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ABSTRACT

Thick gold transmission diffraction gratings with spatial periods of
0.3 um and 0.2 um have been fabricated with thickness of 0.65 um and 0.25
um, respectively. These transmission gratings have a wide variety of
applications, and have been used in x-ray spectroscopy and x-ray spatial
period division. Fabrication techniques for these gratings include holo-
graphic lithography, "shadowing", x-ray 1ithography and gold micropiating.

To demonstrate the use of these gratings to x-ray spectroscopy, a 0.3
um period grating was coupled to a 22x Wolter type x-ray microscope, with
v 1 um resolution, to produce a high resolution imaging spectrometer. At a
wavelength of 0.69 nm, a spectral resolving power, x/ax, of >200 was demon-
strated. In this experiment, the measured resolving power was source size
1imited. The transmiscion diffraction efficiency (ratio of energy in one
first order beam relative to the energy in the zeroth order diffracted
beam) at » = 0.69 mm was measured to be 100% + 10%. This high efficiency
was the result of the transmission and phase shift through the partially
opaque gold grating lines.

The technique of spatial period division has the ability to produce a
grating of period p/m, from a grating of period p (where "m" is an integer)
by recording the near field diffraction pattern of the original ("parent")
grating. An analysis of the near field diffraction pattern of a 200 nm
period grating was performed and used to opiimize the characteristics of
the original grating to produce a spatial period division. Using this
technique, a 99.5 mm period grating in PMMA was recorded using soft x-rays
and also deep UV as the source of radiation. Fabrication of gratings with

smaller spatial periods appears possible.
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For x-ray spectroscopy, the ratio, at the plane of the grating,
of the x-ray intensity transmitted by the grating spaces, to the
transmitted x-ray intensity attenuated by the grating Tlines,
should be > 10:1.

X-ray attenuation (dB/um) versus wavelength for gold and poly-
imide.

An illustration indicating how an x-ray transmission diffraction
grating can be used to obtain spectral information of an x-ray
source. The grating is mounted on an x-ray transparent mem-
brane, and the incident x-rays are diffracted into various
orders. The angle of diffraction is wavelength dependent.

A cross-sectional diagram of a thick gold grating, produced by
gold microplating, and using a thick PMMA grating as a mold. The
polyimide serves as fthe x-ray transparent membrane, and the
silicon is etched away prior to spectroscopic use.

A diagram of the holographic l1ithography exposure system. Two
spatial fiiters are the final optical elements in the interfero-
meter ams, and the two resulting spherical beams overlap to
produce a standing wave pattern. This pattern is recorded on a
resist-coated substrate.

A scanning electron micrograph of a 168 nm period grating, holo-
graphically exposed, in « 60 nm photoresist, using the holo-
graphic lithography set-up in Figure II-&.

Line drawing of an ion-etch apparatus. (1) gas valve; (2) high
voltage connections; {3) gas bleed; (4) ionization gauge tube;
(5) rotary feed-thru for tlank off plate; (6) faraday cup; (7)
neutralizer; (8) acceleration grids; (9) anode housing; (10)
cathode; (11) water cooling lines.

A scanning electron micrograph of a~ 100 mm thick gold grating,
suitable for x-ray lithography replications. The pa*tern was
produced by holographic 1ithography and ion etching.

The maximum and effective range of photoelectrons in PMMA, as a
function of incident x-ray energy. For optimum resolution, the
carbon-K x-ray is used.

Differential dissolution rate of PMMA versus dissipated energy
for three developers. The steep slope of the curves indicates
that a factor of two increase in the dissipated energy gives
rise to an approximately 10x increase in development rate.
(Reference 46)
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(A) Cross sectional view of samples used to fabricate an x-ray
1ithography mask. Substrates were coated with v 1 um of poly-
imide, 10 nm of Cr, v 100 mm of Au and + 60 mm of photoresist.
(B) Resist pattern after holographic exposure.

(C) Gold pattern after ion etching, and subsequent resist
removal.

Line drawing of the x-ray Tithography apparatus. Typical oper-
ating parameters for the electron gun were -6.5 KeV and 45 mA
emission current.

The carbon anode for x-ray lithographic replications was fabri-
cated by inserting a polished carbon disk into a water-cooled
copper hearth. A restraining cap held the carbon insert
securely in the carbon hearth.

The penumbra, ¢, associated with a finite size x-ray source,
leads to a "blurring" of the exposed resist pattern.

To maintain contact between an x-ray mask and substrate, several
electrostatic "hold-down" orientations are possible, three of
which are illustrated above. (Reference 30)

The orientation between an x-ray mask and PMMA on a conducting
substrate necessary to replicate gratings with minimal penumbral
distortion, and to maintain contact through an electrostatic
“hold-down".

I1lustration of the "1ift-off" process. In (A), a PMMA struc-
ture with straight sidewalls is defined by an x-ray 1ithographic
process.

(B) A metal film is evaporated onto the surface.

(C) The PMMA is dissolved away.

Samples are coated with goid for scanning electron microscopy.
Two coatings are used, with the sample oriented at different
angles to the "beam" of gold ions, to guarantee sufficient gold
coverage over the entire surface.

A scanning electron micrograph of a 300 mm period grating with «»
70 nm wide lines, in« 0.25 um of PMMA.

A scanning electron micrograph of a 199 nm period grating with »
70 rm wide lines, in« 0.25 um of PMMA.

A scanning electron micrograph of a 300 mm period grating, with
» 150 mm wide lines, in« 0.7 um of PMMA.

High magnification scanning electron micrograph of the grating
in Figure I1I-21. Note the straightness of the sidewalls and the
high aspect ratio of the structure.
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Placing a gold coated sample into a plating solution drives some
gold ions from the surface and into the solution (A). When a
bias voltage is applied (B), gold from the solution is driven
onto the sample surface.

A scanning electron micrograph of a 300 mm period gold grating,
0.65 um thick. The PMMA. grating mold has beer dissolved away.

(a) A scanning electron micrograph of a 0.3 um period, v 0.5 um
thick, gold transmission diffraction grating, with a gold grid
pattern for the support structure. At this magnification, the
0.3 um period grating lines can be seen orthogonal to the 6 um
period grating lines.

(b) A scanning electron micrograph of a 0.3 ym period, v 0.5 um
thick, gold transmission diffraction grating, with a gold grid
pattern for the support structure. At this magnification, the
0.3 um period grating cannot be seen. The 160 um period grating
lines are seen as being orthogonal to the 6 um period grating.

A scanning electrun micrograph of a 300 nr period grating in 1.8
um thick PMMA. The high aspect ratio lines do not have the
structural integrity to support themselves.

Line drawing of a conventional reactive-ion etch apparatus.

Scanning electron micrograph of a 300 nm period grating, etched
by reactive ion etching, into 1.8 um of polyimide.

(A) Scanning eiectron micrograph of the center zones of a zone-
plate pattern, reactive ion etched into «» 50 um of polyimide.
Notice the mesas in the center of the pattern.

(B) Scanning electron micrograph of the zones in the middle of
the zone plate pattern in Figure II-z9A.

(C) Scanning electron micrograph of the outermost zones of the
zone plate pattern in Figure I1I-29A. In this view, mesas are
clearly evident.

(A) Scanning electron micrograph of a zone plate pattern, reac-
tive ion etched into 10 um of polyimide, using a polyimide
coated target plate in the R.I.E. Top: center zones; Bottom:
outermost zone. Notice absence of mesas.

(B) Scanning electron micrograph of a zone plate pattern, reac-
tive ion etched into 20 um of polyimide, using a polyimide
coated target plate. Ton: center zones; Bottom: outermost
zones. Notice absence of mesas.

Three scanning electron micrographs of a gold plated zone plate
pattern, showing different areas of the zone plate. Gold plat-
ing was accomplished by using a reactive ion etched polyimide-
type material as the mold.
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Typical conditions for grating evaluations and use. Incident
x-ray radiation is diffracted by the grating and the far field
diffraction pattern is observed on some Xx-ray sensitive device.
In the above figure, the incident radiation consists of three
distinct wavelengths with three different intensities and band-
widths.

An illustration of the effects of finite source size on the far
field diffraction pattern. Incident monochromatic radiation
with source size, ah, is incident upon the grating. The size of
the source is seen in the diffraction pattern, and has a width
sh.

An illustration of the effects of finite source collimation on
the far field diffraction pattern. An infinitesimally narrow
{in spatial extent), monochromatic souvce with finite collima-
tion is incident upon the grating. The broadening, in the far
field diffraction pattern due to the finite source collimation,
is illustrated.

High resolution imaging spectrometer. The x-rays from the tung-
sten anode pass through apertures in the gold mask, and are re-
directed by the surfaces of the Wolter microscope. The Xx-rays
are then incident upon a grating and are diffracted. The far
field diffraction pattern is recorded on film.

Spectrograph obtained with the high resclution imaging spectro-
meter of Figure 1il-4. The tungsten M:’ Nk, and M lines are
clearly resolved. v

By coupling a grating to a streak camera, both x-ray spectral
and temporal information can be obtained, as illustrated above
for the x-rays produced by a laser irradiated gold target. A
free standing x-ray transmission grating is coupled to a soft
x-ray streak camera to provide time resolved (» 20 psec) con-
tinuous x-ray spectra over a broad spectral range (0.1-1.5 KeV).

7 Spectrogram of the x-ray emission from gold and titanium pellets

under laser irradiation.

I11ustration of Zone Plate Coded Imaging (ZPCI).

Step 1: A zone plate aperture views the radiation source, and
casts a shadow of the zone plate onto a recording film.

Step 2: The processed shadowgraph transparency is “played-back"
with a visible laser light. (Reference 57)

By coupling a zone plate coded image aperture to a grating, both
spatial and spectral resolution can be obtained simul taneously.
A coded aperture (zone plate) serves as the entrance slit of a
transmission grating spectrometer. The spectrally dispersed
coded images can be reconstructed into a spatially resolved

x-ray spectrum. (Reference 63)
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Radiation incident upon a grating of infinite extent. The
radiation propagates along the z axis (perpendicular to the
plane of the grating). The electric field, E(x,0), at the plane
of the grating, z = 0, is represented by the amplitude and phase
diagrams.

