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Abstract

Diffraction gratings are fundamental optical elements that separate incident light into
its constituent wavelength components. This dispersive feature of diffraction gratings
has been broadly utilized in many applications including spectroscopy, microscopy,
and interferometry. As high-energy electromagnetic waves, such as extreme ultravio-
let (EUV) and x rays, are of interest in various science fields including astrophysics,
fine pitch gratings with high diffraction efficiency are required. The critical angle
transmission (CAT) grating has been devised to enhance diffraction efficiency of a
transmission grating via reflection from the grating sidewalls. The shallow critical
angle (1 - 2°) for total external reflection of incident x rays defines the geometry
of the CAT grating and a consequent blazing condition. However, the geometrical
requirements for the mirror-like grating bars with a very high aspect ratio are chal-
lenging to fabricate. The work presented in this thesis is about how to produce the
CAT gratings by integrating many micro and nano-fabrication technologies. The fab-
rication process involves interference lithography for patterning fine pitch gratings and
wet anisotropic etching on thin silicon membranes for straight and ultrahigh aspect-
ratio (~ 150) freestanding structures. Potassium hydroxide (KOH) etching of the
nanostructure is extensively investigated to improve etch anisotropy, uniformity, and
process latitude. A stress-induced grating stiction problem during wet hydrofluoric
acid (HF) release is analyzed using finite element modeling (FEM) of a thin grating
plane between support structures on top of oxide in compressive stress. I successfully
fabricated the CAT gratings with 574 and 200 nm periods, which were tested with
synchrotron x rays with wavelengths ranging from 1 to 50 nm. The x-ray diffraction
measurement showed the strong blazing effect in a non-zero diffraction order and
the normalized diffraction efficiency was consistent with prediction by theory within
70 - 85%.
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Title: Senior Research Scientist
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Chapter 1

Introduction

Spectroscopy is the study of the energy or wavelength composition (spectra) of elec-
tromagnetic waves. Measurement and analysis of the spectra of radiation provide
invaluable information on matter to experimental scientists and engineers. A diffrac-
tion grating is a fundamental element in spectroscopy because it is able to separate
incident light with multiple wavelengths into its constituent components as a function
of wavelength. A diffraction grating is a periodic structure that has a comparable pe-
riod to the wavelength of the incident light of interest. Ref. [1] is a good reference for
diffraction gratings with a brief history. As high-energy electromagnetic waves such
as x rays have been researched in various science fields including astrophysics, fine
pitch (a few hundreds nanometer or less) gratings are required to disperse the inci-
dent lights with short wavelengths (~ 0.1 to 10 nm). While many types of diffraction
gratings with different configurations and mounting schemes have been developed,
they are generally classified into transmission gratings and reflection gratings. Mo-
tivated by technology goals for next-generation high-efficiency x-ray telescopes that
NASA* plans to launch in about 10 years, the MIT Space Nanotechnology Laboratory
(SNL) has developed a new type of soft x-ray (~ 1 to 10 nm wavelengths) diffraction
grating combining advantages of the conventional transmission and reflection grat-
ings [2]. This critical-angle transmission (CAT) grating is capable of significantly

enhancing the diffraction efficiency while keeping transmission gratings’ insensitivity

*National Aeronautics and Space Administration
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to misalignment. The CAT grating design, however, requires straight and ultrahigh
aspect-ratio free-standing structures with a period of few hundreds of nanometers.
This thesis mostly presents microfabrication process development and integration to
achieve the challenging geometry of the CAT grating. Successfully fabricated CAT
gratings were tested with x rays at a synchrotron to experimentally prove the concept.
The experimental results of soft x-ray diffraction through the CAT gratings matched
with theory within about 80%. The peak diffraction efficiency also exceeded that of

conventional transmission gratings by four to five fold.

1.1 Diffraction Gratings

Diffraction gratings are one dimensional (1D) periodic structure dispersing incident
light into discrete orders as a function of wavelength ()) and grating period (p). The

diffracted beam directions or orders are given by the grating equation,
p(sina + sin f,) = mA, (1.1)

where m is the diffracted order, « is the incident angle, and 3 is the diffraction angle.
The sign convention for this equation and general geometry of a grating are shown in
Fig. 1-1.

A diffraction efficiency of a grating is defined as the intensity ratio of a diffracted
beam to the incident. For an amplitude grating (Fig. 1-2), where the grating bars are
opaque, the intensity in the m®™ order, I(m), can be calculated using scalar diffraction
theory [3,4]. A transmittance function #(z) (Fig. 1-2(b)) of the normally incident

beam can be written in a convolution of a rectangular function and delta function,
x oo
ta:zrect(—> o0(z — mp), 1.2
@ =t () e 3 o= mr) (12)

where rect(z) is
1z <1/2
rect(x) = (1.3)
0  otherwise.
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where I is the incident beam intensity and sinc(z) is

sin(nz) .

sinc(z) = (1.6)

T

From Eqn. (1.5), the maximum efficiency is about 10% in the = first order, when
a = p/2. In the similar way, we can obtain the diffraction efficiency for a phase
grating, where the grating bars partially absorb the incident beam and shift the
phase as well. For high-energy beams such as x rays and extreme ultraviolet (EUV),

the refractive index is complex, given by
n=1-4§+13, (1.7)

where 6 and 3 are related to refraction and absorption, respectively. For the phase
grating with the same geometry as the one shown in Fig. 1-2(a), thickness ¢, and

refractive index n = 1 —§ +1/3, the diffraction efficiency for the m** order is given by,
Y

where k = 2w /A. When § >> 3, t << 1/kf, and t = A\/26, the theoretical maximum
diffraction efficiency of the phase grating reaches ~40% at the & first order. However,

it is under an unrealistic assumption of zero absorption [4].

Another class of diffraction gratings for x rays is the blazed reflection grating with
a saw-tooth profile. A reflection grating with the rectangular profile concentrates most
of the incident light into 0'* order, where all the wavelength components overlap. It
is not desirable for spectroscopic purposes. The blazed reflection grating, however,
redirects most of diffracted light to a particular non-zero order through specular
reflection off of the saw-tooth facets. Figure 1-3 shows the configuration of a blazed
reflection grating with the period p and the facet angle v. Most of the diffracted
light goes to a particular direction (blazed order) satisfying the blazing condition
in Eqn. (1.9), instead of spreading the diffracted beams evenly to + orders with

a central peak at 0" order. The blazed order simultancously satisfies the grating
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Figure 1-2: (a) An amplitude grating with period p and open space width a. (b)
Transmittance function ¢(z) through the grating.

equation, Equn. (1.1), and blazing condition, Eqn. (1.9). One can design the facet
or blaze angle, v, for the desired A and m. In general, the diffraction efficiency of
blazed reflection gratings is higher than that of transmission gratings because most
of the incident light is reflected and concentrated in the blazed order without too
much absorption in the grating bars. A maximum diffraction efficiency about 70% is
predicted for off-plane mounted grazing-incidence reflection gratings [5,6], and up to

40% efficiency in a single order has been demonstrated [7-11].

/Bm-blaze = & — 2'7 (19)

The diffraction efficiency of a blazed reflection grating can be calculated by the same
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Tilted grating normal

Figure 1-4: Alignment sensitivity of reflected and transmitted orders for the normal
incidence case. Solid lines and dotted lines represent diffracted beams without and
with misalignment angle £, respectively.

However, a disadvantage of blazed reflection gratings for instrumentation is that
they are much more sensitive to misalignment and grating surface figure errors than
transmission gratings. Supposing there is a misalignment angle ¢ (<< 1) as shown
in Fig. 1-4, one can derive the approximate changes of the diffraction angles for
the reflected and transmitted orders. For a normal incident case (o = 0) without
misalignment, the diffraction angle 3, is determined by Eqn. (1.13). Similarly, for
the grating surface tilted by angle €, one can find the diffraction angle 3/, from

Eqn. (1.14).

sin O, = s (1.13)
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mA
sinf3,, = = +sine (1.14)

The Taylor expansion and first-order approximation of Eqns. (1.13) and (1.14)

yield
A
B = arcsinm—
p
N m/\+1 (m)\)3 (1.15)
~ 55 .
and
A
B, = arcsin (sin€+£n-—>
p
e AL (mAYT LY (1.16)
B p 2 \p 6\p /) '

From Eqns. (1.15) and (1.16) and taking the angle offset ¢ into account, we obtain
the angle changes for transmitted (AfS,, 1) and reflected (AB,, r) orders,

A6m,T = (/6 )_ﬁm,T
% —), (1.17)

1R

Afnr = (ﬂnn‘f‘g) Bm,r

2e + le (m—)\)2 (1.18)

R

Since the term fe (mA/ p)? in the high-energy band is three to four orders of magnitude
less than 2e [2,5], the reflected orders approximately rotate by 2¢ in proportion to
the misalignment angle, while angle shifts of the transmitted orders are negligible.
Therefore, one of the advantages of transmission gratings over reflection gratings is the
relaxed alignment and flatness tolerance, which is desirable for space instrumentation

in terms of the cost and weight [2,12].
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When designing a grating, we also need to consider other factors such as angular
dispersion and resolving power. The angular dispersion represents the diffraction an-
gle change due to a small change of wavelength. One can derive the angular dispersion

(8(53—/{”) by differentiating Eqn. (1.1) [13], and obtain

Pm
)

]
o
%13
S

o\ —1/2
—sina) )
2
) ) fora=0

1

RS
p—
|
N
3
|3

TN
3
=3

AN
p—
+

12

SIERIERIE

(1.19)

In high-energy spectroscopy, a large angular dispersion is preferred to distinguish two
different wavelength components close to each other. From Eqn. (1.19), it is obvious
that the angular dispersion can be increased by using a fine pitch grating at high

diffraction orders.

The resolving power or spectral resolution represents the smallest wavelength or
energy that a grating can resolve or distinguish. Based on Rayleigh’s criterion, the

resolving power is defined as,

A mW
AT Ty o
p(sin oz)—\% sin 3) N (1.20)

where W is the size of the grating (or illumination), N is the total number of grooves
coherently illuminated, m is the diffraction order, and p is the grating period. There-
fore, a fine pitch is essential to increase the resolving power of the grating. Sometimes,
the resolving power is equivalently expressed in terms of energy resolution, £/AF.

