omitted.

The third grating was etched in a 250 um thick Si wafer for reduced springback and Au filled
while mounted on a Ry, = 20 cm holder for smaller initial radius. The potential ranged from -0.76
V for initiation to -0.72 V for bottom-up filling before ending at -0.76 V for self-passivation. The
deposition charge, 97 % of the 2870 C calculated for its 100 um depth, is consistent with essentially
void-free filling of the full trench height and the more conservative (i.e., less negative) potential
used for initiation. Images of the grating mounted for filling, the dismounted grating with residual
curvature obvious, the height map obtained from the concave Au-coated surface as well as the
derived map of R, are shown in Fig. 7. Reasonably good agreement is observed between the
measured R, values and the value of ~ 27 cm predicted for R, = 20 cm using the scaling factor
R¢ /Ry = 1.37 indicated for Drrepncn/Twaser = 0.4 in Fig. 2. As expected, the radius is substantially
smaller than that obtained using the thicker wafer and larger radius holder. It also increases
comparatively modest (in absolute terms) in the +y directions, with a local maximum at x = 0 and

small decrease in the +x = 0 directions.
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Figure 7: A nominally 8 cm x 8 cm grating on a (100) oriented 250 um thick 100 mm diameter
Si wafer. The cylindrical axis of the holder surface lies along y, the height of its surface varying
along x, both directions parallel to (011) in-plane crystal directions in the Si wafer. The 100 um
deep trenches have widths approximately one-half their 5.25 pum pitch. The trenches in this grating
are parallel to the wafer flat, which lies parallel to the y axis. a,b) The grating mounted on the R;,

= 20 cm holder in preparation for Au deposition. The Au-filled grating following deposition c)
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attached to the holder only by surface tension of the electrolyte beneath it and d) after removal
from the holder. ) Map of the wafer height obtained from the concave Au-coated surface after
dismounting. f) The curvature map shows deviation of the local radius R, from a value of 28 cm
in the 0.25 cm? square area centered at each location. Surface damage during post-fill processing

underlies locations with data acquisition problems near the edges of the pattern.

Intrinsically curved grating: Measurement of strain

X-ray diffraction (XRD) was used to map the strain at the surface of the Si underlying the bent
gratings in order to gain insight into the spatial variation of curvature observed with the gratings
in Figs. 6 and 7. Because the intensity of the X-ray beam attenuates exponentially as it passes
through the Si wafers, the XRD measurements actually assess the elongation strains near the
surface (e, and ¢,,). Because of the strain gradients in the bent wafers these values can differ
significantly from the strains at the Si surface (e4,° and ¢,,°). Details on the measurement
procedure, including determination of the surface strains from the measured strains, is found in
Appendix B (where it is also applied to the mounted unpatterned Si wafers whose curvatures were
examined in Appendix A). For the gratings examined in Figs. 6 and 7, the measured strains and

the strains at the Si surface derived from them are shown in Fig. 8.7

The elongation strain components at the Si surface of the 390 um thick grating filled on the 30

cm holder are essentially independent of position y along the midline at x = 0, increasing only

i Because the elongation strains change from tensile to compressive at the centroid (Eq. 3),
values on these convex surfaces are opposite in sign from values on the concave surfaces of the
mounted Si wafers studied in Appendix B; the strains ¢,,° are positive and the strains ¢,,,° are
negative.
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modestly near the edges of the pattern (Fig. 8b). However, the strain ¢,,° accommodating the
residual curvature of the dismounted grating, with measured values below 1.4 x 104, decreases
substantially along the directions +x of the imposed curvature (Fig. 8a), consistent with variation
of the curvature in the more limited region examined in Fig. 6d (and the strain in thick unpatterned
Si wafer, Fig. Bla in Appendix B). The strain predicted at this surface (z = 0) using Eg. 3 with
the measured R, = 60 cm radius of curvature and centroid height at ¢ = 0.282Ty 4 fer = 93 pm
(Fig. 2 for Dryencn/Twager = 100 um/390 um) is 1.8 x 10, That the predicted strain is higher
than the maximum measured value may be related to the incomplete Au fill, although non-ideal
mounting (e.g., not pure bending moment) and neglect of Poisson effects in the layered Au/Si in
Fig. 2 might also be at play. Regardless, both measured and predicted values are well below the
3.0 x 10 value expected at the convex Si surface of a grating that was filled then bent based on

Eq. 3 using c = 0.462T ., from Eq. 9 and R, = 60 cm.