The electric field at the plane of the grating, z = 0, for a
highly opaque grating (b = 0).

The near field diffraction pattern of a highly opaque grating at
the "doubling" distance (z = p’/22) is the superposition of two
electric fields, (E,(x) + jE,{x)) which, when squared, produces
an intensity pattern of period p/2.

Computer calculation of the near field diffraction pattern of a
highly opaque grating (b = 0) for 8 = 8, z = p*/2x, p = 200 nm
and » = 5 nm.

The transmitted electric field at the plane of the grating
(E(x,0)) for a phase grating.

The near field diffraction pattern of a phase grating is com-
pared 1o the electric field pattern illustiated above. The
former approaches the latter at z = tlpz /8, as Ny > =-

Computer calculation of the near-field diffraction pattern of a
phase grating for p = 200 mm, » = 5 nm and z = ¢* /8.

The near field diffraction pattern of an “mth" spatial period
division, for m = 4, is the superpositiun of two periodic eiec-
tric fields which, when superimposed, produce an intensity pat-
tern of period p/4. (A) is the summation over the odd indices
in equation (4-29), and (B) is the summation over the even
indices.

The near field diffraction pattern of a highly opaque grating,
as discussed in the text, iilustrating spatial period division
under optimum conditions (8 = 4m and z = p*/m ). (A) m = 2; (B)
m=3 (C)m=4; (D) m=5 (E)m=6; (F)m=7; (6) m=
8; (H)m=29; (I)m= 10.

The near field diffraction pattern of a grating as a function of
increasing attenuation and phase shift (increasing gold thick-
ness) for 8 = 8 and z = p*/2» (m = 2). (A) gold thickness = 120
nm; (B) 140 nm; (C) 160 nm; (D) 180 mm; (E) 200 mm; (F) 220
nm; (G) 250 nm; (H) 300 nm; (I) 400 nm.

The near field diffraction pattern of a grating as a function of
increasing attenuation and phase shift (increasing gold thick-
ness) for g = 12 and z = p*/3» (m = 3). (A) gold thickness =
120 nm; (B) 140 nm; (C) 160 nm; (D) 180 nm; (E) 200 nm; (F)
220 m; (G) 250 nm; (H) 300 nm; (I) 400 rm.
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The near field diffraction pattern of a grating as a function of
increasing attenuation and phase shift (increasing gold thick-
ness) for 8 = 16 and z = p*/4x (m = 4). (A) gold thickness =
120 nm; (B) 140 mm; (C) 160 nm; (D) 180 mm; (E) 200 nm; (F)
220 nm; (G) 250 nm; (H) 300 nm; (I) 400 mm.
The near field diffraction pattern of a grating as a function of
varying line-to-period ratio (varying 8) for b = 0, z = p*/2x
and m=2. (A)B =5; (B)B =6; (C)B =8; (D)8 = 10; (E)
B = 12; (F) 8 = 16.

The near field diffraction pattern of a grating as a function of
distance, z, for 8 = 8 b =0 and m = 2. Optimum "doubling"
would occur at z = p/2» = 4.46 ym. (A) z = 3.5 um; (B) 3.75
um; (C) 4.0 ym; (D) 4.2 ym; (E) 4.4 ym; (F) 4.6 ym; (G) 4.8
um; (H) 5.0 um; (I) £.25 um.

The near field diffraction pattern of a grating as a function of
distance, z, for 8 = 12, b = 0 and m = 3. Optimum spatial
period division would occur at z = p? /3 = 2.98 ym. (A) z = 2.5
um; (B) 2.75 um; (C) 3.0um; (D) 3.25 um; (E) 3.5 um.

The neur field diffracti.i pattern of a grating as a function of
distance, z, for 8 = 16, b = 0 and m = 4. Optimum spatial
period would occur at z = p* /8 = 2.23 um. (A) z= 2.0 um; (B)
2.1um; (C) 2.2 um; (D) 2.3 um; (E) 2.4 um.

The near field diffraction pattern of a grating with 8 =tE0 and
a gold thickness = 250 nm, illustrating the planes of m~ spa-
tial period division for m= 2, 3. 4 and 5. The characteristics
of the synchrotron mentioned in the text is assumed. Intensity
is plotted on the vertical axis.

Results of a spatial period division experiment at optical wave-
lengths. A 16.9 um period grating was i11umin%ﬁed by a » v 600
nm source. At the appropriate locations, an m  spatial period
division (m = 2, 3, and 4) was observed. Notice that for m = 3
and 4, a fundamental intensity pattern is also evident, indi-
cating partial transmission through the opaque grating lines.

Procedure to fabricate a sawtooth structure in silicon. A sili-
con nitride grating is defined with its grating lines parallel
to the <110> direction in the silicon wafer. Potassium hydrox-
ide is used to anisotropically etch the exposed silicon.
Finally, the silicon nitride mask is removed in buffered hydro-
fluoric acid, and the silicon sawtooth structure is ieft.

(Reference 22)
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A polyimide mold of the silicon sawtooth structure in Figure V-2
was "shadowed" at an oblique angle with tungsten to produce an
x-ray lithography mask with a controlled line-to-period ratio.
Replication into PMMA is accomplished, and further processing
can be done (such as a Cr/Au 1iftoff to produce a higher con-
trast x-ray 1ithography mask).

SEM micrograph of a 199 nm period grating with 40 nm wide
"elits" in 180 nm thick gold; top: cleaved edge view; bottom:
top view.

Cross sectional view of the polyimide spaces used for gap
control. A 25 x 25 um hole pattern was etched into the v 4 um
thick polyimide fiim. The aluminum film, shown above, was ori-
ginally part of the electrostatic hold-down for mask -wafer con-
tact. More recent experiments used a different arrangement
which did not require the aluminum film.

Cross sectional view of the spatial period division exposure. A
thick gold grating was exposed to carbon-K x-rays. The grating
to wafer gap was maintained by the polyimide spacer (Figure
v-5), and the mask-spacer-wafer assembly was held together elec-
trostatically.

SEM micrograph of the cleaved edge view and the top view of a
99.5 m period grating exposed in 150 mm thick PMMA by x-ray
spatial period division. The dip in each PMMA 1line, and which
extends about 20 mm, is a higher spatial frequency interference
effect.

UV spatial period division experiment.

(A) Sideview: A 199 mm aluminum grating (on a quartz disk) was
il1luminated by a UV laser. A probe held the grating in intimate
contact with 50 mm thick PMMA, spun onto Corning 0211 glass
("Flexiglass").

(B) Backview: Optical fringes, which were easily seen, indi-
cated the variation in gap as a function of distance.

SEM micrograph of the cleaved edge view as a function of dis-
tance, for a sample exposed in the UV spatial period division
experiment. In the top micrograph, a 199 mm period modulation
in 50 nm thick PMMA is seen. As the gap is changed, the PMMA
lines begin to split (center micrograph), until a 99.5 mm period
grating is observed (bottom micrograph).

PMMA thickness versus spin speed for various percentage solu-
tions of PMMA in chlorobenzene.

Polyimide film thickness versus spin speed for a 4:1:1 solution
of polyimide.

144

146

147

150

151

153

155

160

163



E-2

E-3

13

Pattern of grating lines produced by interfering two spherical
beams is a family of hyperbolas. The period increases as a
function of distance from the center of the pattern. The dis-
tortion, as depicted above, is greatly exaggerated.

F, and F, are two point sources, spaced 2W apart. The period of
the exposed grating, both on axis and a distance "X" from the
center (point 2), is calculated.

Two point sources are in the plane of the grating to produce the
maximum curvature in the grating lines. The grating period at
points P3 and P4 are calculated.
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171
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LIST OF SYMBOLS
Area of x-ray lithography masks

Fourier transform of the electric field pattern at the plane of
the grating

Fourier series coefficients

The amplitude, at z = 0, of the electric field transmitted
through the thick gold grating lines

The carbon-K x-ray () = 4.48 nm)

Mask-substrate capacitance

Fourier series coefficients of a trial function

X-ray source to sample distance in x-ray lithography replications
X-ray source size, for replication purposes

Depth of field of a spatial period division image
Electric field pattern of a trial function

Electric field pattern of a trial function

Electric field pattern of a trial function

Part of the electric field diffraction pattern, E(x,z)
Part of the electric field diffraction pattern

The electric field diffraction pattern of a grating
Force on the x-ray membrane

Intensity of the zeroth order diffracted beam
Intensity of the first order diffracted beam

The intensity pattern corresponding to E(x,z)

V1

Reciprocal wave vector, magnitude = 2r/x

Magnitude of the reciprocal grating vector, 21/p

Grating to film plane distance in the spectroscopic measurements
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Characteristic tungsten line radiation at » = 0.698 nm
Characteristic tungsten line radiation at » = 0.676 mm
Characteristic tungsten line radiation at » = 0.609 nm

Spatial period division division factor
Index for summations
Index of refraction
Maximum value for n
Grating period

Grating period at point P
Location on the grating
Index for summations

Mask to substrate gap
Thickness of insulator between mask and substrate
Resist thickness

0dd integers

Even integers

Thickness of a gold grating line

Voltage applied to an x-ray lithography mask for electrostatic
contact

Unit vector in the plane of the grating and perpendicular to the
grating lines

Unit vector in the plane of the grating and parallel to the
grating lines

Unit vector perpendicular to the plane of the grating.