In that case, one can convert the wavelength to the corresponding photon energy [14],
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using

12.4
(V) = 13 (1.21)
In this section, I described the basic principles and parameters of the conventional
gratings, and advantages and disadvantages of transmission and reflection types. An
‘ideal’ grating should combine the alignment and figure insensitivity of transmission

gratings with high broadband diffraction efficiency, which traditionally has been the

domain of blazed reflection gratings.

1.2 X-ray Astronomy

The universe contains an immense number of energetic objects such as neutron stars,
black holes, supernovas, and merging galaxies. Astronomers have long been studying
vast celestial events emanating not only visible light but also much x rays. X-ray
spectroscopy has an important role in analyzing the x rays from the celestial objects
as the quantitative spectral data provides clues on the material composition and
temperature of the objects. For example, Fig. 1-5 compares optical and x-ray images
of the gigantic explosion, a supernova remnant, of a star after a supernova. Without
the x-ray images, we could not observe or analyze the interesting phenomena. In
addition to x-ray images, radiation spectra can provide us with quantitative data on
the constituent components of the ejected material expanding from the explosion.
Mongrard [14] described a detailed history of x-ray astronomy and x-ray formation
and origins.

Diffraction gratings have been used by x-ray astronomers to reveal the mysteries of
an invisible universe above the atmosphere which absorbs incoming x rays [4,15-19].
The Chandra X-ray Observatory, launched in 1999, is equipped with grating-based
spectrometers consisting of 200 and 400 nm-period gold transmission gratings [15,18-
20]. Figure 1-6 shows the huge spacecraft of the Chandra X-ray Observatory and the

basic configuration of the grating-based spectrometer. The incident x rays, guided by
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Table 1.1: Comparison of major recent and future x-ray missions [5, 23]

Chandra XMM-Newton Suzaku IXO

(Astro-E2)  (formerly Con-X)

Year 1999 1999 2005 2017+

Collecting Area

(m? @ 1keV) 0.1 0.15 0.04 3

Angular

Resolution (HPD?) 0.5" 15" 90" 5"

Energy

Range (keV) 0.1-10 0.1-15 0.2 - 600 0.3 - 40

Spectroscopy Transmission Reflection Micro- Micro-calorimeter

technology Gratings Gratings(In-plane) calorimeter + grating

Resolving 60- 1000 200-800 Fixed AE= 3000 @1 keV

Power(E/AE)® @ 0.5-10 keV @ 0.3-2.5 keV ~6.5 eV 2400 @6 keV

¢ half power diameter (HPD)
> The data in the table is shown for a part of the energy range as an example.

The next generation x-ray astronomy mission is an international joint project
with NASA, ESA, and JAXA, named the International X-ray Observatory (IXO) and
planned for launch around 2017 [23]. Currently, the performance requirements are
being defined based on previous mission concepts such as Constellation-X of NASA
and XEUS of ESA. A micro-calorimeter detector with fixed AE (~ 2.5 eV) would
be equipped for spectroscopy for higher energy bands. Since a single spectroscopic
technology cannot cover such a large energy range with high resolution, an additional
grating-based spectrometer would be mounted to supplement the calorimeter’s insuf-
ficient performance in the lower energy band. Table 1.1 summarizes the features of

major recent and future x-ray missions.

However, as explained above, the conventional transmission and reflection grat-
ings have their own weaknesses. Therefore, the goal of this thesis is to develop a new
type of diffraction grating for soft x-ray spectroscopy, combining the advantages of
transmission gratings and blazed grazing-incidence reflection gratings. It is also de-

sired that the new grating technology complements the micro-calorimeter for higher
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Table 1.2: Comparison of spectroscopy technologies for x-ray space telescopes

Transmission Reflection Micro-
grating grating calorimeter

Advantages  Insensitive to High diffraction High resolution
misalignment efficiency @ high energy
Low mass

Disadvantages Low diffraction Tight alignment Fixed energy res-
efficiency tolerance olution (AE)
High mass

energy bands. The CAT grating is a blazed transmission grating with high diffraction
efficiencies for lower energy bands and is almost transparent for higher energy bands
focusing to the micro-calorimeter. Table 1.2 compares advantages and disadvantages

of major spectroscopy technologies for space instrumentation.

1.3 Interference Lithography and the MIT Nanoruler

Interference lithography (IL) is a method to efficiently pattern large area gratings
in a relatively short time. Figure 1-7 is a typical setup for IL with two mutually
coherent plane waves. The two beams produce sinusoidal interference fringes which
are recorded in photosensitive material or photoresist on the substrate. The grating
period is found from the intensity pattern of the interference. Two mutually coherent
beams, El and E}, are incident with an angle 6 from air, and refracted into the
recording material with an angle 6 according to Snell’s law,

0 = sin_l(%sinﬁ), (1.22)

where n is the refractive index of the recording material.

The electric fields in the material then are given by,

Ey = Eiéexpi(ky-7—wt), (1.23)

E, = Eyéyexpi(ky-7—wt), (1.24)
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Figure 1-10: Illustration of two different setups for traditional IL and their problems.

1.4 Anisotropic Etching

Anisotropic etching is a microfabrication technique used to form desired structures
using etchants whose etch rate is sensitive to crystallographic orientation. Compared
to isotropic etching, where the etch rate is homogeneous in all directions, anisotropic
etching has an advantage in creating nanostructures with a high aspect ratio. Fig-
ure 1-13 illustrates the etch profiles of the isotropic and anisotropic etch process. In
an ideal anisotropic etching process (Fig. 1-13(b)), the undercut due to lateral etch-
ing is zero and the sidewall slope becomes 90°. In reality, there is never a perfect
anisotropic etchant or etch process, so we can define an etch anisotropy or etch rate

ratio as

Rvertical
Ae = , 1.33
Rlateral ( )

where Ryeriical a0d Raera are the etch rates for the denoted directions.

The most common anisotropic etchants for silicon etching are tetramethylam-

monium hydroxide (TMAH) and potassium hydroxide (KOH) [28]. Refs. [28-30]
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Figure 1-15: Dangling bonds and backbonds of Si atoms on (a) a {100} plane and
(b) a {111} plane [28,37].

in certain ranges of temperature and concentration of KOH solution [37,39-41]. The
etch rates and their ratios were taken from tens of micrometer size patterns in wafers
or from hemispherical bulk silicon specimens, which provided good enough infor-
mation to fabricate general micro-electro-mechanical systems (MEMS) applications.
Sometimes the (111) etch rate was ignored because it is hundreds of times slower than
the (110) etch rate, and it was not so critical when fabricating shallow trenches. How-
ever, the CAT gratings are difficult to fabricate without an ultra-high etch anisotropy
because the grating bars will be in an extreme geometry with a period of 100 - 200 nm
and height of 3 - 6 pum. Therefore, conventional KOH etch processes cannot directly
be applied for the CAT grating fabrication, which may cause a large amount of un-
dercut and non-uniform etch profiles. In this thesis, the KOH etch process will be
optimized to develop the CAT gratings which require ultra-high-aspect-ratio (> 100)

free-standing grating bars with smooth sidewalls.

1.5 Overview of Thesis

The main goal of this thesis is to present the development of fabrication processes
for the CAT gratings. Chapter 2 describes the basic concept and design of the CAT
grating which combines advantages of transmission and blazed reflection gratings.
Simple ray tracing and phase calculations will be used to explain the blazing effect

of the CAT grating. Very high aspect-ratio grating structures are required due to a
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shallow critical angle for reflection of x rays.

Based on the challenging design parameters, Chapter 3 will present a silicon-on-
insulator (SOI) process to fabricate an initial prototype CAT grating with a relatively
large period (574 nm). The fabricated prototype CAT grating has grating bars with

an aspect ratio of ~150, as required.

Chapter 4 describes process improvements in an effort to adapt the previous pro-
cess to 200 nm-period CAT gratings. The KOH anisotropic etching process was
optimized to provide a high etch anisotropy and good uniformity over the entire
grating area. The highest anisotropy was achieved with a high concentration KOH
solution at room temperature. A surfactant and ultrasonic agitation ameliorated the
etch uniformity by mitigating micro-making due to hydrogen bubbles. An image
reversal process was applied to address a rapid initial undercut problem which had

significantly narrowed the process latitude.

Chapter 5 covers mechanical modeling of a stress-induced stiction problem due
to buckling. Releasing the thin grating planes by etching the buried oxide of a SOI
substrate in hydrofluoric acid caused the random stiction between grating planes.
A mechanical model for plate buckling was used to predict the stiction problem of
the grating planes with a support structure on a thick oxide layer in a compressive
stress. The stiction was eliminated by using much thinner buried oxide, which also
proved that the compressive stress in the oxide caused the problem. Finite element
modeling was used to determine appropriate support structure opening widths and
oxide thickness to avoid buckling of the grating planes.

The KOH etch process in a (110) wafer produces four vertical and two tilted
surfaces. The latter limits the CAT grating area and maximum etch depth, which
leads to loss of diffraction efficiency. In order to minimize the support area blocking
incident x rays, a vertical etch process without crystallographic dependence should
precede the KOH etch process. Chapter 6 examines feasibility of reactive ion etching
followed by KOH polishing to engineer the support structure.

