X-ray telescope deformation reduction using stress relief features
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ABSTRACT

A stress relief technique is presented to reduce the distortion of X-ray optics from adhesive shrinkage at bonding
points. The bonding distortions are particularly relevant for thin-shell mirror optics and need to be minimized to meet sub-
arcsecond angular resolution goals. Thin-shell optics are critical to achieving large collecting areas for X-ray telescopes,
such as the Lynx mission concept. A localized topography modification of the optic surrounding the adhesive point has
been explored to reduce global distortion. Previous efforts utilized finite element analysis (FEA) to study removal of
material around the adhesive joint in an annulus pattern, creating a trench. Current work has improved the finite element
model for the trench design as well as shown an experimental verification. These experiments involve using silicon wafers
as test mirrors and silicon oxide to mimic stress induced by adhesive shrinkage. The silicon oxide is encompassed by the
trench etch, which is used to demonstrate a reduction in global deformation. We present the recent progress made with
this stress relief technique.
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1. INTRODUCTION

1.1 Stress Localization Concept Overview

In this paper, we present an approach to reduce distortion of mirror surfaces in thin-shell X-ray telescopes due to
epoxy shrinkage at the bonding points®. The premise behind using segmented optics for X-ray telescope construction has
already been shown by the NUSTAR X-ray telescope?. The NUSTAR X-ray telescope was built by attaching thin slumped-
glass sheets in a stack, using graphite spacers to attach the mirrors together. By stacking mirrors NUSTAR achieved a large
effective area®, although the angular resolution was low, approximately 50 arcseconds half power diameter (HPD)*.
Currently, the X-ray astronomy optics community is working towards the next flagship X-ray telescope, Lynx X-ray
telescope mission concept. Lynx has a width greater than two square meter effective collecting area and angular resolution
of 0.5 arcseconds HPD®.

In order to meet the goals of large collecting area and high angular resolution, different approaches have been
considered for developing the telescope’s optics. The meta-shell concept is one particular approach, which is described in
McClelland et al.® and has been selected for the Lynx Design Reference Mission. The meta-shell concept works by nesting
thin monocrystalline silicon mirrors around a support shell. Each mirror optic rests on four posts that are lapped and
polished to a precise height. Once the desired height is achieved, posts and mirror are epoxied together. This process
continues until there is a stack of thin mirrors tens of layers deep. The final design consists of multiple shells assembled
and aligned together to produce the entire X-ray telescope optic.

To address mirror distortion due to bonding, a stress relief technique for thin X-ray optics is presented. When
epoxy is used to mount mirrors to posts, the epoxy introduces a compressive stress on the surface of the optic. From the
epoxy stress a tensile reaction on the mirror backside creates bending and distortion. This stress degrades telescope
resolution by causing deformation over the entire mirror surface. A local topography change is proposed to reduce
distortion from bonding stress. The proposed idea is to etch a trench around the stress point on the optic. The trench will
surround the epoxy bond area, and mostly limit the deformation to the area encircled by the trench.
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2. METHODOLOGY

2.1 Design and Fabrication Process

Step 1: Start wafer Step 5: Coat wafer for trench patterning

Step 2: Coat wafer for oxide patterning Step 6: Pattern Trench

Step 3: Pattern oxide dot

Step 4: Oxide dot after BOE

Step 7: Etch trench

Step 8: Removal of oxide dot

Figure 1. Process flow chart of the steps to create an oxide dot on a silicon wafer with a trench etched around it.

A design and fabrication process was created to evaluate the trench etch as a stress relief concept (Figure 1). For
this demonstration an oxide dot was used instead of an epoxy dot since it is a simple way to produce small regions of
repeatable compressive stress. To create this design a 500 um-thick silicon wafer with 2 um of thermal oxide grown on
both sides was used, as shown in Step 1. Then a roughly 12 pm-thick layer of photoresist was coated on the top (Step 2).
Next, a 4 mm-diameter oxide dot was lithographically patterned into the photoresist and developed, leaving a 4 mm
photoresist dot in the center as shown in Step 3. The wafer from Step 3 was etched with buffered oxide etch (BOE) until
all the unprotected areas were etched away (Step 4). In Step 5, a roughly 12 um- thick coating of photoresist was added
to the wafer shown in Step 4. An annulus was then patterned on the wafer, which, after developing, created a 50 pm-
wide ring in the photoresist (Step 6). From there the wafer was etched in a deep reactive ion etch (DRIE) tool. The wafer
after DRIE etching is shown in Step 7. The depth shown in Step 7 was determined by the length of the etch process.