Variable which determines the width of the transmissive region of
the grating (the spaces). Width = 2p/s

Size of the x-ray source in the spectroscopic measurements

Spectral resolution
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Minimum resolution
Difference in grating period between two points
Width of the recorded pattern in the spectrometer experiments

Distance between two successive planes where spatial period
divisions occur

Penumbra

Distance between "doubling" planes in the U.V. "doubling" work
Dielectric constant of an insulator

Wavelength

Half angle between the two laser beams in holographic 1ithography
X-ray collimation angle

Diffraction angle

Grating diffraction efficiency

The phase, at z = 0, of the electric field pattern transmitted by
the grating lines
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CHAPTER I
INTRODUCTION

Periodic and quasi-periodic surface relief structures, such as gratings
and Fresnel zone plates, have played crucial roles throughout the growth of
the physical sciences, especially during the past century. Diffraction
gratings were essential elements in determining the fine and hyperfine
structures in atomic and molecular spectra. The analysis of the emission
spectrum of hydrogen in the early part of this century depended on grating
technology. This led to Neil Bohr's famous breakthrough and subsequently,
to the development of quantum theory. Peiter Zeeman in 1897, in a now
famous experiment, observed the magnetic splitting of the two D lines in
the sodium spectrum using a diffraction grating which was supplied by the
renowned Americen physicist, Henry Rowland.1 Rowland spent a major portion
of his life perfecting grating fabrication technology and using these grat-
ings in spectroscopy. In the early 1880's, Rowland developed a highly
accurate ruling engine, with which he was able to produce gratings with
approximateiy 1700 lines/mm (grating periods «» 590 nm).1 By comparison,
the finest gratings commercially available today are produced using holo-
graphic lithography, and have periods as fine as 300 nm, which is only
slightly smaller than Rowland's century-old gratings.1

Recently, gratings have found applications in surface acoustic wave

L3

devices,Z guided wave optics,3 distributed feedback lasers4 and x-ray spec-

5-10 In all of these applications, precise control of grating

troscopy.
period and freedom from distortion are essential. Furthermore, applica-

tions such as x-ray spectroscopy demand gratings with greater dispersion
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(finer grating periods) and higher contrast (higher attenuation in the
grating lines) than the 300 to 500 nm period gratings that are considered
available with current state of the‘art technology. Several groups around
the world are working on the means of achieving gratings with finer spatial

periods and higher contrast.10-1°

In addition to the problem of producing
gratings with finer periods, a materials problem 1is encountered which
1imits the attenuation in the grating lines (the contrast of the grating).
__For example, for visible radiation (A .« 500 nm), a transmission diffraction
grating can be fabricated with aluminum 1lines, which have a very high
attenuation («~ 300 dB/um) in the visible regime.16 Thus, a 10 nm thickness
of aluminum is sufficient to produce a transmission grating with 3 dB con-
trast between the grating lines and spaces. Alternatively, a phase grating
in the visible regime can also be produced by etching a grating into a
lossless material with a relatively large index of refraction, such as
quartz (index of refraction « 1.5).16 By comparison, in the soft x-ray
regime (0.4 nm Sr g 10 nm), materials exhibit small indices of refraction
(typically n«» 0.90 to 1.0), and attenuation ranging from less than 1 dB/um
to over 150 dB/um.17 The inability to decouple the index of refraction of
a material from the x-ray attenuation through the material makes it impos-
sible to produce a lossless phase grating in the soft x-ray regime. Alter-
natively, a transmission diffraction grating requires a thick layer of
dense material, such as gold or tungsten. For example, greater than 100 nm
of gold is required to attenvate 1 nm radiation by 3 dB17 which corresponds

to a thickness-to-wavelength ratio of > 100:1. In the visible regime, this

same thickness-to-wavelength ratio is 1:50.
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In this dissertation, the ability to produce thick gold diffraction
gratings, using a combination of several sub-micron fabricution techniques,

will be presented. These techniques, which will be discussed in Chapter 2,

18,19 ion-beam etch-

"shadowing",22 x-ray 1litho-

include photo]ithography,18 holographic 1ithography,

inng’20 (milling), reactive ion etching,21

18,23-26 and gold microplating.27 For some of the applications to be

graphy
discussed, precise control of the linewidths of the gratings to 10 nm
tolerances was essential, and the fabrication techniques for this have been
demonstrated. The far field diffraction pattern of these gratings was
recorded, using a soft x-ray source, Chapter 3, and the diffraction effi-
ciency and resolving power of the gratings were measured. Finally, these
thick gold gratings were used to experimentally demonstrate spatial-period-
division,zs’29 Chapters 4 and 5, and thereby produce a sub-100 nm period
grating. This technique can be extended to produce large areas of uniform
gratings with final periods limited by fundamental lithography restraints.
The theory of spatial-period-division is presented in Chapter 1V, along
with the complications imposed by the non-ideal nature of the original
("parent") gratings in terms of both transmission and phase shift through

the grating lines. Finally, Chapter 6 presents the conclusions of this

research and include suggestions for future experimental work.
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CHAPTER 11

FABRICATION OF THICK GOLD GRATINGS

I1-A  INTRODUCTION

In this chapter, the requirements for a transmission diffraction grat-
ing and the traditional methods of grating fabrication and their limita-
tions will be reviewed. The procedure that is used for the production of
thick gold gratings is then explained, and scanning electron micrographs
are shown to depict the results after each successive fabrication step.

Finally, a procedure to produce thicker gold gratings is outined.

11-B  REQUIREMENTS FOR A SOFT X-RAY TRANSMISSION DIFFRACTION GRATING

For x-ray spectroscopy, a transmission diffraction grating with maxi-
mum contrast (ratio of the intensity transmitted by the grating spaces
relative to the intensity transmitted by the grating lines) is desirable.
In the soft x-ray regime, the relatively small finite attenuation of mater-
1‘a1s17 will 1imit this contrast, but a reasonable figure-of-merit for the
contrast is to require that there be less than 10% transmission (greater
than 10 dB attenuation) through the grating lines, defining unity trans-
mission as the transmission through the grating spaces, Figure II-1. It is
further required that this be true throughout the entire soft x-ray range
of interest. A plot of attenuation of soft x-rays through go]d,ao-33
Figure 11-2, reveals that a minimum of 0.5 um of gold is required for the

grating to exhibit > 10 dB attenuation through the range 1 nm < x <10 nm.

In addition, other requirements for the thick gold grating include:
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Figure II-1  For x-ray spectroscopy, the ratio, at the plane of
the grating, of the x-ray intensity transmitted by
the grating spaces, to the transmitted x- rav intensity

attenuated by the grating lines, should be % 10:1.
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(a) Vertical sidewalls;
(b) Finest spatial periods for maximum dispersion (gratings with
periods < 300 nm);
(c) Large areas which are free from distortion (for maximum resolving
power).
Finally, these gratings must be mounted onto an x-ray transparent support
membrane, so that the grating can function as a transmission diffraction

grating, Figure II-3.

I1-C TRADITIONAL METHODS OF GRATING FABRICATION
Currently, there are three approaches to grating fabrication:

34 18,19 and electron beam chography-l8

ruling, holographic 1lithography
Each of these approaches is very useful, but each has limitations. Ruling
engines are machines which draw a diamond-tip scribe across a surface to
2iiher engrave the surface or to scratch a surface film, such as aluminum
or silver. Gratings are then produced by repetitively drawing the scribe
across the surface. The advantages of the ruling engine are that it is
capable of producing gratings over very large areas, and also that the
gratings made by a ruling engine can be blazed by properly cleaving the
diamond-tip scribe. Unfortunately, these gratings have some limitations;
specifically, the gratings can be only as ..:curate as the mechanical motion
that guides the scribe across the sample. Any periodic flaw in the mech-
anical motion will result in a periodic defect in the grating. Whereas the
flaw may be negligible for large (> 1 um) period gratings, this defect will

become increasingly more pronounced for the smaller grating periods. The

periodic flaw in Rowland’s ruled gratings exhibited a modulation ("side-
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An illustration indicating how an x-ray
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The angle of diffraction is wavelength
dependent.
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bands") in the far-field diffraction pattern. These sidebands eventually
became known as “Rowland g'nosts“.35 Finally, in ruling, there is no con-
trol over the raggedness c¢f the lines produced by scratching the sample
surface, and the sidewalls of the grooves tend not to be vertical.

A second method of producing gratings is through holographic 1itho-
graphy, which is the recording in a photosensitive film (usually called a
"resist") the standing wave pattern produced by the interface of two mutu-
ally coherent laser beams (usually obtained by splitting one laser beam

into two with a beam splitter). The period of the grating that is produced

in this fashion is given by:

p = A (2-1)
2 Sine

where 6 is the half angle between the two laser beams and A is the wave-
length of the laser. For commercially available lasers, such as a helium
cadmium laser, or an argon-ion laser, grating periods are generally re-
stricted to be greater than « 180 nm. The standing wave pattern can then
be recorded in a photosensitive medium, such as photoresist, either direct-
ly onto substrates of interest, or onto intermediate substrates, such as

18,36 Holographic

x-ray lithography masks, which can be later replicated.
lithography in a high index medium has been used to expose gratings with
periods as fine as 110 nm,37 but this technique is cumbersome, and cannot
be extended to much finer periods. One major advantage of holographic
Tithography is that gratings produced in this fashion can be essentially

18 How-

distortion free, relative to other methods of grating fabrication.
ever, gratings produced by holographic 1ithography have their own disadvan-

tages. Specifically, reflections of the incident radiation from the sub-
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strate interfere with the two incoming beams to produce standing waves with
planes of maxima and minima parallel to the substrate.38 This produces a
variation of exposure with depth which limits the resist thickness to less
than half the wavelength of the incident radiation in the resist. Typi-
cally, commercially available photoresists have an index of refraction of
approximately 1.6 in the visible spectrum,39 which limits the resist thick-
ness to approximately less than v 100 nm. Hence, holographic 1ithography
has fundamental limitations which constrain both the grating period and the
resist thickness. Furthermore, the cross-sectional profile of the grating
lines produced holographically are not vertical, but rounded, which is un-
desirable. Lastly, the transmission diffraction gratings for use in the
soft x-ray regime reed to be made in a high density material, such as gold,
for sufficient attenuaticn. Gratings in photoresist do not satisfy this
requirement.

The third method of producing submicron period gratings is with scan-

ning electron beam 1ithography.18

In this method, an electron beam is used
to "write" a pattern in an electron sensitive resist. One major problem
that is encountered with electron beam 1lithography is the long exposure
times which, for a 300 nm period grating, can be as long as one hour per

square mi11imeter.18

Other problems can be the distortions introduced into
the gratings due to fluctuations in the electron-beam power supplies and
electronics, and the limited accessible field of view, typically one to two
square millimeters. To produce gratings larger than this would require
producing several smaller gratings and "stitching" them together. Any

error in the stitching of these small gratings would cause severe problems

in the performance of the larger grating. Again, as in holographic 1itho-
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graphy, the gratings prcduced in this manner are in a resist, and further
processing is needed to achieve the thick gold gratings needed for Xx-ray

spectroscopy.