Chapter 7 presents results of x-ray diffraction tests of the CAT gratings. The

experimental data agreed with the theoretical prediction within 70-85 %. As predicted

48



by theory, there was the blazed effect and the blazed order had prominent diffraction

efficiency enhancement.
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Chapter 2

The Critical-Angle Transmission

Grating

In this chapter, I will introduce the concept of the critical-angle transmission (CAT)
grating with a simple model that describes its key principles. As an analogy to a
blazed reflection grating, the CAT grating redirects most of diffracted orders toward
one side of the zero*” order instead of spreading them symmetrically like a tradi-
tional transmission grating. A particular diffracted order that satisfies the so-called
blaze condition is expected to have a significantly enhanced diffraction efficiency.
Although it might be confused with a reflection grating because there is reflection
off of the grating sidewalls, it is a true transmission grating where the zero™® order
passes through the grating surface. This breakthrough invention by our group real-
izes a blazed “transmission” grating without much efficiency loss due to absorption.
Figure 2-1 shows the difference in configuration and the blaze direction of a blazed
reflection grating and the CAT grating. Although the simple modeling will give a
qualitative prediction of blazing phenomenon with the CAT grating, there are many
other factors omitted in the analytical model. For example, the three-dimensional
(3D) character of the CAT grating, reflectivity of material, and partial absorption in
the grating bars can all affect the diffraction efficiency. Therefore, more detailed per-
formance will be predicted using the rigorous coupled-wave analysis (RCWA), which

provides exact solutions of Maxwell’s equations for the diffraction of electromagnetic
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through N slits with a period p, is the sum of the series,

Ee? = B, (14 % e 16 4 4 V-19)
1— eiNé

T (21)

8

where E and ¢ are the resultant amplitude and phase, respectively, E, represents
the equal amplitude contribution by the individual slits, ¢ is the phase change from
one slit to the next. From the geometry in Fig. 2-2 and sign convention (o > 0 and

B3 < 0), the phase change ¢ is given by

5 o= .2./\71(@ _BE)
2
= ~)—\7Ip(sin a + sin ). (2.2)

The intensity is then found by multiplying Ee' by its complex conjugate, giving

E2 _ g 2(1 . 6iN5)(1 _ e—iN&)
(1 —e®)(1 — )
2—2cos N
2 —2cosd
,sin® Ng

) 2.3
sin? ¢ (2.3)

= E?

= E,

where g = §/2 signifies one-half the phase difference from one slit to the next. The

intensity E,% of the individual slits is given by a sinc function,

=-(%) [

where (Ey/N)” is the normalized intensity of any one of the silts and f represents

one-half the phase difference between the contributions coming from opposite edges

of the slit. Thus f can be found from the geometry shown in Fig. 2-3, given by

(5eo-m)

a(sin a + sin j3). (2.5)

>l N =
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Figure 2-6: Example of the Fraunhofer diffraction from a CAT grating with N = 10,
a = 10°, p = 100 nm, ¢ = 80 nm, d = a/tana = 0.45 pym, and A = 10 nm. (a)
Grating interference function (I,), (b) single slit diffraction function (/;), and (c)
overall diffraction pattern of the slits as a product of I, and I,. Note the incident
and diffracted beams are off of the blaze direction.

where I assume the photons undergo only one specular reflection, giving
d| tana| = a, (2.11)

where o # 0. The intensity pattern then can be found by putting the new g. and
f., obtained by Eqns. (2.9) and (2.10), into Eqn. (2.6). Let us then compare the
diffraction pattern using the same parameters used in the previous example shown in
Fig. 2-4. As we can notice in Fig. 2-6 (c), the peak is redirected from the 0** order
(3 = —10°) to 3" and 4% orders due to the reflection off of the grating sidewalls,

although the incident and diffracted angles are not at a blaze direction.

Now let us think of a blaze condition for a CAT grating. The blaze order or
direction is a particular order at which most of diffracted light is concentrated. In
Eqn. (2.6), we know that the diffraction peak occurs when f = 0. Thus, for a CAT
grating, it corresponds to when o = 3 from Eqn. (2.10). We then obtain the blaze

condition using the grating equation, given by

mA = 2psin a. (2.12)
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Figure 2-7: Example of the diffraction pattern from a CAT grating when the blaze
condition is satisfied. The other parameters are the same as Fig. 2-6 except for
a = 11.54°. (a) Grating interference function (I,), (b) single slit diffraction function
({s), and (c) overall diffraction pattern of the slits as a product of I, and I,. Note
that the diffraction is enhanced only at the fourth order by blazing.

Physically thinking, the blaze condition is satisfied when the diffracted order coincides
with the specular reflection off of the grating sidewall. Therefore, high diffraction
efficiency is achieved at that particular direction. Let us consider the previous example

again with the blaze condition

by
a=f=sin"! T;—p. (2.13)

Putting in p = 100 nm and A = 10 nm, we get a blaze angle o =~ 11.54° when the
fourth order is to be blazed. Figure 2-7 shows the diffraction pattern when the blaze
condition is satisfied at the fourth order. Suppose we want other orders to be blazed,

we can find the corresponding incident angles as long as |mA/2p| < 1.

Since the simple model for the CAT grating diffraction neglected any absorption
due to the grating bars and reflectivity of the grating sidewall, we may scale the

intensity distribution Eqn. (2.6) and rewrite the result as
I()\7p7a7ﬁ7 Nva') R) - [g]SR(a7/\)<a’/p)2’ (214)

where R(a, A) is the specular reflectivity of silicon [2].
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2.2 Performance Prediction

In the previous section, we examined the diffraction pattern from a CAT grating us-
ing a simple analytical model that clearly showed the blazing effect. In this section, I
present more accurate simulation results using a commercial software for CAT grat-
ing efficiency analysis based on the RCWA including 3D features of a CAT gratings,
material optical properties, and broadband x-ray incident beams [2,5]. The software,
Gsolver [43], solves Maxwell equations for the diffraction of electromagnetic waves
from 3D periodic grating structures. We can also design gratings based on the sim-
ulation results by changing various parameters such as the incident angle, geometry,

wavelength, and material.

Recalling our target application of the CAT grating for soft x-ray spectroscopy,
we performed simulations for the diffraction of x rays with 0.1 - 5 nm wavelengths
from a silicon CAT grating with a period of 100 nm and an open space of 80 nm. The
incident angle « of the x rays was set at 1.5° for high reflectivity via total external
reflection on the grating sidewalls [44]. Figure 2-8 shows the simulation results of
the diffraction efficiency as a function of wavelength [5]. As we can expect from the
blaze condition, when mA = 2sin «, longer wavelengths are blazed at smaller orders
at a given incident angle. For much higher energies (A < 1 nm), where the critical
angle 8. for total external reflection is smaller than the incident angle 1.5°, the CAT
grating acts as a transparent element. Thus the zero®® order beam passes through the
grating and arrives at detectors in the focal plane without very much energy loss. This
feature of a CAT grating is another advantage for the next x-ray mission, IXO, with
a microcalorimeter system at the focus. The transmitted 0** order beam for higher
energy photons can contribute to the microcalorimeter effective area. On the other

hand, the diffracted orders from a reflection grating cannot reach the calorimeter.

In Fig. 2-9, the estimated diffraction efficiency of a CAT grating is compared to
the actual efficiency of the gratings in the Chandra Observatory. For the wavelengths
between ~1 - 5 nm, diffraction efficiency of the CAT grating is predicted to be higher
at least four or five-fold than that of HETG and LETG. Even though the efficiency
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Figure 2-10: Comparison of the resolving power of the previous gratings (XMM and
Chandra), a CAT grating (XGS), and a microcalorimeter (XMS) as a function of
photon energy. The XGS works better in lower energies because it has a fixed A,
while XMS microcalorimeter performs better in higher energies due to a fixed AE.

we then obtain

Rrg = : —Li| (2.17)

For x-ray physics, the incident angle is often expressed with respect to the interface

instead of the surface normal.

O=m/2—¢ (2.18)

Assuming 6 is very small, we can write the reflectivity as

sinf — /(1 — 0 +43)% — cos?2 6 ’
Rrp = |= -
sind + /(1 — § +if3)? — cos? 6
2
0—+/(1—6+iB)2—(1-62)

12

0++/(1—0+iB)2— (1—62%) (2.19)
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Table 2.1: Design parameters for CAT gratings.

period (nm) 100 200
Incident angle, 6 1.5° 1.5°
Duty cycle 0.2 0.2
Bar width, b (nm) 20 40
Bar Height, d (pm) 3 6
Aspect ratio, d/b 150 150
Sidewall roughness (nm) 2 2

microfabrication techniques. Moreover, the grating sidewall has to be very smooth
(on the order of a nanometer) for the sake of high reflectivity. Another challenging
requirement for the CAT grating fabrication is a free-standing structure in order to
avoid any absorption which leads to attenuated diffraction. Table 2.1 summarizes the
geometric design parameters for CAT gratings with 100 nm and 200 nm periods.
Lastly, let us consider material selection for the CAT gratings. Silicon has excellent
mechanical properties for microstructures [50] and processing techniques have been
developed relatively well for various applications. In particular, silicon has a very
large etch anisotropy between different crystallographic planes [28], which enables
us to form ultra-high aspect-ratio structures. As shown in the previous section,
performance prediction for a silicon CAT grating with 100 nm period also met or
exceeded the requirements for the next x-ray mission. Therefore, I have used silicon

for the CAT grating fabrication.
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Chapter 3

Fabrication Process Development

for CAT Grating Prototypes

In this chapter I will present a fabrication process for an initial prototype CAT grating
with a relatively large period of 574 nm. This initial prototype provides us with not
only fabrication feasibility but also proof of the concept for the CAT grating via
x-ray tests. The CAT grating has to be in a thin membrane and the individual
grating bars have a high aspect ratio of 150 for the CAT grating geometry. The
required straight and ultra-high aspect ratio free-standing structures were achieved
by anisotropic etching of {110) SOI wafers in potassium hydroxide (KOH) solution. To
overcome structural weakness, chromium was patterned as a reactive-ion etch (RIE)
mask to form a support mesh. The grating with a period of 574 nm was written
by scanning-beam interference lithography (SBIL) which is based on the interference
of phase-locked laser beams. Iree-standing structures were accomplished by etching
the handle and device layers in tetramethylammonium hydroxide (TMAH) and KOH
solution, respectively, followed by hydrofluoric acid (HF) etching of the buried oxide.
To prevent collapse of the high aspect ratio structures caused by water surface tension
during drying, the devices were dried in a critical point dryer after dehydration of the
sample in pure ethanol. I have successfully fabricated 574 nm-period free-standing
gratings with support mesh periods of 70, 90 and 120 pm in a 10 pm-thick membrane
on (110) SOI wafers. The size of a single die is 10 x 12 mm? divided into four
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3.5 Discussion and Summary

First attempts to etch through the 10 um silicon device layer resulted in only par-
tial success or totally destroyed grating lines [Fig. 3-14(a)] due to insufficient etch
anisotropy and overetching in 45 wt% KOH at a high temperature (80°C), although
Kendall [32] achieved an anisotropy of 600 under similar etching conditions. In order
to understand that etching condition, a 1 min KOH etch was performed in 45 wt%
KOH at 80°C. The etch profile is shown in Fig. 3-13(b). The vertical etch rate (R1;0)
was 1.86 ym/min and the lateral etch rate (Rj;;) was 26 nm/min. The anisotropy
ratio, Ri10/Ri11, is about 70, which is much lower than that reported in previous
literature. [28, 32,39, 56] One explanation might be misalignment between the grat-
ing pattern and the crystal direction. However, Krause et al. [41] also showed an
anisotropy dependence on the groove width. An anisotropy of 70 for our 0.37 pum
groove width agrees well with their experimental behavior. In any case, given the
nitride linewidth of 0.2 pm [Fig. 3-11(f)] and the low anisotropy in the 80°C etching
condition above, the grating bars will thin away and the silicon nitride mask will

detach before the oxide etch stop is reached.