Asymmetry of the smaller ¢,,,° about the x = 0 midline in Fig. 8a is an artifact of attachment
beyond the edge of the pattern during the measurement. The clamp, placed =~ 0.4 cm from the
circular edge of the wafer and parallel to the edge of the patterned area, locally imposed &, =0
along the 3.5 cm width of the wafer. As seen in what follows, absent this clamp deviation of ¢,,,°
at negative x mirrors that seen at positive x. The clamping also resulted in strains obtained in the
crystal planes differing from those in the x-y plane, a systematic offset of approximately 1.5 x 10

® observed only with this grating.

Both components of the elongation strain at the Si surface of the 250 um thick grating filled on
the 20 cm holder are also essentially independent of position y within a broad central region along

the midline at x = 0 (Fig. 8d). Pronounced variation of the strains near the edges of the pattern, a
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hint of which is also seen with the thicker grating (Fig. 8b), is presumably linked to relaxation of
the adjacent unetched Si that also underlies increase of the R, values toward the edges of the
curvature map (Fig. 7e). With this grating immobilized using only a small spot of (dissolvable)

glue for the XRD measurements, symmetry of €,,,,° in +x that was lacking with the 390 um thick

grating (Fig. 8a) due to the broad clamp is now evident (Fig. 8c). The strain &,,° accommodating
the residual curvature also maintains a very nearly constant value of 1.7 x 10 along a far broader
section of the grating in the +x direction of the imposed curvature; a slight local minimum of ¢,.,*
at the center is consistent with the local maximum of R,, in the curvature map (Fig. 7d). The strain
predicted at this surface (z = 0) using Eg. 3 with the measured R, ~ 30 cm radius and ¢ =

0.2442Ty g fer = 61 pum from Fig. 2 (for Drrencn/Twager = 100 um/250 pm) is 2.03 x 10 The

predicted value is once again higher than the maximum 1.7 x 10* value of the measured &,
strains, albeit less so. Both the predicted and measured values are, as with the preceding grating,
well below the value 3.75 x 10 expected at the convex Si surface of a grating that was filled then

bent based on Eq. 3 using ¢ = 0.462Ty,4¢., from Eq. 9 and R,.= 30 cm.

The broad spatial extent of uniformity indicates improved conformation of the thinner grating
to the holder during Au filling (also seen with thin unpatterned Si wafer, Fig. B1b,c in Appendix
B), despite being bent to a smaller radius. Further, due to the thinner underlying Si, €,..* increased
by only = 40 % from that at the surface of the thicker grating despite a doubling of the intrinsic

curvature 1/R, as R, decreased from 60 cm to 30 cm.
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Figure 8: Measured elastic elongation strains near the convex surface of the Si underlying released
gratings by X-ray diffraction (e, and &,,,, open symbols) and evaluated at the surface (&,,* and
£y,,°, solid symbols) after accounting for X-ray penetration depth. Strains in the grating etched in
the 390 um thick Si wafer and filled on the R,= 30 cm holder examined in Fig. 6: a) along the
direction x of imposed curvature and b) along the orthogonal in-plane direction y. The strains ,,,
and ¢,,° at negative values of x are impacted by clamping of the wafer (outside the patterned
region at x < -4 cm). Strains in the grating etched in the 250 um thick Si wafer and filled on the
R, =20 cm holder examined in Fig. 7: ¢) along the direction x of imposed curvature and d) along
the orthogonal in-plane direction y. The elongation strains were determined from the full tensor of

crystal lattice strains measured at each location. All curves pass through the center (0, 0) of the 8

cm x 8 cm patterned region. Lines are provided only to guide the eye between data points.
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X-ray grating-based Interferometry with intrinsically curved Au-filled gratings