11-D PROCEDURE TO PRODUCE THICK GOLD GRATINGS

11-D-1 Introduction

With the traditional methods of grating fabrication, the desired soft
x-ray transmission diffraction gratings are impossible to produce. The
basic reason for their failure is that the traditional methods cannot yield
fine period gratings in thick absorber over large areas. Ruling engines
cannot be used to produce high quality, low distortion, sub-micron period
gold gratings, and the techniques of holographic lithography and electron
beam 1ithography produce gratings in resist, not in gold. Further process-
ing can be used to transfer the resist pattern into thin gold (v 100 nm),
but not into the thick gold that is desired. Hence, a new procedure, capa-
ble of producing high aspect ratio (ratio of feature height to minimum
lateral feature size) structures with vertical sidewalls was needed. A
multistep process, involving soft x-ray lithography, was such a procedure.

X-ray lithography has been shown to be capable of producing extremely

18,29,30,40

high aspect ratio (> 5:1) structures in an x-ray sensitive

resist, such as polymethylmethacrylate (PMMA), with a resolution ~ 20
nm.22’56 | The approach used in this dissertation to produce high aspect
ratio gold gratings was to first define a high aspect ratio grating in PMMA
on a thin, v 10 nm, gold plating base, and then to gold microplate the
surface, using the PMMA as a mold. This process would produce a thick gold

grating, Figure I1-4.
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PLATED GOLD

W / e

Figure II-4 A cross-sectional diagram of a thick gold
grat1ng, produced by gold microplating, and
using a thick PMMA grating as a mold. The
polyimide serves as the x- -ray transparent
membrane, and the silicon is etched away
prior to spectroscopic use.
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The problem addressed is how to produce a thick PMMA grating.
Obviously, a master (mask) grating is required to expose the PMMA. Fortun-
ately, the high contrast of the PMMA permits a thin (v 60 nm) gold grating
to be used as the x-ray lithography mask for exposing > 1 um thick PMMA.
To produce the thin gold mask, holographic lithography was used to define
the grating pattern, which was then transferred into a thin gcld layer
(v 100 nm thick) by ion etching. This thin gold x-ray mask was supported
by a thin (v 1 um) x-ray transparent membrane.

In summary, the procedure outlined above requires:

(1) Mask pattern generation using holographic lithography;

(2) Transfer of the pattern into thin gold by ion beam etching;

(3) Pattern replication into thick PMMA by x-ray lithography;

(4) Gold microplating.
For the fabrication of the thick gold gratings needed for spatial period
division, chapters 4 and 5, the procedure outlined above was expanded to
include a means of controlling the line-to-period ratio of the plated gold

grating. This expanded technique will be described in detail in Chapter 5.

I1-D-2 Mask Pattern Generation Using Holographic Lithography
and Ion Etching
To generate the grating in PMMA by x-ray lithography, an x-ray mask
must first be fabricated. Holographic lithography is a technique which is
capable of producing < 200 nm period gratings in d& photosensitive resist.
It also has the added advantage of being capable of exposing large (>1 cmz)
areas of gratings in under one minute of exposure time when a low power

(10-50 milliwatts) near U.V. or U.V. laser is used. However, the grating
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lines produced by holographic 1lithography have rounded resist profiles,
which are caused by reflections from the substrate. Fortunately, holo-
graphic lithography can be used to produce the original pattern necessary
for an x-ray lithography mask.

The actual experimental arrangement used for the holographic 1itho-
graphy exposures is depicted in Figure 11-5. A laser beam from a helium-
cadmium laser (x = 325 nm) is incident upon a beam splitter to produce two
beams of nearly equal intensity. These two beams are each reflected by a
front surface mirror, and each beam passes through a spatial filter. The
filters are the final optical elements in the interferometer arms. The two
spherical beams that result are incident upon a resist coated substrate,
where the two beams interfere to produce a sinusoidal standing wave pattern
in space, with period p given by equation 2-1. Because two spherical beams
are interfering (as opposed to two plane waves), the period of the standing
wave pattern increases as the distance from the pattern center increases,
and this can introduce a distortion into the grating. This distortion can
be kept arbitrarily small by simply increasing the distance from each of
the spatial filters to the resist coated substrate. In the exposures per-
formed, the difference in the grating period relative to the desired grat-
ing period, Ap/p, was kept at < 1 x 10'4 over approximately one centimeter
diameter grating dimensions (APPENDIX E).

The reflected beams in holographic 1ithography interfere with tae two
incoming beams to produce standing waves with planes of maxima and minima

38

parallel to the substrate. This leads to a variation in the development

rate of the exposed resist versus depth. Consequently, it is necessary to
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Figure II-5 A diagram of the holographic 1ithography
exposure system. Two spatial filters are
the final optical elements in the interfer-
ometer arms, and the two resulting spherical
beams overlap to produce a standing wave
pattern. This pattern is recorded on a resist
coated substrate.
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1imit the resist thickness, t_., to less than one-hel1f the spatial period of

r’

this intensity pattern. The resist thickness is then limited by:

A T
bt %3 J(niz T s (2-2)

where n; is the index of refraction of the photoresist.
By varying the half angle between the incident laser beams, it is
possible to produce gratings with spatial periods ranging from several

microns to nearly half the wavelength of the laser beam. Using a helium

cadmium laser, {2 325 nm) and a half angle of 75°, a grating with a spa-
tial period of 168 nm in thin (60 nm) resist was produced, Figure II-6.
This resist pattern can then be used as a mask to transfer the grating
pattern into a thin gold layer through ion beam etching.

Ion beam etching is a sputter etch technique which bombards the sur-

18 A line drawing of an ion beam

face of a sample with energetic ions.
etching apparatus is shown in Figure 1I-7. A beam of energetic argon ions
(500 eV) bombards the sample and the exposed gold is sputter etched, with
the photoresist grating being used as a mask. Therefore, a holographically
exposed photoresist grating pattern can be transferred into a thin (60 to
120 nm) layer of gold by ion beam etching. However, since the original
photoresist pattern does not have a vertical sidewall structure, and is
also etched in the ion beam, and since some of the sputtered gold redepo-
sits onto the grating sidewalls, the gold grating produced in this manner
will also have a non-vertical sidewall. Figure II-8 is a scanning electron

micrograph of a 300 nm period grating, ion beam etched into a » 100 nm film

of gold, using » 60 nm of photoresist as the mask. Note that the gold
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Ficure I1-6

A scanning electron microararh of a 168 nm period
grating, holographically exposed, in~ 60 nm photo-
resist, using the holographic lithography set-up in
Figure II-5.



35

Ficure II-6 A scannina electron microcrarh of a 163 nn reriod
aratinc, holocranhically exnrosed, in 60 nm photo-
resist, usins the hologranhic lithogranhy set-un in
Fioure I1-5.
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Figure II-7 Line drawing on an jon-etch apparatus

1) gas valve 2) high voltage connections

3) gas bleed 4) ionizatior gauge tube

5) rotary feed-thru for blank off plate

6) faraday cup 7) neutralizer

8) acceleration grids 9) anode housing
10) cathode 11) water cooling lines
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Fioure II-8

fe—tpm —

A scanning electron micrograoh of a ~ 100 nm thick
gold grating, suitable for x-ray lithoaraohy repli-
cations. The pattern was produced by holoaravhic
lithocranhy and ion etching.
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tends to stretch slightly during the cleaving and hence, the cleaved edge
is not sharp. However, this micrograph clearly shows the grating pattern
replicated into thin gold, and also shows the rounded sidewalls of the gold
grating. This effect will not degrade the x-ray 1ithography replications
because of the extremely high contrast of the PMMA, as will be discussed in

the next section.

11-D-3 Pattern Replication Using X-ray Lithography

II-D-3-a High Resolution Considerations

X-ray lithography has been shown to have several properties which are
desirable for the pattern replication process needed in this work. Speci-
fically, under appropriate conditions the patterns produced by x-ray litho-
graphy can have extremely sharp sidewalls and are capable of high aspect
ratios (> 5:1).18"23’29’30 The high aspect ratios are due, in part, to the
absence of back reflections of x-rays from the substrate. X-ray lithogra-
phy also offers high resolution because of the x-rays' short wavelength and
reduces diffraction effects (dependent upon the wavelength and the mask to
substrate gap, S). These properties, along with the high resolution re-
cording capabilities of PMMA, make it possible to produce a high aspect
ratio grating in PMMA. The diffraction limitations on resolution indicate
an increase in resolution with decreasing wavelength. However, the range
of photoelectrons produced in the PMMA by the incident X-rays increases
with decreasing wavelength, Figure II-9.30'41’42 The optimum wavelength
for high resolution work is then determined a trade-off between by the
wavelength, diffraction effects and the photcelectron range. Diffraction

effects can be made negligible by placing the mask and substrate into
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intimate contact. The best resolution is obtained when the range of
photoelectrons in the PMMA is approximately equal to the incident x-ray
wavelength. This match occurs at approximately 5 nm, and hence, the
carbon-K (CK) x-ray (» = 4.5 nm) was used for the high resolution work
discussed in this dissertation.

Ultimately, the resolution of x-ray lithography is limited by the in-
trinsic resolution of the x-ray sensitive resist used. The x-ray sensitive
resist with the highest known resolution is PMMA, and has been extensively

43-46 1n this work, samples were coated with

studied by several workers.
PMMA (molecular weight » 950,000) and were exposed to the C, rays. The
molecular weight of the exposed PMMA is reduced by chain scission. The
samples were then developed in a mixture of 60% isopropyl alcohol and 40%
methyl isobutyl ketone (MIBK) which dissolves the lower molecular weight
PMMA, leaving the higher molecular weight resist unaffected. The high
nonlinearity of the dissolution rate of the PMMA versus absorbed energy,46
Figure 1I-10, produces extremely sharp vertical sidewalls in the PMMA, even
when the mask pattern has curved or tapered sidewalls, such as those which

are produced by holographic lithography and ion etching, Figure II-8.