Kim et al. [57] and Holke et al. [39] reported an increase in the etch rate ratio in
high KOH concentrations and at low temperatures. With 50 wt% KOH at 50°C, we
achieved an improved anisotropy ratio of about 125. While an apex formed at the
etch front in a high concentration at a high temperature as shown in Fig. 3-13(b),
with an alcohol additive or at a low temperature below 60 °C, the shape of the etch
front changed to a flat as shown in Figs. 3-13(a) and 3-13(d). Once an apex is formed
the vertical etch rate decreases and thus the anisotropy degrades. However, although
a sufficient anisotropy was achieved, etching was not uniform over the whole grating
area, as shown Fig. 3-14(b). Stirring with a magnet bar and ultrasonic agitation did
not help much, or resulted in unfavorable damage to the membrane as Kaminsky [56]
has observed. Because KOH etching produces an abundance of Hy bubbles, trapping
of bubbles between the grating bars might intermittently interfere with the reaction.

Samples immersed horizontally (facing upward) resulted in better uniformity than
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65 x 65 nm? area, which was measured by an atomic force microscope.

For wider support mesh periods of 90 ym and 120 pm, similar results were obtained
in some areas. However, there are still occasional uniformity and stiction problems as
shown in Figs. 3-14(c) and 3-14(d). One potential solution is to find the actual (111)
direction using a pre-etch technique, as described in Ref. [37], for better pattern
alignment to the crystal. By etching the wafer anisotropically with a fan-shaped
masking pattern, the (111} crystal direction can be determined accurately to within
+0.05°. Various surfactants that reduce the surface tension and increase the wetting
ability without significantly changing the anisotropy may also improve uniformity.
Generally, alcohol additives are not preferred for high aspect ratio etching because
alcohols slow down the etch rate of (110) and degrade the anisotropy [32]. However,
an anionic surfactant (e.g., dihexyl ester of sodium sulfosuccinic acid) has been shown
to reduce the contact angle to a half of the pure 30 wt% KOH solution [58].

In this chapter, I described the overall fabrication process and results for CAT
grating prototypes with 574 nm period. The remaining issues such as etch anisotropy,
etch uniformity, and the stress in buried oxide will be addressed in the following

chapters.
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Chapter 4

Process Improvement for

200 nm-period CAT Gratings

In the previous chapters, I have introduced the concept of the critical-angle trans-
mission (CAT) grating [2] and fabricated 574 nm-period CAT grating prototypes on
10 pm-thick SOI wafers [36]. Diffraction tests of these gratings with low energy x-rays
(<0.5 keV) have shown high-efficiency blazing as predicted by theory [2]. However,
for higher energy x-ray applications, shorter period CAT gratings with a duty cy-
cle (linewidth/period) less than 0.2 are desired [12]. Therefore, we need to adapt
the previous process to the fabrication of 200 nm-period CAT gratings with 40 nm
linewidth.

I have used KOH etching on (110) SOI wafers to achieve straight and high aspect
ratio free-standing gratings. In order to achieve 6 pum-tall and 40 nm-wide grating
bars by etching, etch anisotropy between (110) and (111} silicon crystal lattice planes
should be at least 200, considering the silicon nitride mask line width (<100 nm)
formed by interference lithography and RIE, as well as undercut during KOH etching.
The etch rate anisotropy in KOH solutions dramatically varies depending on pattern
alignment to the (111) direction, the KOH concentration, and etching temperature
[32,41]. T also found that there was a rapid initial undercut, which impaired the
etch anisotropy. 1 investigated these factors to optimize the KOH etch process for

etching the 200 nm grating pattern. In order to increase etch process latitude through
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increased linewidth, I applied an image-reversal technique with a high silicon content
spin-on polymer, Silspin (Molecular Imprints, TX). A surfactant, sodium dihexyl
sulfosuccinate (SDSS), was added to KOH solutions to promote hydrogen bubble
release. Ifl addition to the surfactant, ultrasonic agitation was also tested to improve
etch uniformity.

In the following, I will describe the process improvements in detail and demon-

strate CAT gratings with a 200 nm period on 4 - 6 ym-thick SOI layers.

4.1 Etch Anisotropy

A high etch anisotropy or etch-rate ratio between {110} and {111} planes is essential
to obtain a vertical etch profile without significant lateral etching or undercutting. In
particular, it would be very difficult to fabricate 200 nm-period CAT gratings on a
6 pm-thick SOI layer with an etch anisotropy less than 200. Assuming a 100 nm-wide
SiN hard mask, which is the upper bound of the linewidth formed by interference
lithography with a positive photoresist, let us estimate a required etch anisotropy.
Based on the geometric specification of a 200 nm-period CAT grating, the grating
bar width and height are required to be 40 nm and 6 pm, respectively. The undercut
amount for each side has to be smaller than or equal to 30 nm with vertical etching
of 6 um. Thus, an etch anisotropy greater than 200 is required. Literature data
for the etch anisotropy varies in a large range of 50 - 600, depending on pattern
alignment, etching conditions, and feature sizes [32]. Generally, people obtain the
etch anisotropy of about 200 or less for relatively large micrometer-scale structures.
However, there are sparse research results on KOH etching of nano-scale structures
with 200 nm-period. Therefore, I investigated various factors affecting KOH etch

anisotropy with 200 nm-period grating patterns.

4.1.1 Grating Pattern Alignment

Grating pattern alignment is one of the most dominant factors that determine etch

anisotropy. When the grating pattern is perfectly aligned to the {111} silicon planes,
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we expect the highest etch anisotropy with a minimal undercut and extremely smooth
grating sidewalls without microscale steps. Figure 4 in Ref. [32] illustrates the effects
of misalignment on the undercut amount and sidewall roughness. The angular mis-
alignments with the {111} plane results in large undercutting of the etch mask and

microsteps in the {111} planes.

There are couple of methods to find the actual (111) direction. The easiest but
coarse way is to use the wafer flat in (111) orientation as a reference surface for the
interference fringe alignment. However, wafer flats are, in general, machined with
a finite tolerance of +0.5° and sometimes I observed the wafer flats were warped as

well. Thus this method is not appropriate for a precise pattern alignment within 0.1°.

Another method to determine the true crystal lattice direction is based on cleaving
[59]. While a (100)-oriented silicon wafer cleaves along {110} planes with an angle
of 90°, a (110)-oriented silicon wafer cleaves along {111} planes into a parallelogram
with an angle of 70.5°. This method is destructive and we have to assume the other
wafers from a batch have the same misorientation angle with the cleavage-tested one.
However, when a (110)-oriented silicon wafer is cleaved, I found that the cleavage
plane would not follow a single {111} plane but frequently jumps to the next, resulting
in a non-perfect parallelogram. One can observe the micro-steps in a cleaved {111}
surface using an optical microscope. Therefore, the cleaving method is not repeatable

for a (110) wafer.

The most precise method for determining the true (111} direction of a (110) wafer
is to pre-etch an alignment pattern consisting of radially divergent lines with an angle
offset [28,37]. After etching this “wagon wheel” shaped or fan-shaped pattern in KOH
solution, one can find a direction that produces the smallest undercut amount using
microscopy. This method was used for the 200 nm-period CAT grating fabrication.
A fan-shape masking pattern (0.05° spacing between +3°) was defined near the wafer
flat by contact lithography and CF4 RIE as shown in Fig. 4-1(a). An individual slot
or spoke dimension was 8 um x 10 mm. After stripping the photoresist, the wafer
was etched in ~ 25 wt% KOH solution at 80 °C for about half an hour. Optical

microscopy can be used only for rough determination of the (111) direction because
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Figure 4-3: An example of determination of the actual (111} direction of a (110)
wafer using the pre-etched fan-shape pattern. The minimum undercut direction can
be assumed to be parallel to a {111} plane. In this example, the actual {111} plane
is -0.75° off from the fan 0° direction.
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- did not observe any effect on the rest of wafer area with the 200 nm-period grating
pattern. When the interference fringe was scanned, the microscope light source was

kept off.

4.1.2 Etching Temperature and Concentration

Etching temperature and KOH concentration affect etch rates of different crystal
planes and thus their ratio or etch anisotropy [32-34,37,41, 60, 61]. Kendall [60]
reported a linear increase of the etch rate ratio (Rq10)/ R(111y) with KOH concentration
at 85 °C and Uenishi et al. [33] and Krause et al. [34] also found a similar relationship
between KOH concentration and the etch anisotropy of (110) to (111).