An X-ray grating interferometer (XGI) was constructed using planar and intrinsically curved
bottom-up Au-filled gratings to measure the performance of the latter through the “visibility” of
the interference pattern>® while implicitly assessing the quality and uniformity of the Au-fill. The
imaging system, detailed before®®, is a Talbot—Lau interferometer consisting of two Au-filled
absorption gratings G, and G, between an X-ray source and an imaging detector as well as a phase-
shift grating G, between the absorption gratings (see Fig. 9). The X-ray source was a Hamamatsu
L10101 with a Tungsten X-ray tube operating at a voltage of 50 kV and current of 200 pA. The
detector was an EIGER 1M from Dectris Ltd. with a pixel size of 75 um. The G, absorption grating
is placed after the x-ray source while the G, grating is placed before the imaging detector. The
distance between the G, and G, gratings was 93.4 cm, with the total length of the system 128.4
cm. The G, phase shift grating, a 250 um thick Si wafer with an array of 35 um deep trenches at
5.25 um pitch etched into its surface, was located midway between them. The gratings used for G,,
and G, all have nominally 100 um deep bottom-up Au filled trenches at a 5.25 um pitch, although,
as seen previously, filling fractions varied. The XGI system has a design photon energy of 28.0

keV configured in a 3rd Talbot order, w-shift, symmetric geometry.

The X-ray source-to-G, distance was set to 35 cm, thereby defining the radius of curvature of
the G, grating required to maximize performance (i.e., high visibility) across the approximately 2
cm x 2 cm area of the G, grating that is illuminated. Although slightly larger than the 30 cm radius
of the holder used for Au fill of the grating examined in Fig. 6, this distance is substantially smaller

than the intrinsic R, =~ 60 cm in the central region of the free-standing grating. The grating was
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used in the imaging system in both its intrinsically curved state and re-bent to a nominal 35 cm
radius by clamping it between the two halves of a custom-made annular holder that contacted only
the un-etched silicon frame around the patterned area (Fig. 9b); the mating surfaces of the holder
have a 35 cm radius of curvature, one convex and the other concave, whose orientation was aligned
with the intrinsic curvature of the grating. Reduction of tensile stress at the convex surface by the
bend-then-fill process used for its fabrication contributes to the robustness of the grating for such
re-bending. Analogous holders were used to bend the flat gratings used for G, and G, to radii of
82 cm and 128.4 cm, respectively, as indicated, with the trenches and bending directions of all
three gratings aligned. For qualification of the grating rather than imaging, nothing else was placed

in the imaging system.*

A simple transmission image of the bent-G,, alone shows nearly uniform contrast (Fig. 9¢) with
a maximum variation of 15 % (excluding the corners of the image). Although the imaging system
is not able to resolve the 2.6 um wide Au lamellae, the transmission, X-ray absorption in the Au-
filled trenches being implicit, indicates reasonably uniform distribution of the electrodeposited Au.
After careful alignment of all three gratings, realized through observation of the interference fringe
pattern on the detector, the visibility was measured across the imaged area. Values were obtained
from the relative intensities®® of the illumination on the detector as the G, grating was
incrementally stepped in the x-direction, orthogonal to the Au-filled trenches, with data acquired
for 60 s at each of seven positions through one pitch of 5.25 um. A visibility map obtained in the

plane perpendicular to the illumination axis using the re-bent intrinsically curved grating as G, is

1 Objects to be imaged are placed in the path at a location selected to balance maximization of
the field of view and the sensitivity of the measurement, conflict in mutual maximization being
inherent in three grating Talbot-Lau systems.
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shown in Fig. 9d. In each position the paired G, and G, gratings produce, in the plane of G, an
interference pattern of parallel lines matching the period of G, once all three gratings are aligned,

the horizontal shift of the lines relative to G, is known as the phase map and is shown in Fig. 9e.