II-D-3-b X-Ray Mask Materials

The choice of materials and material thicknesses to be used for the
x-ray mask must be coupled with the choice of the x-ray wavelength to be
used. It is desirable that the mask support structure (membrane) absorb
a minimum of the incident x-rays, and that the material used as the x-ray
absorber attenuate the incident x-rays by a minimum of 3 dB. Following the

30

work of D.C. Flanders,” polyimide was chosen as the x-ray mask membrane,
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because polyimide absorbs approximately 2 dB/um of the incident carbon-K

x-ray.33 In addition, gold is an excellent mask material because of its

high attenuation30

(» 128 dB/um at A = Ck) and its ease of patterning.
Thus, a 30 nm thick gold pattern (v~ 4 dB) on a one micron thick polyimide
membrane meets the requirements for an Xx-ray mask. Obviously, thicker gold
patterns will increase the contrast of the mask, and subsequently increase
the differential dissolution rate between exposed and unexposed regions on
the PMMA. This will yield straighter sidewalls and permit the exposure of
thicker resist layers.

The process of producing x-ray masks can now be summarized in Figure
II-11. First, a one micron layer of polyimide was spun onto either a thin
glass or silicon substrate, followed by an evaporation deposited layer of
10 nm of chrome and 70 to 120 nm of gold. Lastly, a 60 nm layer of photo-
resist was spun onto the sample, Figure II-lla. Holographic 1ithography
was then used to produce a grating in photoresist, Figure II-ilb. Subse-
quently, the photoresist was used as a mask to transfer the grating into
the thin gold film by ion etching, Figure I11-1l1c. After ion etching, the
photoresist was removed and the polyimide membrane was bonded to a cylin-
der. The substrate was etched away in an approp-iate liquid etch, and a
tapered, one inch outside diameter, 0.75 inch inside diameter aluminum ring
was bonded to the polyimide membrane. After epoxy curing, the cylinder was

removed by cutting through the polyimide membrane outside the aluminum ring

with a razor blade.

I1-D-3-c The X-Ray Source
A diagram of the apparatus used for the x-ray lithography exposures is
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Figure 1I-11 (A) Cross-sectional view of samples used to
fabricate an x-ray lithography mask. Sub-
strates were coated with ~ 1 um polyimide,
10 nm Cr, ~ 1000 nm Au and ~ 60 nm photo-
resist.
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Figure I1-11 (C) Gold pattern after ion etching,
and subsequent resist removal.
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shown in Figure II-12, and this closely follows the work of D.C.

30 The x-ray source is a converted electron beam evapc-rator.47

Flanders.
X-rays are generated by bombarding a carbon anode with electrons emitted
from a hot filament. Both the circular filament and the cylindrical cathode
shield are at a negative potential, typically -6 kV, and electrons are
accelerated onto the water-cooled anode. Because the geometry is circular-
ly symmetric, it is possible to focus the electron beam into a spot with a
diameter between one and two millimeters. Between 200 and 300 watts of
power are focused onto the anode. Higher powers are possible, but tend to
"pit" the carbon anode.

The carbon anode is a carbon insert,30 machined to fit inside a copper
hearth, Figure II-13. To cool the carbon anode during exposures, the back
surface of the copper hearth is water cooled. The carbon insert is held in
thermal contact with the copper hearth by first heating the copper hearth
with a hand-held "heat gun". A small amount of 99.99% pure indium was
placed inside the copper hearth and was also heated until it melted. Since
indium "wets" both copper and carbon, it makes a good interfacial layer be-
tween the two surfaces, and insures a high themmal conductivity. When the
indium is molten, the polished carbon insert is placed into the copper
hearth, and a restraining copper cap is screwed into place to hold the
assembly together.

To insure that electrons, which may be back-scattered from the anode,
do not contribute to the exposure of the resist, it is necessary to incor-
porate an electron deflector into the x-ray lithography apparatus. This
electron deflector is a long aluminum strip which is at the negative cath-

ode potential, and which also protrudes through a hole in a grounded alumi-
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Figure I11-13 The carbon anode for x-ray 1lithographic
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a polished carbon disk into a water-cooled
copper hearth. A restraining cap held the
carbon insert securely in the copper hearth.
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num block (Figure 11-12). In this way, backscattered electrons are elec-
trostatically deflected to the side, and only x-rays are incident upon the
PMMA coated substrate. The substrate is kept in thermal and electrical
contact with a water cooled copper block. This contact is necessary to
prevent heating of the mask and substrate, as well as for the electrostatic

clamping of the mask to the substrate, as explained in section II-D-3-d.

11-D-3-d Intimate Contact Replications

Due to the finite size of the x-ray source, penumbral blurring can de-
grade the replication of the x-ray mask into the PMMA. Penumbral blurring
can be illustrated quite easily, and is shown schematically in Figure

11-14, where the penumbra, &, is given by

§ = (2-3)

Sd
)
where S is the mask to substrate gap, d is the source diameter, and D is
the source to sample distance. To illustrate this point, a 2 mm diameter
source placed 5 cm away from the sample, with a sample to mask gap of 1 um,
will have a penumbra of 40 nmm, which is unacceptable for the replication of
sub-100 nm feature sizes.

To deal with penumbral blurring, the mask and substrate were held in
intimate contact. For thin (5 1/4 um) resists, with a source to sample
distance of 6 cm, and a source diameter of 1 mm, the resulting penumbra of
4 nm is acceptable. For thicker resists (3 1 um), the anode to substrate
distance was increased to 10 cm, to keep the penumbra < 10 nmm. To maintain
the mask and sample in intimate contact, an electrostatic hold-down scheme

was used..23’2""30 Two electrically conducting films (one on the mask and

ey
P,,\'- . R
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one on the substrate) with a suitable dielectric between them (to form a
capacitor), were connected to a d.c. voltage. The electrostatic field
between the two films then held the mask and substrate together. Unfor-
tunately, PMMA is an unreliable insulator between the two films of this
capacitor, perhaps because pinholes may develop in the PMMA, which can then
cause a short circuit between the two conducting films of the capacitor.
Hence, the mask membrane, or some other insulator, had to be used as the
insulator in the capacitor. Several configurations of the mask, sample and
appropriate insulator to maintain intimate contact were described by D.C.

30

Flanders,” and are reproduced in Figure II1-15.

For a given insulator thickness t, area A, dielectric constant €cs of

the insulator, and an applied voltage V, the force on the x-ray membrane,

...48
Fe’ is:

F = Cc (2-4)
2t?

2

For typical values of t =1 um, V = 50 volts, A+~ 2 cm , and €. = 3 the

€os
resulting force of approximately 6 Newtons was sufficient to maintain
contact.

To monitor the contact between the mask and substrate, a capacitance
meter was placed across the capacitor formed by the mask and substrate.

The capacitance, oy is given by:

C. = "¢ (2-5)

2 and a mask

where A is the area in contact. For a typical area of » 2 cm
to wafer gap » 1 um, a capacitance of » 5 nf is measured, which agrees with

calculated values for the capacitance.
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Figure II-15 To maintain contact between an x-ray mask and substrate,
several electrostatic "hold-down" orientations are possible,
three of which are illustrated above. (Reference 30).



53

In order to maintain intimate contact between the x-ray lithography
mask and a conducting substrate (such as a gold plating base) it was neces-
sary to utilize a new configuration between the mask and substrate. Be-
cause PMMA itself is a poor insulator, it was necessary that the polyimide
membrane of the x-ray mask act as the insulator between the conducting
plating base on the sample, and the conducting layer on the mask. It was
desired to keep the mask grating on the "front" surface of the x-ray mask
to minimize penumbral blurring and diffraction effects. Finally, it was
also necessary to electrically isolate the individpal gold lines that form
the grating mask. This is because if there exists a conductive path
through the PMMA, then the conducting plating base and a gold grating line
on the front surface of the mask will be in electrical contact. If all the
gold grating lines are electrically continuous, then this entire "front"
surface of the x-ray mask will be at ground potential (the same potential
as the plating base) and any voltage applied to the "back" side of the
x-ray mask will result in an electric field from the "back" side of the
mask through tre membrane to the "front" side of the mask. There will be a
negligible field between the mask and substrate and the result will be a
loss in contact. However, if the gold grating lines on the mask are elec-
trically isolated (Figure 11-16), the mask will remain in contact, even if
some of the grating lines short through the PMMA and are at ground poten-
tial, because a majority of the mask will not electrically short through
the PMMA. |

An x-ray lithography mask produced by first defining the pattern holo-
graphically and then transferring the pattern into thin gold by ion etch-

ing, was unsuitable for replications into PMMA on a conducting base. This
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ducting substrate, necessary to replicate gratings with
minimal penumbral distortion, and to maintain contact
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55
is presumably due to some finite conductivity between the gold grating
lines. However, an x-ray mask produced by liftoff was suitable for the de-
sired replications. This necessitated the intermediate step of producing a

gold grating through a 1iftoff process, Figure I1-17.

11-D-3-e Experimental Results -- Pattern Replication Into PMMA

To test the x-ray replication process, grating patterns of 300 and 199
nm spatial periods were replicated into 0.25 um thick PMMA. The test expo-
sures were done on silicon wafers with 500 nm of silicon dioxide on the
front surface. PMMA was then spun onto the 5102. A 1.5 um thick polyimide
membrane with a 70 nm thick gold grating pattern defined by the holographic
lithography and ion etching process, was used as the x-ray mask. The mask
and substrate were held in intimate contact using the configuration in Fig-
ure II-15a. Proper exposure times were determined by the amount of x-ray
flux needed to develop the PMMA at a rate of « 100 nm/min. Approximately
one jou\e/cm2 of CK x-ray incident radiation was required to develop the
PMMA in two minutes, using a mixture of 60% isopropyl alcohol and 40%
methyl-isobytul-ketone (MIBK). During development, the sample was moni-
tored by observing the development of exposed PMMA in a large (v 3x10 mm)
region (monitor area) adjacent to the grating area. This region had no
mask pattern, and the development of the PMMA could be easily observed.
When the PMMA in the monitor area was developed completely, further devel-
opment was discontinued.