Regarding the effect of temperature, I would utilize an empirical Arrhenius ex-

pression for the KOH etch rates [37],
R = Ryexp(—E,/kT), (4.1)

where Ry is a proportional constant, E, is the activation energy, & is the Boltzmann
constant*, and T is the etching temperature in Kelvin. Note that Ry and E, depend
on KOH concentration and crystallographic orientation of etching silicon surfaces.
Seidel et al. [37] found the activation energy of the (111) orientation was larger than
that of other crystal orientations such as (110) and (100). Therefore, we can expect a

decrease of the etch anisotropy as the etching temperature increases because (E, 0y

E,

aqay) < 0 in the following expression,

R(uo} _ RO(uo)
R<111> R0(111)

eXp(*(Ea(um - Ea(lll))/kT)' (4~2)

For example, with the experimental data for R0y and Ry shown in Fig. 4-7,
the etch rates and anisotropy are plotted as a function of temperature in Fig. 4-5

assuming Eq . =~ 0.6 eV and £

110) 4111y

~ (0.7 eV [37]. From Fig. 4-5, we can expect an

increase of the anisotropy at low etching temperatures.

k= 8.617 x 1075 eV/K
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Figure 4-5: Etch rates and anisotropy versus temperature (20 - 80 °C) based on the
Arrhenius equations in Eqns (4.1) and (4.2). The dotted and dashed lines represent
calculated etch rates of (110) and (111) orientations, respectively. The solid line
shows etch anisotropy. The open squares are experimental data points from Fig. 4-7.
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grating used was well aligned by the pre-etch technique and etched in surfactant-
added 50 wt.% KOH at room temperature (21 °C). The surfactant, SDSS (MA-80I,
Cytec Inc., NJ), was applied to improve etch uniformity by promoting hydrogen
bubble release during KOH etching [58]. I will deal with the etch uniformity issue
and surfactants in a separate section in this chapter. At each time shown in the plot,
I measured the silicon linewidth from the top after removing the nitride, and the etch
depth after cleaving. Figure 4-7 shows there is a very rapid initial undercut, which
might be caused by mask roughness. After about 10 minutes of etch, the lateral etch
rate approaches a roughly constant rate of 4.3 nm/hr, which is assumed to be the
actual (111) etch rate. The (110) etch rate (open squares) in Fig. 4-7 was relatively
constant at about 1.4 pum/hr. An etch anisotropy of about 325 is obtained from the
ratio of these etch rates. I repeated the same experiment with another 200 nm-period
grating sample with a different SiN mask line width and found similar results as shown
in Fig. 4-8. It is clear that the anisotropy values in Fig. 4-6 are inaccurate because
the lateral etch rate had been determined by including the initial rapid undercut from

the initial mask linewidth roughness.

4.2 Process Latitude

With an etch anisotropy about 300 and the initial undercut amount of 20 - 30 nm, it
is difficult to etch through the 6 pm-thick device layer with a goal grating bar width
of 40 nm, considering the SiN mask linewidth formed by interference lithography with
a positive photoresist and RIE. The maximum duty cycle of the grating pattern in a
positive photoresist is 50% [26], and following RIE processes to transfer the pattern
into the ARC and SiN layers produce some amount of lateral etching as well. The
lateral etching amount in RIE processes depends on the etch anisotropy (~ 5 — 10)
of the RIE processes and overetching time. We usually overetch by 10 - 20% to
make sure the target layer is completely removed. As a consequence, the SiN mask
linewidth ends up being no wider than 80 nm and there is a rapid initial undercut

about 20 -30 nm during KOH etching as well. Figure 4-9(c) shows the low process
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Figure 4-7: Etched grating line width and depth with increasing etching time. The
etch depth (open squares) increases linearly, so the vertical etch rate, Ry, stays
constant at about 1.4 um/hr. However, the line width (full squares) drops very rapidly
in the first few minutes and slows to a constant rate, which should correspond to the
actual (111) etch rate (Ru11y). The initial undercut rate and the actual Ry are
about 4.6 nm/min and 4.3 nm/hr, respectively.
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Figure 4-8: Repeatability tests of the rapid initial issue during KOH etching of
200 nm-period gratings. In the first and second trials, the grating samples with
different SiN mask line widths were etched under the same conditions.

latitude problem of KOH etching with narrow SiN mask lines.

In order to solve this problem, I used an image reversal technique that Dr. Chang
developed for his multilevel process [26]. The 200 nm-period grating pattern with a
duty cycle of less than 20% was reversed using the Silspin and RIE processes to form
a wider nitride mask, as shown in Fig. 4-10. By using the spin-on polymer, we obtain
better pattern uniformity within the wafer compared to metal evaporation with a
point source and a lift-off process. In the image-reversal process, the photoresist
pattern is first transferred into the antireflection coating (ARC) [Fig. 4-10(a)]. The
remaining photoresist can be left on because it will be dissolved by the Silspin or
optionally removed by n-methyl-2-pyrrolidone (NMP). Silspin is conformally spin-
coated on the ARC pattern [Fig. 4-10(b)]. Using CF, and O, RIE consecutively,
the pattern is transferred into nitride and silicon [Figs. 4-10(c)-(e)]. The remaining
Silspin can be removed by piranha cleaning (sulfuric acid 4+ hydrogen peroxide). The
duty cycle of the image-reversed pattern is about 70%.

There is a processing issue during the image reversal process due to the 30 nm-thick
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because the bubble-covered area cannot react with KOH. Figure 4-14 illustrates a
spherical hydrogen bubble with a fixed volume Vy, attached to silicon in KOH solution
with the contact angle 6 between the solid surface and the tangent to the liquid-gas

interface. The + y-direction force due to buoyancy is

Fy, = (pxou — pm,) - g Va,

1
— (,UKOH —_ sz)g [67Th(3a2 + hZ)]

= (prxon — pm,)9 Emﬁ(l + cos §)%(2 — cos 0)} , (4.4)

where pxon and py, are densities of the KOH solution and hydrogen bubble, respec-

tively. From the geometry,

a = rsinf, (4.5)
h = r(l1+cosf), and (4.6)
7 (1 4 cos6)?(2 — cos#) '
The - y-direction force due to surface tension ~ is
F, = 2rmaysiné. (4.8)

The contact angle § is determined by force equilibrium at the solid/liquid/gas
interface and described by the Young Equation [64,66,67]

Ysg — Vsl

. (4.9)

cosf =

where 7,4 and g denote the solid-gas and solid-liquid interfacial energies, respectively,
and -y (> 0) is the surface tension at the liquid-gas interface. Note that (s, —vs) > 0
for 0° < § < 90° and (v — vs1) < 0 for 90° < 6 < 180° because v is always positive.
Substituting Eqns (4.5), (4.7), and (4.9) into Eqn.(4.8), we obtain F, as a function
of (vsg — ¥s1) and . Assuming that (vs — 7s) is constant for 0° < 8 < 90°, F,
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Figure 4-15: Adhesion force vs. surface tension for a 1 pm? spherical hydrogen bubble,
assuming (vsy — Ys) is constant and 10° < 6 < 80°. The adhesion force increases with
surface tension as expected.

is plotted in Fig. 4-15 as a function of surface tension . From this graph, we can
deduce hydrogen bubble detachment will be promoted by reducing surface tension

and equivalently the contact angle.

A surfactant is a wetting agent that reduces surface tension. Isopropanol (IPA)
is a common surfactant for KOH etching to improve etch uniformity and surface
smoothness by reducing surface tension. However, alcohol additives are known to
impair the etch anisotropy because the (110) etch rate in an IPA + KOH solution
is decreased by 90% without significantly decreasing the (111) etch rate [32,37,68].
Recently, Yang et al. measured the contact angle of various surfactant-added KOH
droplets on a silicon wafer [58]. They found that 0.02 wt% sodium dihexyl sulfos-
uccinate (SDSS, CiH29NaO7S) in KOH solution reduced the contact angle to about
50% of pure KOH solution’s contact angle without degrading the etch anisotropy.

I tested the SDSS surfactant (Cytec Industries Inc.) with (110) silicon pieces with
the wagon-wheel pattern in silicon nitride. SDSS was added to 50 wt.% KOH by
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4.4 Fabrication Results

I successfully fabricated 200 nm-period CAT gratings in 4 - 6 pm-thick device layers
of SOI wafers. 16 grating devices were patterned in a 4” SOI wafer and each device
has a 2.4 x 2.6 mm? membrane within a 10 x 12 mm? outer silicon frame. Figure 4-
21 shows front and back side photographs of the SOI wafer before KOH etching.
The membrane area has a 2D support structure and 200 nm-period grating pattern
in silicon nitride. Figure 4-22 shows the final nitride etch mask with the support
structure and image-reversed 200 nm-period grating pattern. For the 6 pm-thick
CAT gratings, the open gap between support lines at the top was modified to 26 um
to produce a 5 um opening at the bottom after KOH etching.

With the etch mask described above, I performed KOH etching with 50 % KOH
and 0.02 % SDSS at room temperature. Figure 4-23 shows top, bottom, and cross-
section views of the 4 um-thick CAT grating. The open gap between support lines was
20 um at the top and 5 um at the bottom, which agrees well with the silicon crystal
angle for inclined {111} planes. The line widths of a single grating bar are 35 nm at
the top and 45 nm at the bottom. The aspect ratio of the grating bar is about 100
with a sidewall slope angle of 0.07°, which implies a very high etch anisotropy. To the
best of my knowledge, the sidewall slope in this scale is the steepest reported angle

that has been achieved by any etching technique.

Similar fabrication results were obtained in 5 and 6 um-thick device layers with a
minor modification of the process developed for 4 pm-thick CAT gratings. In order to
take into account more undercutting due to longer etch time for thicker membranes,
the image reversal process was optimized to form a wider nitride etch mask. Ultrasonic
agitation was applied during etching the 5 and 6 pm-thick CAT grating to improve
etch uniformity. Figures 4-24 and 4-25 show the fabrication results of the 5 and
6 pm-thick CAT gratings, respectively. The 6 ym-thick CAT grating in Fig. 4-25 was
contaminated with particles during supercritical drying. After changing a filter for
inlet liquid CO; in the critical point dryer, the particles were not observed. However,

there could be other possible sources of particle contamination including purity of
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liquid CO,, precipitation of remaining etching byproducts or impurity of KOH due
to incomplete rinsing, and particles left in the drying chamber. The 200 nm-period
CAT gratings were released from thin oxide (< 100 nm) in concentrated (48 %) HF
to address a stress-induced stiction problem, which will be dealt with in the next
chapter in detail. The high aspect-ratio free-standing gratings were dried in a critical

point dryer to avoid stiction due to surface tension.
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Chapter 5

Stress-induced Grating Stiction

In microfabrication processing, structures with a high surface-to-volume ratio easily
stick to the substrate or neighboring structures in close proximity, which, for exam-
ple, happens during air drying after wet processes or developing [70,71]. Figure 5-1
illustrates an example of structure adhesion due to the capillary force (F,). This
well-known “stiction” phenomenon occurs when the mechanical restoring force of the
structure cannot overcome the capillary force in this case. Once stiction happens for
whatever reasons, the stuck structures will not separate again without some finite
work because the combined structure has a lower surface energy than separated.