Visibility being a convolution of the features present in all three gratings, localized decrease of
its value can be associated with defects on any of the gratings. The dark spots in Fig. 9d, present
with both the intrinsically curved grating and a planar grating as G, necessarily arise from defects
in the G, and/or G, gratings. Linear defects that are barely visible in the bottom of the visibility
map in Fig. 9d, but especially visible in the phase map in Fig. 9e, are on the G, grating. The
uniformity of the phase map indicates that the lines from all three gratings are aligned along the
path of the X-rays; it is implicit that even the Au lamellae of G,, with the smallest radius of
curvature, are uniformly bent along the fan-shape geometry of Fig. 1b without warpage that would
be significant for the XGI application. The XGI system is thus well configured for imaging

purposes.

Assessment of the intrinsically bent G, grating, realized through comparison of the visibility
measured in the same imaging system using different bending conditions for the G, and G,
gratings, is reported in Fig. 9f. The visibility is averaged by integration over the y direction as a
function of the detector pixel position in the x direction for three different grating configurations.
The planar grating (i.e., Au-filled while mounted on a planar holder) used as G, in the “Flat”
configuration has approximately 100 um thick Au based on the deposition charge versus the 88
pm noted previously in the intrinsically bent Au-filled grating that replaces it in the other

configurations. As a result, the mean visibility at the center decreased from 21.6 % to 20.5 % upon
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its replacement. To facilitate comparison for evaluation of the effect of bending, the visibility

profiles are normalized to their maximum values.

A substantial 60 % decrease of visibility farthest from the centerline of the measurement system
using planar gratings as G, and G, is evident in Fig. 9f. In contrast, when the planar grating used
as G, is replaced by the intrinsically curved grating, with no other change, the improvement is
considerable; the visibility decreases by less than 20% from its maximum value. The change
reflects improved, albeit still not ideal, alignment of the divergent X-rays from the source and the
Au-filled trenches across the area of the intrinsically curved grating (see Fig. 1b). Further
improvement is obtained when the intrinsically curved grating used for G, is re-bent to a radius of
35 cm and the planar grating used for G, is bent to a radius of 128.4 cm. With the curvature of all
gratings now appropriate for their distance from the source the visibility farthest from the center
decreases by less than 10 % from the maximum. The local minimum in the center for all
combinations of the planar and curved gratings, the visibility even here within 10 % of the
maximum, results from sensitive angular dependence of the transmitted intensity of the cone-
shaped beam through high aspect ratio gratings*!. For the bent gratings it can also be related to a
small mismatch between the bending radius and the grating distance from the focal spot of the
source, which can also cause slightly higher transmission in the center of grating such as is
observed in Fig. 9c. The central dip in visibility can be reduced by fine tuning of the G, position
and its bending radius, although the present condition is already very good for imaging purposes?.
The overall response indicates Au-fill is reasonably uniform across the imaged area of the
intrinsically curved grating. This is a welcome result given the complex flow of electrolyte over

its rotating, curved surface during the deposition process.
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The intrinsic R, = 30 cm near the center of the 250 um thick grating filled on the 20 cm radius
holder examined in Fig. 7 is smaller than the source-to-G, distance in this system. This makes it
compatible with a shorter imaging system. However, un-bending it to increase its radius for use in
the system as configured could impose tensile stresses across the Au/Si interfaces of the grating.

As this might induce fracture the grating was not examined in this system.
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Figure 9: X-ray grating interferometry characterization: a) schematic of the XGI system (not to
scale). G, and G, are Au-filled absorption gratings and G, is a silicon phase grating. b) 3D
rendering of the holder used to impress cylindrical curvature to each grating in the system in accord
with its distance from the X-ray source. c¢) X-ray transmission through the grating on the
intrinsically curved 390 um thick Si wafer filled on the 30 cm holder that was examined in Fig. 6,
re-bent to 35 cm radius. d) Visibility map of the system with the intrinsically curved grating as G,
at 35 cm, phase grating G; at 81.7 cm and a planar Au-filled grating as G, at 128.4 cm, all three
(re-)bent to radii equal to their distances from the X-ray source. €) Phase map, with values shown
in radians. f) Visibility, averaged over the y-direction for the indicated grating bending conditions
and normalized by its maximum value, is plotted as a function of position x on the detector. The
averaged and normalized visibility is shown for: (Flat) planar gratings as G, and G,; (Relaxed...)
the planar G, grating replaced by the intrinsically curved grating; and (Bent...) the intrinsically
curved G, grating re-bent to a radius of 35 cm with the G, grating bent to a radius of 128.4 cm.