2.2 Measurement Process

In an ideal situation, measurements taken at three different steps during the process would be required to fully
characterize the stress due to the oxide dot. These measurements would also demonstrate how much reduction was seen
when the trench was etched around the dot, if any. The first measurement taken was with a bare wafer with oxide on
both sides (Step 1), which was meant to characterize the initial shape of the wafer. The next measurement was performed
after the oxide dot was patterned (Step 4) and it measured the deformation of the bare wafer caused by the process of
adding an oxide dot. Finally, a third measurement was taken of the same bare wafer with the oxide dot and the trench
etch (Step 7), which showed the reduction in deformation due to an added trench. Unfortunately, due to a change in
metrology we could not present any data on the schematic in Step 1 because all wafers used for testing already had an
oxide dot patterned on the wafer. Instead we used the schematic shown in Step 8 as our reference wafer, recognizing that
there was a trench etch in the wafer. We assumed that the trench etch did not add any additional stress to the wafer. The
results of these measurements are shown in the following section.
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3. RESULTS AND DISSCUSION
3.1 Results of Simulated Data

To check the validity of the proposed stress relief concept, a FEA model was simulated using the Abaqus
software program. We focused on two designs. The first design was the oxide dot simulated on a bare silicon wafer. This
result concluded that a 4 mm diameter, 2 um oxide dot caused 888 nm P-V deformation to a 100 mm diameter, 500 pum -
thick wafer (Figure 2). The second design included an annulus of 50 um width around the oxide dot with a depth
variation between 100-300 um. The addition of a 300 pum trench, as shown in Figure 3, caused the P-V deformation to be
487 nm. All other data for various trench depths are represented in Table 1.
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Figure 2. Simulated data shows 888 nm deformation of a silicon wafer with a 4 mm diameter and 2 um oxide dot with a stress of 300
MPa. The scale bar is in meters.
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Figure 3. Simulated data shows 487 nm deformation of silicon wafer with the oxide dot and a 300 um trench etch depth. The oxide
dot was 4 mm in diameter and 2 pm thick with a stress of 300 MPa. The scale bar is in meters.

Table 1. Results of simulations of four different wafers designed with different trench depths.

Trench Depth (um)

P-V Deformation

P-V deformation

(nm) reduction (%)
0 388 -
190 718 19.14
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260 648 27.02

300 487 45.15

3.2 Results of Experimental Data

Four wafers went through the proposed trench method outlined in Figure 1. First, the surface height of a wafer
with just an oxide dot was measured via an interferometer. The data showed a P-V of 750 nm with an RMS height of
97.17 nm. This was done via a subtraction between the data of a flat bare silicon wafer and a silicon wafer with an oxide
dot in the middle (Figure 4). This subtraction analysis process was then repeated for wafers with etch depths of 190 um,
260 um and 300 pum. The height maps for the deepest etch (300 um) is shown in Figure 4 (b) and (c). The key data for

the rest of the wafers is outlined in Table 2.

50 50 50 500

100
300
200
100
0

0 0 50

Y [mm)]
(=]
Y [mm]
Y [mm]
o
Ieight [nm]

-100

-50 -50 -5
-50 0 50 50 0 0 0
X [mm] X [mm] X [mm]

(a) (b) ()

Figure 4. (a) Top: Schematic illustrating a bare silicon wafer surface height map subtracted from the surface height map of a silicon
wafer with oxide dot on it. Bottom: Experimental data of Wafer 1 showing the subtraction performed in the top image. Note that
Wafer 1 has no trench etch present in the bare wafer during the subtraction. (b) Top: Schematic illustrating a bare silicon wafer with
the trench etch subtracted from a silicon wafer with oxide on it. Bottom: Experimental data of Wafer 4 showing the subtraction
performed in the top image. Note that the trench etch into the bare silicon wafer was present for the subtractions done in Wafer 2, 3
and 4. (c) Top: Schematic illustrating a bare silicon wafer with the trench etch subtracted from a silicon wafer with the oxide dot and
the trench etch. Bottom: Experimental data of Wafer 4 showing the subtraction performed in the top image. Note that the trench etch
into the bare silicon wafer was present for the subtractions done with Wafers 2, 3 and 4.

Table 2. Experimental results of four wafers processed at different trench depths. Note that the RMS values are the subtraction of a
bare wafer and a wafer processed with the oxide dot or the oxide dot and the trench etch.

Wafer Trench Depth RMS with oxide RMS with oxide and RMS reduction
(um) (nm) trench (nm) (%)
1 0 97.17 - -
2 190 100.18 103.30 -1.03
3 260 104.47 61.65 40.98
4 300 89.24 42.35 52.54
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4. CONCLUSION

In this paper, the concept of creating a trench around a stressed surface point, such as an oxide dot or epoxy dot
was presented. This procedure has an application for reducing deformation caused by epoxy bond points for assembling
X-ray optics in X-ray telescopes such as the Lynx X-ray telescope. Results showed that the P-V deformation of a 4 mm-
diameter oxide dot on a 100 mm-diameter wafer with a thickness of 500 um via simulated data was 888 nm, which was
consistent with the 750 nm P-V deformation seen in the experimental data from the interferometer. Etch depths as deep as
300 pum were demonstrated via DRIE and showed that deeper trench etches allow for more deformation reduction. Based
on all four etch depths, the data demonstrated reduction in deformation that starts when the etch was greater than 50% of
the wafer thickness. We were also able to show verifications of this experimental data via simulations, which showed that
there is promise for continuation of work in the area of this stress relief technique. Future work should expand the models
to include more realistic X-ray mirrors such as Wolter-1 mirrors in a meta-shell with multiple bond points®. In addition,
now that we have metrology with a lower noise floor, work done with cured epoxy as opposed to thermal oxide should be
explored and measured.
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