Researchers have worked on the stiction issue, especially related to surface tension,
and proposed some methods to alleviate stiction [70-76]. The methods include surface
roughening [77], surface coating with hydrophobic layers [78,79], freeze-drying [80],
and supercritical drying [36]. There are also dry-release methods using vapor HF for
sacrificial oxide and XeF, for polysilicon [76]. Kobayashi et al. [81] demonstrated a
release method with a photoresist support mesh and plasma etch followed.

While the stiction due to capillary forces is well understood and there are many
ways suggested to avoid the pattern collapse problems, less attention was paid to
a stress-related stiction problem during structure release from buried oxide under a
compressive stress in SOI substrates. Even though supercritical drying was used to
avoid capillary forces, a stress-induced stiction problem was observed when 200 nm-

period free-standing gratings were released from buried oxide using wet HE etching.
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less sticking damage was observed. With even thinner oxide (< 100 nm), no stiction
was observed after HF releasing. The fabrication results described in Chapter 4 were

achieved without the stiction problem using this oxide-thinning process.

5.2 Analytical Modeling for Buckling of Rectan-

gular Plates

In order to analytically estimate the buried oxide thickness at which the stress-induced
stiction would occur due to buckling, we will consider a single grating plane as a rect-
angular plate constrained along two edges as shown in Fig. 5-6(a). To further simplify
the calculations, deflection about the y axis will be only considered. Therefore, we
can simplify the 3D plate deflection problem to a 1D beam buckling problem as shown
in Fig. 5-6(b).

When an axial compressive force P is uniformly applied to the plate, the governing

equation for the beam deflection w is

d? d*w d dw
J il ~ [ p=) = .
dz? (E d:132> i ( dac) 0 (5.1)
where [ is the moment of inertia and £ is Young’s modulus of the beam, which will

be replaced with the plate modulus E/(1 — v?) after solving this beam deflection

problem [76,85]. v is Poisson’s ratio of the plate. The moment of inertia is given by

bt?
I=—. 2
The boundary conditions for Eqn. (5.1) are given by
w=10
at £ = 0 and L. (5.3)
dw _
de
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We can write down a trial solution for Eqn. (5.1) with four independent constants.

= +oysiny/ = W 5.4)
w(z) = ¢; + cox + casin ij+04co&, 77° (5.

There is a trivial solution w(z) = 0, which means the straight beam is one of the

equilibrium configurations. Using the boundary conditions, one can find a non-trivial

solution
T
w(z) = ¢4 (cos 2n7r-L— - 1) , (5.5)
when
47202
P = 72 EI, (5.6)

where n = 1,2, 3..., in equilibrium. At the lowest mode (n = 1), the beam deflection

curve is

w(z) = ¢4 (cos 27rlz- - 1) . (6.7)
and the corresponding critical load P, is

472
P, = -L—2EI . (5.8)
Substituting the plate modulus and the moment of inertia, the critical load for the

plate buckling is

72 E bt

P,=— —. 5.9
31—v2L2 (59)

Assuming a uniform stress in the plate, the corresponding critical stress o, is

P, w* E (t\’

- = — = — = . 5.10
7 bt 31—2 (L) (5.10)

In general, the critical compressive stress of rectangular plates can be given by

E [t\’

=K -, 5.11
7 1- 02 (L) (5.11)

where K depends on boundary conditions and the ratio L/b [86].
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where h is oxide thickness. Buckling occurs when o, > o,,, that is,

ooph 7w E AN

Rearranging Eqn. (5.13) with respect to h, the buckling condition is given by

7 F bt3

h> ——————.
~ 31— v2ogpl?

(5.14)

Substituting the geometric parameters of the example above and material properties
of silicon, we expect buckling when the oxide thickness is larger than 0.1 gm. This
rough estimation is consistent with the experimental result described in the previous
section where no stiction problem was observed when the buried oxide was thinner

than 0.1 pm.

5.3 Finite Element Analysis of Grating Bar Buck-
ling

The analytical model, described in the previous section, provides a rough estimation
for buckling of rectangular plates under uniform compressive stress. However, more
accurate analysis for the actual trapezoidal grating planes is desired not only to ex-
amine the previous experimental results but also to design new support meshes and
oxide thickness that would not cause the stiction problem. The assumption of uniform
stress distribution in the rectangular plate also needs to be changed considering that
the actual stress source is in the buried oxide underneath the support mesh. Using a
commercial finite element modeling (FEM) tool, COMSOL Multiphysics [87], I ana-
lyzed buckling of a grating plane between support lines on top of buried oxide which
is believed to cause the stiction problem during wet HF release. In order to reduce
simulation load, I used a half model of a grating plane within one period (200 nm)
based on geometric symmetry. Figure 5-8 shows a buckling analysis example for half

of a 40 nm-thick grating plane between 5 ym-open support lines at the bottom. With
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Chapter 6

Support Structure Engineering
with Plasma Etching and Wet

Polishing

Support structures provide the free-standing gratings with mechanical strength and
are essential to hold the membrane including the gratings. However, the silicon
support structure for the CAT gratings absorbs the incident x rays, resulting in a
decrease of the grating effective area. As a consequence, overall diffraction efficiency
with respect to the incident x rays decreases even though the diffraction efficiency
of a CAT grating, normalized with the open area fraction, is much higher than that
of a traditional transmission grating with the same effective area. Therefore, it is
important to optimize the support structure to minimize area loss while holding
the free-standing grating structure. However, KOH anisotropic etching, utilized to
develop the CAT gratings, decreases the open area fraction during deep etching due
to the 30°-tilted {111} planes while forming very smooth and straight {111} sidewalls.
Figure 6-1 illustrates this geometrical constraint for KOH etching of (110) silicon [32].
From the geometry, the maximum etch depth D,,,, and the bottom open length Lp
are

(6.1)












Table 6.1: Pattern transfer process parameters

Gas Flow (sccm®) Pressure (mTorr) Vpe or Power Etch Rate (nm/min)

Interlayer® CHF3 18 10 350 V 25
ARC 0, 20 7 200 W 160
SiO; CHF, 18 10 350 V 35

¢ standard cubic centimeter per minute
515 nm of SiOs + 15 nm of TayO5

(BARLi, AZ Electronic Materials) was prepared for the trilevel resist process [96].
Figure 6-4 depicts the multilayer stacks and corresponding simulated reflectivity at
the boundary between the resist and underlayers. When using 15 nm of SiO, alone as
the interlayer (Fig. 6-4(a)), we can get a low reflectivity with 140 nm-thick BARLI,
which is not thick enough for an etch mask for pattern transfer to the 400 nm-thick
oxide layer using CHF3 or CF4 RIE. Instead of using SiO; for the interlayer, we can
use 15 nm of TayOs to reduce the reflectivity to 1% with 400 nm of BARLi (Fig. 6-
4(b)). Optionally, we can achieve a very low reflectivity (0.2%) at 400 nm ARC
thickness with a double interlayer consisting of SiOs and TayO5* (Fig. 6-4(c)). On
top of the multilayer stack, 200 nm-thick photoresist (PFI-88a2, Sumitomo Corp.)
was spin-coated after vapor hexamethyldisilazane (HMDS) treatment for adhesion
promotion. Using the multilevel resist process, I patterned 200 nm-period gratings
using the Nanoruler. Figure 6-5 shows a SEM micrograph of the resist after wet

development.

Figure 6-6 shows pattern transfer into the interlayer and ARC using CHF3 and
02 RIE, respectively. With the remaining interlayer and ARC as an etch mask, the
400 nm-thick oxide was etched using CHF3 RIE. Figure 6-7 shows the slightly tapered
etch profile in the oxide because of ARC erosion during the long CHF3 RIE. The RIE

process parameters for the pattern transfer are detailed in Table 6.1.

*Si0;, on top of TasOs
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proach to produce high aspect-ratio silicon gratings with smooth sidewalls. If we use
a high density plasma system like inductively coupled plasma (ICP) RIE, we might
be able to completely etch the 6 um device layer with a faster etch rate and then
polish the grating with KOH. In that way, we could effectively engineer the support

structure regardless of the geometrical constraints of KOH etching,.
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Chapter 7

X-ray Diffraction Tests

Based on the CAT grating idea, I successfully designed and fabricated the free-
standing silicon gratings with an ultra-high aspect ratio as required. I was able
to meet or exceed all design goals such as grating bars with the aspect ratio of 150
and smooth and straight grating sidewalls (measured RMS roughness < 0.2 nm and
sidewall slope < 0.2°). In order to experimentally prove the CAT grating concept,
we measured diffraction efficiency of the CAT gratings with EUV and x rays from
a synchrotron facility of the Advance Light Source (ALS) at Lawrence Berkeley Na-
tional Laboratory. The dimensions of the CAT gratings used for x-ray testing are
summarized in Table 7.1. The x-ray test setup and results are described in detail in
Refs. [2,5]. Most of the results that will be reported in this chapter were obtained

from the references.

Figure 7-1 shows the schematic of the measurement setup. The CAT gratings
were mounted with an incident angle « from the grating normal. The angle o was

found from the grating bar geometry

« =tan™! (%) , (7.1)

where d is the height of a grating bar and a is the space between grating bars. Scanning
the detector, we measured intensity of the diffracted beam from the 574 nm-period

CAT grating at wavelengths ranging from 1.62 to 49 nm. The detector position or
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Table 7.1: Dimensions of the CAT gratings used for x-ray diffraction testing

Grating period (nm) | 574 | 200
Grating thickness®(um)

| 10 | 4

Top || 40 ' 42
() B ottom || 100 | 44
Sidewall slope angle (deg) |] 0.17 | 0.07

Support period (um) H 70 | 40

Grating bar width

| Top | 40 | 20
Support opening (um) ['poeom [ 5 | 7

Membrane area (mm?) | 10 ] 9

¢+£0.5 pm tolerance, given by the SOI manufacturer.

blaze direction

\0 o (5~ 20)

[V
. P
. 4 [\
CAT grating X o,
— ‘ V&
= .S
= 7§ L3
beam from synchrotron =—=. '
————————— y—----——j__—gr/é——————— ------>i 0" order
O\ 2 !(8=0)
-‘__‘,..-'."'---g (\O‘m ’% !