The G, phase grating is bent to a radius of 81.7 cm in all three configurations.

DISCUSSION

Bottom-up Au filling of high aspect ratio trenches has been achieved in gratings bent to radii
of curvature appropriate for improved function in X-ray imaging applications. Spatial and temporal
variation of electric field and fluid flow caused by rotation of the curved 100 mm gratings did not
prevent function of the bottom-up Au filling mechanism or self-passivation of deposition once the

trenches were filled. These observations are consistent with the published mechanism of the
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bottom-up filling process® and experimental observations of self-passivation over a broad range of

flow conditions at the relatively positive potentials used here for Au filling.

Measurements of elastic elongation strains in gratings that were Au filled on the curved holders
and then dismounted as well as unpatterned Si wafers mounted on curved holders elucidate how
smaller and more uniform radius of curvature R, can be obtained in mounted, Au-filled gratings
and retained as intrinsic curvature of these gratings after dismounting. Paramount for obtaining
small R, is mounting of the etched and metal-seeded grating on a holder with small radius Rj,.
Substantial patterned area on the Si wafer substrate is necessary, and shorter flats along the wafer
edge would appear beneficial. Reasonable conformation of the grating to the holder can be
obtained by clamping more of the wafer perimeter and using thinner wafers. Distributed clamping
is also desirable given the bending limit defined by fracture, and reduced relaxation upon release
from the holder is an additional benefit of thinner wafers. The use of vacuum mounting on the
holder needs to be explored as does the assumption that wafer thickness should exceed twice the

depth of the etched features to facilitate mounting and handling.

The relaxation of gratings upon their release following Au fill may be further reduced, so that
the radius of the released grating remains closer to that of the holder, by mounting such that the
curvature is imposed along a direction of lower modulus in the Si (such that an alternative version
of Fig. 2 applies). For Si wafers with a (100) normal, patterning the trenches along an in-plane
(100) direction would align the principle bending stresses along the orthogonal in-plane (100)
direction for which E = 130 GPa (using the stiffness tensor components noted previously), well
below the 170 GPa value along the (110) direction. Evaluation of Egs. [5] through [8] yields a

modest improvement for geometries with deep trenches that exhibit modest relaxation; for

37



example, With Dryencn/Twarer = 0.4 the relaxed radius Ry = 1.33Ry, just slightly smaller than R,
= 1.37Ry, in Fig. 2. More substantial improvement is predicted with shallower trenches for which
relaxation is more substantial; e.g., With Dryencn/Twarer = 0.1 the relaxed radius Ry = 4.45R), is
significantly less than Ry = 5.05Ry, in Fig. 2. Perhaps more important, from the perspective of
bending without fracture, the lower modulus means larger strains, thus smaller radii, are required
to reach the critical value of stress for fracture at the convex surface. For a 0.5 mm thick polished

Si wafer, Ry, is thereby decreased t0 26Ty qf. from the 34Ty, 4z, previously obtained for

loading along the (110) direction.

To summarize, this study has explored bottom-up Au filling of gratings mounted on curved
holders to create gratings with intrinsic curvature. Surface profile measurements and X-ray
diffraction measurements were used to quantify and map curvature and surface strains,
respectively. Although only uniaxial loading has been considered, results for both released Au-
filled gratings and mounted unpatterned Si wafers provide a semi-quantitative understanding of
the impact of the holder radius R, mounting geometry, grating depth and wafer thickness on the
values of intrinsic curvatures that can be achieved in free-standing gratings. It bears repetition that
gratings fabricated in this manner may also be used for imaging in their original mounted state
(i.e., curvature) using a suitably designed holder. Alternatively, as done here, the Au-filled gratings
may be returned to, and likely beyond, their mounted curvature following their release from the
holder used for Au filling. Regardless of how the gratings are used, the coupling of bottom-up Au
filling and curved holders for the deposition process substantially reduces elongation strains and
associated tensile stresses at the convex Si surface of the wafers in which the gratings are
embedded. The enlarged processing window for robust, small radius of curvature Si-based gratings

will enable construction of more compact wide-field-of-view X-ray imaging systems.
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APPENDIX A