To analyze the PMMA grating‘pattern, it was necessary to use a scan-
ning electron microscope (SEM). Tc observe an insulating material such as

PMMA, the surface must first be coated with a thin conducting gold layer

gy v~
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Figure II-17 Illustration of the "1ift-off" process. In (A),
a PMMA structure with straight sidewalls is defined
by an x-ray lithographic process. (B) A metal film
is evaporated onto the surface. (C) The PMMA is dis-
solved away.
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for electrical continuity to ground (to avoid charging of the sample) and
for enhanced secondary electron emission.49 The gold coating is accom-
plished by bombarding a gold target plate with a 500 eV argon-ion beam,
which sputters gold off the target plate. This produces an extended source
of gold ions. The sample tc be coated is placed near the target plate so
as to allow the sputtered gold to deposit onto the sample. After an
initial coating, the sample is rotated so that a second gold coating will
deposit gold onto any surface that may not have been coated during the
initial coating. In this way, a thin (» 10 to 15 nm) continuous gold layer
over the entire grating surface is achieved, Figure II-18.

Figures II-19 and I1I1-20 are scanning electron micrographs of the
replications of 300 and 199 nm period gratings into 0.25 um thick PMMA.
Note the straight sidewalls of the PMMA and the high aspect ratios achieved
(> 3:1). In both cases, the lines of the PMMA are approximately 70 nm
wide. The roughness of the sidewalls is believed to reflect edge roughness
in the original mask.

As already mentioned in section II-D-3-d, to expose a grating into
PMMA on a conducting surface, it became necessary to use the mask-wafer
orientation in Figure 1I-16, and to produce the mask grating by a 1iftoff
process. To properly expose v 1 um thick layers of PMMA, greater than 6 dB
of contrast is required in the mask. To achieve this, an x-ray mask of a
300 nm period grating was made by 1ifting off 10 nm chromium and 60 nm of
gold. Typical grating areas on the x-ray mask produced by liftoff were in
excess of one square centimeter. This mask was then replicated into 0.7 um
thick PMMA on a 10 nm chromium, 10 nm gold plating base. Figures II-21 and

11-22 are electron micrographs of the resulting PMMA structure.
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Figure II-18 Samples are coated with gold for scanning electron micro-
scopy. Two coatings are used, with the sample oriented
at different angles to the "beam" of gold ions, to guar-
antee sufficient gold coverage over the entire surface.
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Figure 1i-19 A scanning electron micrograoh of a 300 nm period
grating with ~ 70 nm wide lines in ~ 0.25 um PMMA.
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Figure 1I-20 A scanning electron microgrash of a 199 nm period
grating with ~ 70 nm wide 1lines, in ~ 0.25 um PHMA.
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Figure II-21 A scanning electron micrograph of a 300 nm period
grating, with ~ 150 nm wide lines, in ~ C.7 um PMMA.
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Figure II-22

< | um —»]

High-magnification scanning electron micrograph of
the grating in Figure II-21. Note the straightness
of the sidewalls and the high aspect ratio of the
structure.
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11-D-4 Microplating (Electroplating) to Produce Thick Gold Gratings
Electroplating . a century-old technique that has been used exten-
sively in a number of areas ranging from decorative jewelry to electrical

contacts for semi-conductor devices.27

Electroplating allows one to pro-
duce thick gold films by placing the sample to be plated into an appro-
priate bath, and electrically driving gold ions from the bath solution onto
the sample. This is done by making the sample electrically more negative
than the intrinsic (zero bias voltage) potential between the sample and the
bath solution, Figure I1I1-23. When a gold surface is initially placed into
the plating solution, with no external voltage applied, gold ions diffuse
off the surface and into the solution. This process continues until the
surface charge becomes sufficiently negative to prevent further diffusion
from the surface, and a steady state condition is achieved. To plate gold,
the surface is simply driven more negative, and the gold ions in the plat-
ing solution are now attracted to the cathode. This process is continued
until the desired plating thickness is achieved.

For the purpose of producing thick gold gratings, a PMMA grating
"mold" was used. The PMMA grating was first placed in an oxygen plasma for
5 seconds to remove any organic contamination that may be residual on the
surface of the gold plating base. when'a substrate with a PMMA grating
structure on the surface was subjected to gold plating, gold plated at all
locations where the gold plating base was exposed, specifically between the
PMMA grating lines. This proceﬁs was continued until the desired gold
thickness was achieved. Obviously, the PMMA lines must be taller than the
desired gold grating. ﬁhen the desired gold thickness was achieved, the

PMMA lines were dissolved in chlorobenzene, followed by another 60 seconds
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Figure 1I-23 Placing a gold coated sample into a plating solution
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gold from the solution is driven onto the sample
surface.
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in an oxygen plasma. Figure 11-24 shows a 300 nm spatial period gold grat-
ing that was microplated to a gold thickness of 0.65 um. This result was
obtained by using a commercial plating bath, se1-Rex BDT-510 gold plating
so1ution,50 with a current density v 1 ma/cmz, a bath temperature of 45°C,
and a bath pH of » 8.5. A slow (» 10 nm/min) plating rate gave the best
results. Plating at faster rates tended to result in non-uniform plating

rates over the surface of the sample.

I1-E  SUPPORT STRUCTURE FOR THICK GOLD GRATINGS

For obvious reasons, the support structure for the thick gold trans-
mission diffraction gratings must itself be transmissive to the incident
x-rays. There are two ways to achieve this; the first utilizes a thin,
x-ray transparent membrane and the second uses 2 grid or random array sup-
port pattern. The advantage of the membrane js that none of the actual
grating area is obstructed, but there are problems associated with the
absorption in the membrane. Any strong absorption edges in the membrane
will degrade the overall performance of the grating; membrane transmission
is, of course, wavelength dependent. The second support structure uses a
coarse gold grid network to hold the submicron period grating together.
This will obstruct some fraction of the grating area, and hence the overall
+ransmission will be lowered, but the performance will be wavelength inde-
pendent. Both support structures have been made.

Polyimide was used as the support membrane for a thick gold diffrac-
tion grating on an x-ray transparent substrate. A silicon wafer was first
spun with a 0.5 um thick layer of polyimide, and then coated with a 10 mnm
chranium and 10 nm gold layer for the plating base. A 0.7 um thick PMMA
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N

Figure II-24 A scanning electron micrograph of a 300 nm period
gold grating, 0.65 um thick. The PMMA grating mold
has been dissolved away.
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layer was then spun onto the gold. Subsequent x-ray exposure and develop-
ment and gold microplating resulted in the thick gold grating seen in
Figure 11-24. The polyimide was then epoxy bonded to a PVC tube, leaving
the back side of the silicon wafer exposed. Black wax was painted onto the
silicon at all locations where the removal of the silicon was not desired.
The wafer was then placed in a solution of 97% hydrofluoric acid and 3%
nitric acid, to etch the silicon from behind the gold grating area and in
an annular pattern with a one inch inside diameter. When the etching was
completed, a razor blade was used to cut through the polyimide in the
annular ring to release the center structure. The final result was a gold
grating on a polyimide support membrane on a one inch diameter silicon
ring. The exposed gold grating area was approximately 7 millimeters in
diameter.

To produce a "free-standing" grating without a support membrane, it
was necessary to add a coarse grid structure to the pattern. This was
done, in collaboration with D. Ciarlo of the Lawrence Livermore Laboratory,
by producing a thick gold grating on a silicon wafer as before, but without
any intermediate polyimide layer. A 0.5um thick layer of AZ 1350B photo-
resist, followed by a 3 um thick layer of AZ 1350J photoresist was spun
onto the gold grating. The first layer of resist was a low viscosity
resist,_and this insured that resist would flow in between the gold grating
lines. The second layer was spun to obtain the desired resist thickness.
A 6 um period grating and a 160 um period grating with lines oriented
perpendicular and parallel to the 300 mm period gold grating respectively,
were exposed photolithographically. This resist pattern was then gold

microplated to a thickness of approximately 3 um, to produce a gold grid



68
pattern with approximately 30% of the area of the 300 nm period grating
unobstructed, Figure 11-25. The line-to-period ratio of the 6 um and 160
um gold plated gratings were » 5:8 and 1:8, respectively. The silicon
support wafer was then etched as before (using 97% HF and 3% HN03? to

remove the silicon from behind the grating area.

I1-F PROCEDURE TO PRODUCE VERY THICK (> 1 um) GOLD GRATINGS

II-F-1 Exposing Thick (> 1 um) PMMA

With the success achieved with the 0.65 micron thick, 300 nm spatial
period gold gratings, an attempt was made to produce far thicker (1 to 2
um) gold gratings with the same spatial period. This would produce a grat-
ing with more contrast for soft x-ray spectroscopy, and would exterd the
useful range of the grating to include x-ray energies in excess of 10 eV.
Towards this goal, the same procedure already outlined in this chapter was
followed with the exception that the PMMA thickness was increased from 0.7
to 1.8 um. When the PMMA was exposed and developed, lack of optical dif-
fraction from the sample indicated that the quality of the grating was
severely compromised. An SEM study of the sample revealed that the indi-
vidual PMMA lines were no longer structurally capable of supporting these
extremely high aspect ratios (> 10:1), and the PMMA lines were leaning on
their nearest neighbors, Figure I11-26. Clearly, this is undesirable, and
cannot be used for further processing. In general, PMMA structures with
aspect ratios greater than > 7:1 could not be produced reiiably. For a 300

mm period grating (150 mm lines) this limited the PMMA thickness to « 1 um.
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SEM micrograph of a 0.3 pm period, ~ 0.5 um thick, gold
transmission diffraction grating, with a gold grid pat-
tern for the support structure. At this magnification
the 0.3 um period grating lines can be seen orthogonal

to the 6 pm period grating lines.
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An SEM micrograph of a 0.3 ym period ~ 0.5 pm thick,

gold transmission diffraction grating, with a gold grid
pattern for the support structure. At this magnification
the 0.3 um period grating cannot be seen. The 160 um
period grating lines are seen as being orthogonal to the
6 um period grating.
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Figure II-26

A scannina electron micrograph of a 300 nm period
grating in 1.8 um thick PMMA. The high asnect

ratio 1ines do not have the structural intearity
to support themselves.
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I1-F-2 Reactive Ion Etching of Polyimide

To produce gratings with aspect ratios > 10:1, a material with more
structural integrity than PMMA had to be used as the mold for microplating.
Towards this end, a series of experiments designed to characterize the
etching properties of polyimicde were conducted. The technique of reactive-
ion-etching (RIE) was shown by several workers to yield extremely straight
sidewall structures in carbonaceous materials, when etched in an oxygen
p]asma.51’57

A schematic illustration of the RIE apparatus is shown in Figure
I1-27. Reactive ions are accelerated toward the target plate by a negative
self-bias voltage. A sample placed on the target plate (the cathode) will
then be etched by the ijons. The by-products of the reaction are gaseous
and are pumped out of the chamber by the vacuum pump.