Figure 7-1: Schematic of x-ray diffraction measurement [2].

144









ings, we fabricated 200 nm-period CAT gratings for x-ray tests with shorter wave-
lengths using the improved fabrication process described in Chapter 4. With the
same measurement setup shown in Fig. 7-1 with o = 2.6°, we measured diffrac-
tion efficiencies of the 200 nm-period CAT grating at wavelengths ranging from 1 to
20 nm. Figure 7-4 shows the normalized diffraction efficiencies of diffraction orders
versus wavelength. We can see that diffraction efficiencies are in better agreement
with the theoretical prediction than the 574 nm-period CAT grating case. This might
be because the improved fabrication process for the 200 nm CAT gratings produced
not only steeper sidewall slope but also fewer defects than the initial process for the
574 nm-period CAT grating prototypes.

In this chapter, I briefly summarized x-ray diffraction test results with the CAT
gratings fabricated. The CAT gratings produced a strong blazing effect in the di-
rection of specular reflection from the mirror-like grating sidewalls when the angle of
incidence is equal to or smaller than the critical angle for total external reflection.
The diffraction efficiencies measured with EUV and soft x rays agreed very well with

predictions by the CAT grating model and RCWA simulation.
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Chapter 8

Conclusion

The critical-angle transmission (CAT) grating is a new type of diffraction grating for
soft x-ray™ spéctroscopy. The core idea of the CAT grating is to enhance diffraction
efficiency of a transmission grating via reflection from the grating sidewalls. Unlike a
conventional transmission grating which symmetrically spreads the diffracted orders
with a central peak at zero'® order, the CAT grating is designed to concentrate most of
the diffraction energy into a particular non-zero order (blazed order) in the direction of
specular reflection from the grating sidewalls. However, because of the shallow critical
angle for soft x rays required to reflect from the grating sidewalls, the CAT grating
requires mirror-like grating bars with an ultrahigh aspect ratio. This geometrical
requirement imposes fabrication challenges. In this thesis, I covered introduction
to the CAT grating concept and design, development of fabrication processes, and
finally experimental proof of the concept through x-ray diffraction measurement with
fabricated CAT gratings.

I have developed and demonstrated a bulk micromachining process for the fabrica-
tion of ultrahigh aspect ratio free-standing gratings with 574 nm period on silicon-on-
insulator (SOI) wafers (Chapter 3). An aspect ratio of 150 was achieved by using high
concentration potassium hydroxide (KOH) etching at a relatively low temperature,
followed by supercritical drying. Free-standing grating bars are 10 pm tall, ~40 nm
wide at the top, and ~100 nm wide at the bottom with 0.15° sidewall slope. The

*~ 1 to 10 nm in wavelength
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sidewall roughnesses (root mean square) of test samples is less than 0.2 nm and 1 nm
over 65 x 65 nm? area and 10 x 10 pm? area, respectively, which were measured
by an atomic force microscope. This CAT grating prototype was tested with soft
x rays to demonstrate the blazing effect and to determine its diffraction efficiency.
Diffraction tests with low energy x rays (<0.5 keV) showed high-efficiency blazing as
predicted by theory.

In order to fabricate CAT gratings with a finer period for higher energy x-ray
applications, I adapted the process previously developed for the prototype grating to
fabricate 200 nm-period CAT gratings with 40 nm linewidth (Chapter 4). An etching
process having higher etch anisotropy is essential to realize the high aspect-ratio
grating bars with finer period. The etch anisotropy of KOH etching was significantly
improved by a precise grating pattern alignment with {111} silicon planes using the
wagon-wheel technique. I also confirmed that a high etch anisotropy could be obtained
in a highly concentrated KOH solution at a low etching temperature. However, I
found there was a rapid initial undercutting during KOH etching, which impaired
overall etch anisotropy. Taking into account the initial undercut amount, the slow
(111) etch rate (<5 nm/hr) at room temperature (21°C) enabled us to control the
linewidth by time. An image-reversal process solved a process latitude problem due
to the narrow nitride lines formed by interference lithography and subsequent pattern
transfer using RIE. In order to ameliorate etch uniformity, I tested a surfactant and

ultrasonic agitation to promote hydrogen bubble detachment during KOH etching.

The last major fabrication challenge is solving a grating bar attachment problem
which is not related to surface tension during the drying step. Using an analytical
model, finite element analysis (FEA), and experimental proof, I revealed the stiction
problem occurred during wet HF release of the CAT gratings (Chapter 5). I concluded
the stiction problem originated from grating plane buckling due to compressive stress
in the buried oxide layer in the SOl substrates. Based on FEA simulation, I redesigned
the oxide thickness and support mesh that would not produce the stress-induced
stiction problem. With the design modification, I was able to successfully fabricate

200 nm-period CAT gratings in 4 - 6 pm thick device layers without stiction. The
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line widths of a single grating bar are 35 nm at the top and 45 nm at the bottom.
The aspect ratio of the grating bar is about 100 with a sidewall slope angle of 0.07°,
which implies a very high etch anisotropy. To the best of my knowledge, the sidewall
slope in this scale is the steepest reported angle that has been achieved by any etching
technique.

The support structure needs to be engineered to reduce loss of the grating area
while effectively buttressing the membrane and free-standing gratings. However, the
KOH etching process has geometrical constraints in fabricating arbitrary structures
because of its dependence on crystallographic orientations. In Chapter 6, I demon-
strated that reactive ion etching with subsequent KOH polishing is one of several
feasible techniques to engineer the support structure without geometrical limitations.

Lastly, I summarized x-ray diffraction testing with 574 and 200 nm-period CAT
gratings (Chapter 7). We observed the strong blazing effect in the direction of specu-
lar reflection from the grating sidewalls, as expected. The measured and normalized
diffraction efficiency was consistent with the theoretical prediction within 70 - 85%.
These experimental results prove not only the CAT grating concept, but also practi-

cality of the fabrication process.
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Appendix A

Recipe for the 200 nm-period CAT

gratings

The fabrication process for 200 nm-period CAT gratings is described with key param-
eters. The substrates are (110) SOI wafers with a 6 pm-thick device layer*, 150 nm of
buried oxide, and 500 pm-thick handle layer. The wafers have two flats at the (111)

directions with a £0.2° tolerance.

Front-side patterning

1. In ICL, deposit 35 nm of LPCVD silicon nitride using VTR.
e Silicon rich nitride using the “10 : 1 recipe” (Dichlorosilane : Amonia = 10:1).
2. In TRL, deposit 30 nm of chromium using the ebeam evaporator EbeamAu.

¢ With a piece of aluminium foil, cover 2 x 1 cm? area for the wagon-wheel

pattern at the major flat.
3. In TRL, pattern the support mesh and wagon wheel using contact lithography.

e Vapor HMDS.

e Spin-coat 1 pm of OCG 825-34cs (~3 krpm).

*The device layer thickness can vary within £0.5 ym
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e Oven-Bake at 95 °C for 30 min.

e Expose for 2 sec (20 mJ/cm?) using the aligner EVI with the mask “CAT

front_revy”.

Develop for 1 min in a TMAH developer OCG 934 1:1.

Rinse with DI water for 1 min and dry with a nitrogen gun.
4. In TRL, wet etch Cr in CR-7.

e Etch rate = ~2 nm/sec.

e Rinse with DI water and dry.
5. In TRL, etch the wagon-wheel pattern using the PlasmaQuest

e Cover the support mesh area with a piece of silicon wafer.
e CF4 : Og = 40 sccm: 4 scem.

e Pressure = 7 mTorr.

e RF power = 20 W and ECR power = 100 W.

e Etch rate = ~32 nm/min.
6. In SNL, remove the photoresist using an RCA clean.

e H,O: NH,OH : H;O5 =5:1:1.
e Temperature = 75 °C.
¢ Time = 10 min.

e Rinse with DI water and dry.
7. In SNL, KOH pre-etch for the wagon-wheel pattern.

¢ Dip in BHF for 15 sec and rinse with DI water.
¢ KOH concentration = 25 %.

e Temperature = 80 °C.
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o Time = 30 min.

e Rinse with DI water and dry carefully not to damage the etched wagon-

wheel pattern.

8. In NSL, inspect the wagon-wheel pattern using top-view SEM to find the min-

imum undercut direction.
9. In SNL, RCA clean the wafer before patterning the 200 nm-period grating.
10. In NSL, spin-coat ARC (XHRiC-11, Brewer Science)

e Thickness = 102 nm (4.2 krpm).

e Bake on a hot plate at 175 °C for 1 min.
11. In NSL, spin-coat photoresist (PFI-88a2, Sumitomo Corp.)

e Thickness = 200 nm (3.5 krpm).

e Bake on a hot plate at 90 °C for 1.5 min.
12. In SNL, pattern 200 nm-period grating with the Nanoruler.

e Using the microscope mounted on the Nanoruler, align the grating direc-

tion with the true {111} plane determined in step 8.
e Dose = 45 mJ/cm?.
e Develop in OPD 262 for 1 min.

e Rinse with DI water and spin-dry
13. In NSL, etch ARC using RIE.

e O, 20 sccm, pressure = 7 mTorr, power = 80 W.

e Etch rate = ~65 nm/min.
14. In NSL, remove the photoresist on top of ARC using NMP.

e Room temperature (21 °C).
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e Time = 1 min.

e Rinse with DI water and spin-dry.
15. In NSL, spin-coat Silspin (Molecular Imprint).

e Thickness = 200 nm (2.0 krpm).

e Hot plate bake at 150 °C for 1 min.
16. In NSL, etch-back the Silspin layer using RIE.

e CFy 18 scem, pressure = 10 mTorr, power = 150 W.

e Ftch time = ~4.5 min.
17. In NSL, etch the ARC lines between the Silspin using RIE.

e O; 20 sccm, pressure = 7 mTorr, power = 80 W.

e BEtch time = ~1.4 min.
18. In NSL, transfer the Silspin pattern into nitride using RIE.

o CF4 18 sccm, pressure = 10 mTorr, power = 150 W.

e Etch rate = ~25 nm/min.
19. In SNL, Piranha clean to remove the Silspin.

e Add one part of HyO5 slowly to three parts of HySO,.

e Immerse the wafer carefully because the piranha solution is very hot by

itself (exothermic reaction).

e Time = 10 min.