Si wafers: Circumferential clamping - curvature and strain while mounted

Because substantial variation of R, in the dismounted grating evidently originated in the
mounting itself, unpatterned Si wafers were mounted on the R, = 30 cm holder for examination in
the mounted state. Wafers 528 um thick fractured when attempts were made to attach them using
the four pairs of clamps used for the grating due to the much higher contact forces required to bend
the thicker wafers. The wafers were therefore attached using a curved stainless steel clamping ring

making contact around their entire perimeter, this clamping ring being attached to the holder by
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the eight bolts used for the grating examined in Figs. 4. Successful mounting of the 528 pum thick

Si wafer shown in Fig. Alb is a testament to the benefit of the modified geometry.

Figure Al: Photographs of an unpatterned 528 pum thick Si wafer of 100 mm diameter viewed
obliquely while a) resting on a planar surface and b) mounted on the R,, = 30 cm holder using the
circumferential clamping ring. The (100) oriented Si wafer is aligned with a (110) direction along
the bending direction (orthogonal to the flat in this clamping ring). The reflected grid lines capture

the planar and curved states of the wafers.

The height of the 528 um thick wafer mounted on the R, = 30 cm holder is mapped in Fig.

A2a; highly specular reflection from the wafer surface as compared to that from the grating
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prevented measurement beyond the modestly sloped area near the midline at x = 0. The height
map was fit as detailed in the text but in reference frames rotated in 1° increments about the z-axis
over the range [-10° to +10°] to also assess any in-plane rotation of the principal radius of curvature
of the wafer surface away from the curvature imposed along x by the holder. Appropriate for the
definition of a principal axis, the radius R, and rotation angle for each region were taken from the
reference frame yielding the minimum value of R, in Eq. [11]. The rotation angles minimizing R,
generally being small, so that the principal axis lies close to the direction of the curvature Ry,
applied by the holder, supports the approach. The angles are also generally within a few degrees
of those that minimize the overall fitting Error. Positive angles indicate counterclockwise rotation

of the principal axis from the x-direction.

The R, values and rotation angles obtained from the 0.25 cm? regions are mapped across the
wafer area in Fig. A2b and Fig. A2c, respectively. The R, values in the center of the wafer are in
good agreement with the radius of the holder. No oscillatory deviation is observed, but the radius
of curvature increases moving outward in the directions +x of the imposed curvature, to the extent
this is visible in the limited range assessed, as well as the orthogonal +y directions. Values of R,,
generally much larger (less curvature) and not relevant for the imaging application, are not shown.
Consistent with the approximate mirror symmetry of the height map in both x and y, i.e., z(x, y) =
z(—x,y) and z(x,y) =z(x,—y), rotation of R, alternates between clockwise and
counterclockwise in adjacent quadrants. The rotation, no more than 1° or 2° at (0,0) increases
toward the perimeter of the wafer, indicating increasing deviation from the purely cylindrical shape
of the holder. Application of modest vacuum to the rear of the wafer after mounting on the curved

holder would likely improve conformality.
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Figure A2: a) A map of the wafer height in the central region of a 528 um thick, double side
polished Si wafer mounted on a R;, = 30 cm holder, curvature along the x-direction, measured on
the exposed, concave surface. High reflectivity prevented measurement on the more steeply sloped
surfaces at larger |x|. b) The principal radius of curvature R, and c) its in-plane clockwise (CW)
or counterclockwise (CCW) rotation from x. Values were obtained from the height map in the 0.25

cm? square area centered at each location.