To test this approach, a sample was prepared with a 10 nm chrome, 10
nm gold plating base, a 1.8 um thick layer of polyimide spun onto the plat-
ing base, and a 0.25 ym thick layer of PMMA spun onto the polyimide. Using
x-ray lithography, a 300 nm spatial period grating was replicated into the
PMMA. A 50 mm chromium 1iftoff was then performed, so that a 300 nm per-
iod, 50 nm thick chromium grating would act as the mask for the subsequent
polyimide etch. The sample was then etched in the RIE for 10 minutes at a
power density of 0.25 N/cmz, a 500 volt bias voltage, a pressure of 10
microns and an oxygen flow into the chamber of 15 standard cubic centi-
meters per second. The polyimide was etched until it was removed from a
large monitor area adjacent to the grating area, at which point, the sample
was cleaved, gold coated and observed in the SEM. Polyimide tends to

stretch during cleaving, and it is necessary to cool the sample to liquid
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nitrogen temperatures prior to cleaving, but even when this precaution is
followed, the cleaved edge is still not sharp. However, Fiqure I1-28 shows
that the polyimide is capable of extremely high aspect ratios (> 10:1) and
would make an ideal structure for the mold to produce thick gold gratings.

When gold microplating was attempted on this sample, it became clear
that the plating process could not be initiated in the grating area. It
was felt that a residual layer of material not readily etched by oxygen had
contaminated the surface and was masking the gold plating base from the
plating bath. This contamination layer would have to be removed before any
plating could occur. Several attempts to remove the residual layer with an
oxygen plasma, and with ion etching faiied.

In an attempt to determine the cause of the residual layer, a series
of experiments with structures of larger dimensions were performed. A zone
plate pattern was an ideal test pattern for these etching tests because the
zone plate lines become continually narrower at larger distances from the
center. This will result in an etched pattern with a continually varying
aspect ratio. In collaboration with N.M. Ceglio and G. Stone of the Law-
rence Livermore National Laboratory, very thick (v 50 um) polyimide samples
were prepared with a 1 um thick aluminum zone plate pattern on the poly-
imide surface. The minimum linewidth of this zone plate was 5 um. This
sample was etched in the RIE until all the polyimide was removed from the
large monitor areas. The sample was then observed in the SEM, where mesas
were seen throughout the sample, Figure 11-29. It was felt that the forma-
tion of the mesas could be attributed to redeposition of material which is
rot readily etched in oxygen. Upon careful examination of the RIE system,

it was evident that the quartz target plate was also being etched by
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Figure 1I1-28 Scahning electron micrograph of a 300 nm period
grating etched by reactive ion etching into 1.8 um
polyvimide.
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Figure II-29a Scanning electron micrograph of the center zones
of zone-plate pattern, reactive ion etched into
v 50 uym of polyimide. Notice the mesas in the
center of the pattern.
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Figure 1I-29b Scanning electron micrograph of the zones in the
middle of the zone vnlate pattern in Figure II-29a.



7







78

Figure II-29c Scanning electron micrograph of the outer most
zones of the zone plate pattern in Figure II-29a.
In this view, mesas are clearly evident.
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sputtering, and the observed mesas could be a by-product redeposition of
the sputtered quartz plate. Replacing tne quartz plate with an aluminum
plate, coated with a 1 mm thick layer of polyimide, completely removed the
mesas/redeposition problem, Figure I1-30, and plating was later performed

57 Figure 11-31. It is thought that this

successfully on a similar sample,
process can now be used to produce very thick gold gratings with aspect

ratios > 10:1.
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Scanning electron micrograph of a zone plate
pattern, reactive ion etched into 10 um of poly-
imide, using a polyimide coated target plate in
the R.I.E. Top: center zones, Bottom: outer most
zones. Notice absence of mesas.
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Figure II-30b Scanning electron micrographs of a zone plate pattern,
reactive ion etched into 20 um of polyimide, using a
polyimide coated target plate. Top: center zones,
Bottom: outermost zones. Notice absence of mesas.
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Zone plate parameters:

Thickness: 65 um

Number of zones: 250

Min. zone width: 15 um
Material: Electroplated gold

i II-31 Three SEM micrographs of a gold plated zone plate pattern,
Figure showing different areas of the zone plate. Golq |_)1at1ng
was accomplished using reactive ion etched polyimide as

the mold.
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CHAPTER 111
EXPERIMENTAL CHARACTERIZATION OF GRATING PROPERTIES

III-A INTRODUCTION

One of the purposes of producing thick gold gratings is to use them as
a diagnostic tool to obtain spectral information of soft x-ray sources. By
illuminating the grating with an x-ray source, it is possible to obtain the
desired information from an analysis of the resultant diffraction pat-
ter'n.:m’:i’s’52 Before a grating can be used as a diagnostic tool, it must
first be tested and characterized. Towards this end, it is necessary to
measure the diffraction efficiency and the resolving power of a grating in

the wavelength range of interest.

ITI-B CONSIDERATIONS FOR GRATING EVALUATIONS

When a grating is illuminated with some source of radiation, the
observed far field diffraction pattern will be a convolution of the finite
source size, finite source collimation, spectral 1linewidth and spectral
resolution of the grating. A typical experimental arrangement is as de-
picted in Figure 111-1, where the source consists of 3 distinct wavelengths
and linewidths. Under the condition that the x-ray source is infinitesi-
mally narrow in spatial extent, the width in the "y" direction of the
zeroth order diffracted beam would be zero, and the width (ay) of the
individual spectral lines seen at the film plane would exactly correspond
to the convolution of the finite linewidth of the source and the resolution
of the grating. An ideal source for characterizing the performance of the

gratings would be a collimated source with well-separated, narrow band
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spectral lines and with an infinitesimally small source size. Unfortunate-
ly, these goals are, in general, unattainable, and the diffracted beams
that are recorded are a convolution of all the effects previously men-
tioned. These effects make it difficult to obtain an accurate measurement
for the grating resolution, and will 1limit any measurement to a lower-bound
limit. In theory, the resolving power of a grating, i/ax, should be equal
to the number of grating lines illuminated by the source.34’52

The effects on the system resolution of the finite source size and
finite source collimation can be easily computed. For the case of a colli-
mated, narrow bandwidth source with a finite source size incident upon a
grating, Figure I111-2, the source size is projected onto the diffraction
pattern, and this source size, ah, becomes the minimum resolvable feature.

For small diffraction angles, such that sin 04 ¥ tan ¢4 o, the minimum

system resolution then becomes:

, Pah (3-1)

AN
min
L

where L is the distance from the grating to the recording plane.

To calculate the effects of finite source collimation upon system
resolution, consider a source with some collimation angie, 8.s incident
upon a grating, Figure II1-3. The angle of the first order diffracted beam

would normally be:

64 = sin (x/p) » /P (3-2)
With a finite collimation angle, the first order beam diverges to diffract

in a wedge defined by the angles: (e4 - 1/2 /) < o < (eq + 1/2 o().
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Figure III-2

An illustration of the effects of finite source size on
the far field diffraction pattern. Incident monochromatic
radiation with source size, ah, is incident upon the grat-
ing. The size of the source is seen in the diffraction
pattern, and has a width, ah.
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Figure III-3 An illustration of the effects of finite source collima-
tion on the far field diffraction pattern. An infinites-
imally narrow (in spatial extent) monochromatic source
with finite collimation is incident upon the grating.

The broadening in the far field diffraction pattern due
to the finite source collimation is iliustrated.
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Again, for small angles such that Sin e » Tan e « 6, the spread, ay, for a

single narrow bandwidth source is:

ay = L e, (3-3)
and the resolution, Mpin» is limited to be:
AMpin ¥ P 8¢ (3-4)

As an example, to obtain a minimum resolution, ax, of 0.01 nm with a 300 nm
period grating used in first order, and with a grating to film plane dis-
tance of 10 meters, both a source size of less than 300 um and a source

collimation of < 3x10™° radians are required.

I1I-C EXPERIMENT FOR GRATING CHARACTERIZATION

In collaboration with N.M. Ceglio and R.H. Price of the Lawrence
Livermore National Laboratory, the gratings were coupled to a 22x Wolter
type58 grazing incidence microscope with approximately 1 um resolution,53
to produce a high resolution imaging spectrometer, Figure I1I-4. To obtain
discrete, narrow band x-ray lines, a Henke-type x-ray tube54 with a tung-
sten anode, was used at 10 kV. The anode emitted the characteristic tung-
sten Ma, MB, and MY lines (1 = 0.698, 0.676 and 0.609 nm, respectively),
superimposed the broad-band continuum. One of several 4 um thick gold
masks with an array of apertures ranging in size from 2x2 um to 20x50 um
was placed at the object plane of the microscope. The x-rays passing
through the mask were then collected by the first surface of the micro-
scope, the hyperboloid, and were reflected by total external reflection
(angle of incidence < 1°). The x-rays were then directed towards the
second surface, the ellipsoid, in such a way that they appeared to origin-

ate from one focal point of the ellipsoid. The x-rays were redirected by
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High resolution imaging spectrometer. The x-rays from
the tungsten anode pass through aperatures in the gold
mask, and are redirected by the surfaces of the Wolter
microscope. The x-rays are then incident upon a grat-
ing and are diffracted. The far field diffraction pat-
tern is recorded on film.
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the ellipsoid surface by total external reflection, and focused toward the
second focus of the ellipsoid, which is the image plane of the microscope.
An exit aperture, placed between the ellipsoid and the image plane, was
used to block most of the x-rays. The x-ray beam exiting the aperture was
approximately 300 um x 7 mm in size, and was incident upon a thick gold

transmission grating, Figure I1I1-4.