20. In SNL, RCA clean to remove residual polymer.
e H,O: NH,OH: HyOy =5:1:1.
e Temperature = 75 °C.

e Time = 10 min.

e Rinse with DI water and dry.
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Backside patterning and TMAH etching

21. In TRL, pattern the backside using contact lithography.

Vapor HMDS.

Spin-coat 1 pm of OCG 825-34cs (~3 krpm) on both sides’ of the wafer.

Oven-Bake at 95 °C for 30 min.

Expose on the backside for 2 sec (20 mJ/cm?) using the aligner EVI with
the mask “CAT back_revd”.

Develop for 1 min in a TMAH developer OCG 934 1:1.

Rinse with DI water for 1 min and dry with a nitrogen gun.
22. In TRL, transfer the backside pattern into nitride using the PlasmaQuest

o CF, : Oy = 40 sccm: 4 scem.

Pressure = 7 mTorr.

RF power = 20 W and ECR power = 100 W.

Etch rate = ~32 nm/min.
23. In SNL, RCA clean to remove photoresist.

L HQOCNH4OHIH202=52].31.
e Temperature = 75 °C.
e Time = 10 min.

e Rinse with DI water and dry.
24. In NSL, spin-coat ProTEK B3 primer (Brewer Science).

e Speed = 1.5 krpm for 1 min (2 - 3 nm).

e Bake on a hot plate at 205 °C for 1 min.

tFront-side coating is for temporary protection of the grating pattern during backside processing.
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25. In NSL, spin-coat ProTEK B3 (Brewer Science).

e Speed = 5 krpm for 1 min (~3.5 um).

e Bake on hot plates at 140 °C for 2 min and then at 205 °C for 1 min.
26. In SNL, etch the backside handle layer using TMAH (Sigma-Aldrich).

¢ Dip in BHF for 15 sec and rinse with DI water.

e TMAH concentration = 25%.

e Temperature = 90 °C.

e Etch time = ~5.5 hr (until shiny oxide surfaces appear).

e Rinse with DI water and dry carefully not to break the membrane.
27. In SNL, remove ProTEK B3 using solvents.

e 40 min in Methyl Isoamyl Ketone (MIAK) and 15 min in isopropanol
(IPA).

e Rinse with DI water and dry.
28. In NSL, remove ProTEK B3 primer using O, plasma etching.

e 3 min in the asher with 200 W.

KOH etching and HF releasing

Note that the grating sample is always immersed in liquid during the following

wet processes to avoid any air exposure until supercritical drying.
29. In SNL, etch through the device layer using KOH.

e Take off one grating device out of the wafer and insert in a teflon etch

holder.

e Using a plastic pipette, drop BHF on the backside of the device membrane

to thin the oxide layer to less than 100 nm (1 min is enough).
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e Dip in BHF for 15 sec and rinse with DI water.

e Immerse the grating sample horizontally in 50 wt% KOH solution with

0.02 wt% of the surfactant SDSS.
e Temperature = 21 °C.
e Etch rates: Ryigp=1.4 pm/hr and R11y=5 nm/hr.

e Optionally, try ultrasonic agitation with 20 - 30 W. With 20 W of ultrasonic

agitation, 5 hours was enough to achieve a linewidth of 40 nm.

e Rinse with hot (~90 °C) DI water.

30. In SNL, etch buried oxide and nitride mask using concentrated hydrofluoric

acid.

e HF concentration = 49%.
o Ftch time = 5 min.

e Rinse with DI water.

Supercritical drying
31. In SNL, dehydrate the sample with ethanol.

e Gradually increase ethanol concentration from 50 to 100%.

e Quickly transfer the sample from one beaker to another or use a special

holder to prevent exposure to air.

e Keep the sample in a 100% ethanol jar and bring to NSL.

32. In NSL, dry the sample using a critical point dryer (Autosamdri-815B, Tousimis)
with liquid carbon dioxide (LCOs).

e Critical point of CO, = 1070 psi at 31 °C.

e One-hour automatic drying process :
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Fill the chamber with LCO; — Purge ethanol with flowing LCOy —
Increase pressure and temperature — Slowly decrease pressure keeping the

temperature above 31 °C — Vent.
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Appendix B

Estimation of Resonance
Frequencies and Shock Resistivity
of the CAT grating

B.1 Natural Frequencies of a Rectangular Plate

Space instrumentation requires a robust structural design which can survive harsh
launch environment including high levels of vibration. Launching vibration may cause
damage to the spacecraft and instruments when the vibration frequencies happen
to match with their natural (resonant) frequencies. Mongrard [14] suggested the
minimum natural frequency should be higher than 1 kHz based on launching vibration
power spectrum data of the Pegasus launch vehicle [99]. In this chapter, I will estimate
resonance frequencies of a single grating plane which is assumed to be a rectangular
plate with two edges clamped. Figure B-1 illustrates the double-clamped rectangular
plate to be analyzed. For a convenient calculation, I assume that the displacement
in the z direction is a function of x and time ¢ or z(z,t), which means deflection only
along the y axis is considered.
Neglecting internal mechanical damping, the equation of motion is given by
0%z L0z

_+c

oz Cuggr = O (B-1)
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where § = /w/c,. Using the boundary conditions Eqn. (B.3), we obtain

cte = 0, (B.8)

ad+fp = 0, (B.9)

ccos BL + dsin 8L + ecosh BL + fsinh L = 0, (B.10)
—cBsin AL + dBcos BL + eBsinh AL + fBcosh L = 0, (B.11)

which can be expressed in a matrix form

(cos BL — coshBL) (sin fL — sinh BL) c

= 0. (B.12)
~(sin BL + sinh SL) (cos BL — cosh L) d

In order for non-zero ¢ and d to exist, the determinant of the coefficient matrix in

Eqn. B.12 must be zero. Using trigonometric identities with this condition, we obtain
cos 3L cosh BL = 1. (B.13)

Equation B.13 has an infinite number of solutions for 3. Arranging these solutions
in ascending order of their magnitudes, we define the natural frequencies w,, = c,32,
where n = 1,2,3,- - -. The eigenfunction X, (z) corresponding to the n'" natural

frequency w,, is given by
Xn(z) = ep(cos Bpx — cosh B,z) + dy(sin B,z — sinh G,z), (B.14)

where the coeflicient ratio ¢, /d, is

Cn o8 [, L —cosh 3, L
d, sinf,L +sinh3,L°

(B.15)

Let us consider the lowest natural frequency (n = 1). From Eqn. (B.13), /1L = 4.73*.

*For several lowest modes, 8L = 4.730, 8oL = 7.853, and (3L = 10.996 [100].
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Therefore, the first natural frequency in Hertz is

. wh Cq 4732
T o L2

h | E

For example, assuming a single CAT grating plane! is a rectangular plate with L =

h

25 pm, h = 40 nm, we estimate the first natural frequency f; = 585 kHz, which
is orders of magnitude higher than the required minimum natural frequency 1 kHz.

Therefore, I conclude the CAT grating bars can survive the launching vibration.

However, we need to consider vibration of the membrane itself holding the grat-
ings. Assuming that the membrane is a square (L x L) flat plate of silicon without

gratings, the first natural frequency of a square plate with all edges clamped square

36.0 E h
fi= 2m v 12p(1 — v2) L*’ (B.17)

where h is the plate thickness [86]. Rearranging this equation with respect to L, we

plate is given by

can find the maximum length L which yields the first natural frequency higher than

1 kHz. Therefore,
36.0 E h
L? B.1
2 \[ 12p(1 = p2) 1000 ~ (B.18)

where A = 6 pm is used, and we obtain L < 9.4 mm. However, a practical value

for the length L should be less than 9.4 mm because the membrane with the grating

would have lower stiffness unless there are additional reinforcing structures.

In this section, I estimated the natural frequencies of a single grating plane and
the membrane holding the grating as well. While the grating plane has significantly
higher natural frequencies than 1 kHz, the membrane would require additional sup-

port structures to hold grating areas larger than 1 cm? without a resonance problem.

t Assume silicon has isotropic material properties, E = 170 GPa , v =0.28, and p = 2330 kg/m?.
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B.3 Shock Resistivity

The launch environment also entails mechanical shocks or abrupt acceleration surges
in a few milliseconds [101]. Therefore, when designing space instruments, their shock
resistivity should be considered. For example, the Ariane 5% rocket system of ESA has
a design requirement to survive 10%*g, where g = 9.8 m/s? [101]. In this section, I will
perform rough estimation of shock resistivity of a rectangular silicon grating plane
with two opposite edges clamped [Fig. B-1]. To further simplify the calculation, I
assume the plate to be a double-clamped beam. The inertial force due to acceleration
a is given by

F = pLDha, (B.19)

where p is density of silicon. Assuming this force applied at £ = L/2, the maximum
bending stress o,z 18

Moz (h/2)

Omazr = 7
(FL/8)(h/2)
Dh3]12

3L?

where M, is the maximum bending moment and I is the moment of inertia [86].

Therefore, the maximum sustainable acceleration a,,,; is
—— (B.21)
P

where o is the fracture stress of silicon and typically o7 ~ 4 GPa [50]. For example,
when L = 25 pum, h = 40 nm, and p = 2330 kg/m?*, the maximum acceleration or
shock resistivity @maz =~ 1.5 x 107g. From this estimation, we confirm the silicon
CAT grating has a very high shock resistivity which comes from great mechanical
properties of silicon. This is also one of the main reasons why silicon has been chosen

for a popular MEMS material.

tAriane 5 was used to launch the XMM-Newton payload with a reflection grating spectrometer.
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