Results for a 123 um thick Si wafer mounted on the R;, = 30 cm holder, analyzed in 0.4 cm X
0.4 cm regions, are shown in Fig. A3. The central region of the thinner wafer, its height mapped
in Fig. A3a, exhibits R, values in Fig. A3b that are slightly smaller on average than the nominal
R, but without obvious systematic (or oscillatory) variation. The wafer conforms well to the
holder. The average rotation of the principal axis, = 2° CW, that is evident in Fig. A3a and
dominates the rotation map in Fig. A3c, reflects slight misalignment of the wafer in the

measurement system; rotation in the first and third quadrants is approximately 1° larger on average
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than that in the second and fourth quadrants, consistent with the ellipsoidal shape of the iso-height

contours.

T T T T T T T T y T
-1.5 -1.0 -0.5 0.0 0.5 1.0 15 -1.5 -1.0 -0.5 0.0 0.5 1.0 15
X (cm) X (cm)

Figure A3: a) A map of the wafer height in the central region of a 123 um thick, double side
polished Si wafer mounted on a R, = 30 cm holder, curvature imposed (nominally) along the x-
direction and measured on the exposed, concave surface. b) The principal radius of curvature R,
and c) in-plane rotation of the principal curvature R, relative to the x-direction. Rotation and radius

R, were obtained from the height map in the 0.16 cm? square area centered at each location.

APPENDIX B
Measurement of in-plane elastic strains using X-ray diffraction

X-ray diffraction (XRD) was used to measure the full strain state of the crystalline Si lattice
adjacent to the concave surface of mounted unpatterned Si wafers whose curvature was examined
in Appendix A and the convex Si surface of dismounted Au-filled gratings studied in the body of
this work that acts to restore both wafers and gratings to a planar geometry. Measurements were

done in a four-circle goniometer using cobalt K- radiation (wavelength 0.178892 nm) collimated

to 0.2° divergence. The strain in the crystal coordinate system was determined from measurements
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of 12 diffraction peaks of the type (531) at a diffraction angle of 26 ~ 154°. Specifically, six
reflections of the type (5kl) and six reflections of the type (3kl) were measured, with the wafer
orientation being [100]. The strain tensor in the crystal system was then used to evaluate the strain
tensor in the sample coordinate system in which the elongation strain is in the (011) direction
aligned with x of the applied curvature and the orthogonal (011) direction along y. The tensor
value at each location was thus obtained from 12 lattice strain measurements. Measurements along
the curvature were repeated using rotations of 180° about the scattering vector to eliminate
misalignment effects by averaging. The improvement in accuracy resulted in an uncertainty (1o)

in the evaluated strains of approximately 1 x 107

For a specimen curved substantially, as in the schematic in Fig. 1b, the elongation strains
associated with the local curvature are tangent to the surface. For the wafer orientation and bending
direction used with both the Si wafers and gratings studied here the appropriate elongations strains
lie along the (011) and (011) Si crystal directions. These differ from the x and y directions of the
experimental frame wherever the wafer is angled from the x - y plane in which it lies (see Fig. 1c).
Due to the generally cylindrical curvature, the largest difference arises from tilting of the crystal
(011) that is aligned along the imposed curvature from the x-direction toward the z-direction. That
said, because the tilt angle is at most a few degrees, strains evaluated in the two frames differ

insignificantly (unless noted otherwise), and the two frames are used interchangeably in this work.

The in-plane elongation strain components &, and &,,, near the concave surfaces of 528 um

and 123 um thick Si wafers in the frame of the R;, = 30 cm holder on which they are mounted,
obtained from the full strain tensor measured in the crystal frame, are plotted as functions of

position in Fig. B1. For comparison, using the 30 cm radius of the holder and the centroid mid-
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height within the wafer, the strain at the concave surface (z = Ty 4.r) Of €ach wafer associated
with the imposed curvature is predicted by Eq. [3] to be -8.8 x 10 and -2.05 x 10, respectively,
for pure bending. The orthogonal strain is predicted to be zero in both cases given the infinite

radius of the holder along y.

The strain ¢,,, measured near the surface of the mounted 528 um thick wafer, shown in Fig.
Bla, exhibits a maximum = -7 x 10 that is approximately 20 % below the predicted -8.8 x 10
value. This deviation is in part caused by non-zero penetration depth of the X-rays that results in
measurement of attenuation-weighted, depth-averaged values of the atomic d-spacings. In
particular, the intensity of the X-ray beam attenuates exponentially as it passes through the Si
wafer, decreasing by 1/e after passing through 46 um of Si. Due to the angled passage of both the
incoming and then the outgoing beams from the wafer, the attenuation length 7 accounting for
diffraction from a given depth below the wafer surface is smaller for the measured reflections, 19.4
um for (5k1) type and 11.7 um for (3KI) type.3® Using the linear gradient of the lattice strains from
the neutral plane z = ¢ where the strains are zero, located at the middle of the Si thickness ¢ =

Ts;/2 (equal to Ty 4z /2 for the Si wafers), the depth dependence of the strains is expressed in

terms of their values at the surface &, by

£(z) = & (1 - ;) [B1]

Expressing the exponential attenuation of the X-ray beam intensity with depth z using the

reflection-specific attenuation length by

[B2]

SN

I1(z) = Ie
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the weighted average that relates the measured strain &, to the value at the surface &, can then be

evaluated as

Tsi _z Tgi [B3]
1f05Z€ tdz A e ‘f T
Sl Ryl I R b ) R G

fos‘e Tdz 1l—e"7

where p is the penetration depth specific to the geometric conditions for each measurement. The
approximation, which applies where the Si thickness sufficiently exceeds the attenuation length,
is used here; even with the thinnest Si wafer in this study the associated error is < 0.5 %. Strains
at the surface can thus be readily calculated from the measured lattice strains. The maximum strain
£, at the surface of the 528 um thick wafer is thus found to be -7.6 x 10, some 8 % larger than
the measured value and closer to the predicted -8.8 x 10, The remaining difference may reflect
imperfect conformation to the holder and/or deviations from pure bending. Evidence of such non-
ideality is manifest in the decrease of ¢,,° toward the ends of the Au-filled region that is, itself, in

accord with the increase of R, with distance |x| from the wafer center (Fig. B1a). The strain ¢,,,,°,

however, remains reasonably close to the expected value of zero across the surface of the wafer.

The strain &,, measured near the surface of the 123 um thick Si wafer mounted on the R, = 30
cm holder is shown as a function of position x in Fig. Blb. In accord with Eq. [3], the strain is
substantially smaller than that near the surface of the thicker wafer. It is also more uniform,
maintaining values within the range -1.7 x 10 to -1.9 x 10 over the central 4 cm of the wafer
surface. The measured strains are 10 % to 15 % smaller than the -2.05 x 10 predicted for R, =
30 cm and pure bending and even farther below the -2.2 x 10 value predicted for the measured
R, = 28 cm (Fig. A3). Correcting for penetration depth, however, the maximum strain &,,° of -

2.4 x 10™* is actually somewhat larger than predicted. The magnitude of the correction is larger for
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the thinner wafer because the steeper strain gradient yields greater variation within the penetration

depth of the X-rays. Appropriate for conformation with the holder, ¢,,,,° is again close to zero and

neither strain component varies significantly in the y direction (Fig. B1c).
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Figure B1: Variation of elastic strains near the exposed, concave surface of unpatterned Si wafers

mounted on the R, =30 cm holder measured by X-ray diffraction (open symbols) as well as derived

values at the surface (solid symbols). The elastic elongation strains &,, and ¢, are determined

from the full tensor of crystal lattice strains measured at locations spaced by 0.5 cm. Like the

surface values &,,° and ¢,,,° obtained from them, they are in the frame of the mounted wafers with

curvature imposed by the holder along x. a) Variation of the elastic strains along x at different

values of y on the surface of the 528 um thick Si wafer. Variation of the elastic strains in the 123

um thick Si wafer b) along x and c) along y. Lines are provided only to guide the eye between
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data points. Shear strains in the plane, which are small like the ¢,,, values, and out-of-plane strains

are not shown.
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