II1-D EXPERIMENTAL RESULTS OF GRATING CHARACTERIZATION

The Wolter 22x grazing incidence microscope used in this work has a
demonstrated spatial resolution of approximateiy 1 um when the full annular
aperture of the microscope is utilized. In the imaging spectrometer work,
the gratings subtended only » 2.5% of the annular aperture (diameter of
grating «» 7 mm) and the remainder of the aperture was obstructed. The
gratings used in this work had a spatial period of 300 mm, gold thickness
of 0.6 ym, and were supported on a 0.5 um thick polyimide membrane, which
is transparent to the tungsten M 1ines (approximately 0.15 dB attenuation).
The 0.6 um thick gold lines exhibited approximately 8 dB attenuation to the
tungsten M ]1nes.55

For the highest resolution experiments, a test pattern mask, consist-
ing of an array of apertures ranging in size from 6x9 um to about 2x2 um in
a 4 ,m thick gold foil served as the object in the imaging spectrometer.
The spectrally dispersed images of the test pattern mask, in addition to
the zeroth order image, were recorded on a variety of x-ray films (Kodak
type M, AA, KK, No Screen). Shown in Figure III-5 is a typical result
obtained from this experiment, where the tungsten M lines are clearly re-

solved in the first order diffraction pattern. The dispersion, dy/di, at
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Figure III-5 Spectrogram obtained with the high resolution imaging
spectrometer of Figure III-4. The tungsten M , M, and
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the film plane, measured between the Ma and MB lines, is 19.6 mm/nm. The

calculated dispersion, obtained from diffraction theory is:

d L (3-5)
d» p
where L is the distance from the grating to the film plane. For this
experiment, L was 5.92 meters, and the calculated dispersion agrees with
the measured dispersion to within 1/2%.

The minimum feature size in the image plane (image of the smallest
aperture, nominally 2x2 um) had a full width at half maximum of 66 um in
the zeroth and Ma first orders as determined by densitometry traces. The

spectral resolution, ax, of the imaging spectrometer, is therefore:
s < (66 um) * (dy/da)t = 3.4 x 1073 mm (3-6)

For ax = 3.4 x 1073 nm, the resolving power, A/a)x, of the grating at » =
0.698 is 205. A somewhat lower value (192) was obtained for the MS line.
It is important to note that these measured numbers for the resolution and
resolving power are worst case estimates for the gratings. The resolution
measured in this experiment is source size limited, and not limited by the
distortions in the grating. The distortion§ in the grating are estimated
to be < 1074 over the area illuminated by the x-rays (7 x 0.3 mm, parallel
and perpendicular to the grating lines, respectively), taking into account
membrane distortion (< 10'4) and a worst-case estimate of the distortion
produced by the use of spherical wavefronts in the holographic lithography
(< 1074 at the corners of the grating area), as discussed in Appendix E
(actual distortion may be much smaller than 10°%). Since 103 grating

lines were illuminated by the x-ray source, a grating resolving power of
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103

can be expected and the lower value of 200 for the imaging spectro-
meters' resolving power is probably due to the finite source size.

The diffraction efficiency of the transmission diffraction grating is
another important measurement in the characterization of the grating. For
a fully opaque grating with lines and spaces of equal widths, 25% of the
radiation incident upon the grating will appear in the zeroth diffracted

order, IO, and 10% will appear in each of the first two diffracted orders,
34,52

I1 It is then possible to define the transmission diffraction
efficiency (Footnote 1) as the ratio of the intensity in one of the first
orders versus the intensity in the zeroth order:59

n = 1,/1 (3-7)

For such a fully opaque grating, the diffraction efficiency would be 40%.
For a grating with partially transmitting lines, this ratio can be either
higher or lower, depending upon the phase differences between the x-rays
emerging from the partially opaque lines relative to the transmissive

spaces of t-e grating. If the partially transmitted radiation experiences
an appropriate phase shift relative to the unattenuated radiation, the
diffraction efficiency will be increased. The diffraction efficiency can
also be affected by the line-to-period ratio of the diffraction grating.
The spectrogram of Figure III-5 was measured by a microdensitometer to
determine the relative intensities of the first and zeroth order diffracted
beams. The diffraction efficiency, defined as the sum of the intensities

of the three tungsten M lines in one first order diffracted beam, reiative

Footnote 1: A more traditional defim’tion34’52 for the efficiency of a
transmission diffraction grating is the ratio of the energy in one first
order diffracted beam to the incident energy. For the grating discussed
above, this is 10%. However, to accurately detemmine this value requires
the measurement of the energy incident upon the grating, which is often im-
practical. Therefore, the transmission diffraction efficiency as discussed
above, is often used.
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to the total intensity of the zeroth order beam, was measured to be 100%
+10%. This high efficiency can be accounted for by the partial transmis-
sion and subsequent phase shift through the grating lines, and the unequal
widths of the lines relative to the spaces. The gold attenuated only
approximately 8 dB (transmitted 16%) of the incident radiation, with a
phase shift, and the gold line-to-space ratio of the 300 nm period grating
used, was approximately 1.6:1. Recent calculations by M. Shattenbur960
confirm the high diffraction efficiency observed in this experiment.
Transmission diffraction efficiencies of 16% were recently reported for a

420 nm period transmission grating.59

ITI-E  APPLICATIONS OF THICK GOLD TRANSMISSION DIFFRACTION GRATINGS TO SOFT

X-RAY DIAGNOSTICS

Once the characteristics of the thick gold transmission diffraction
gratings are measured, it is possible to use the gratings as spectroscopic
diagnostic tools. The versatility and ease of implementation of the trans-
mission gratings allow the gratings to be coupled to a variety of existing
diagnostic instruments to broaden their capabilities. For example, the
coupling of a grating to a Wolter type microscope, as already mentioned,
obtained both spatial and spectral information simul taneously. The same
can be done to an x-ray telescope to obtain spectral and spatial informa-
tion of stellar objects. Gratings fabricated in this thesis research have
also been coupled to an x-ray streak camera with temporal resolution of
20 psec, to obtain both temporal and spectral information of a laser pro-

61,62

duced plasma, Figure III-6. In this experiment, the two arms of the

Argus Laser System at the Lawrence Livermore National Laboratory heated a
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Figure 11I1-6 By coupling a grating to a streak camera, both x-ray
spectral and temporal information can be obtained, as
illustrated above for the x-rays produced by a laser
irradiated gold target. A free standing x-ray trans-
mission grating is coupled to a soft x-ray streak
camera to provide time resolved (~ 20 psec) continu-
ous x-ray spectra over a broad spectral range (0.1
to 1.5 keV).
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gold disc which then emitted soft x-rays. The x-rays were then temporally
and spectrally dispersed by the streak camera, equipped with a transmission
diffraction grating.
The gratings have also been used in a strictly spectroscopic sense, to

61,62

simply diffract soft x-rays, without any other instrumentation. The

gratings diffracted the x-rays from both gold and titanium disks that were
again heated by the Lawrence Livermore National Laboratory's Argus Laser
System. To limit the source size and source collimation, a slit was placed
in front of the grating, and the soft x-ray spectra of both the gold and
titanium disks were recorded on x-ray sensitive film, Figure I1II-7.

Plans are currently underway to couple a transmission diffraction
grating with a Zone Plate Coded Imaging (ZPCI1) apertgre, to get both spec-
tral and spatial resolution of soft x-ray radiatioﬁ. ZPCI is the spatial
reconstruction of a source by optically decoding the shadow cast by the

35,63 Figure I1I-8,

source through a zone plate onto a recording medium,
where the source distribution is represented by three distinct emission
points. Each source casts a shadow of the zone plate {coded image) onto
the recording medium, and each zone plate shadow is uniquely characterized
by the size and position of its source. The coded image is then decoded by
illuminating it with an optical laser. Each recorded zone plate focuses
the incident laser light to a diffraction limited spot, and the image of
the original source is point by point reconstructed. By placing a thick
- gold transmission grating with appropriate periodicity between the original
zone plate coded aperture and the recording medium, it should be possible

to obtain both spectral and spatial information simultareously, Figure

I11-9.
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Figure III-7  Spectrogram of the x-ray emission from gold and
titanium pellets under laser irradiation.
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parency is "playedback" with a visible laser light.
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Figure III-9

By coupling a zone plate coded image aperture to a
grating, both spatial and spectral resolution can be
obtained simultaneously. A coded aperture (zone
plate) serves as the entrance slit of a transmission
grating spectrometer. The spectrally dispersed coded
images can be reconstructed into a spatially resolved
X-ray spectrum.
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CHAPTER IV

THEORY OF SPATIAL PERIOD DIVISION

IV-A  INTRODUCTION

The minimum spatial period that can be exposed with conventional holo-
graphic lithography is limited to one-half of the wavelength of the laser.
By applying holographic 1ithography in a high index medium, gratings with
spatial periods as fine as 110 mm have been produced,37 but this technique
cannot be extended to much finer grating periods. By upconverting a Nd:YAG
laser, Bjork]und64 produced radiation with wavelengths as short as 118.2
nm, and produced a grating with a spatial period of 83.5 em in a holo-
graphic lithography arrangement. Clearly, an alternate procedure for pro-
ducing sub-100 nm period gratings is desirable.

The technique of spatial period division allows one to produce, from a
grating with period p, a new grating with period p/m, whcre "m" is an inte-
ger. This technique utilizes the near field diffraction pattern of an
existing grating. By appropriate choice of a master ("parent") grating and
an illum'nation source, it may be possible to produce gratings with spatial
periods 1limited by the resolution of 1ithography. The phenomenon of
spatial period division has been observed by other researchers in the

28,29,65-68 What is new in this dissertation is the use of this tech-

past.
nique, coupled with x-ray lithography, to produce sub-100 mm period grat-
ings, and to theoretically analyze the near field diffraction pattern of a
parent grating in order to predict the occurrence and optimization of the

spatial period division image.
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IV-B  ANALYSIS OF THE NEAR FIELD DIFFRACTION PATTERN
The near field diffraction pattern of a grating will be analyzed by

the method known as the "angular spectrum of plane waves".69 Goodman®®

has
described this simple, intuitively appealing method of caiculating the dif-
fraction pattern of objects within th. framework of scalar diffraction
theory. The method is especially suitable for the description of diffrac-
tion from gratings. It involves writing the complex e=lectric field (in
scalar theory, polarization is ignored) across the plane of an aperture or
a grating (the plane z = 0) as a Fourier integral (or a Fourier series for
the case of a grating), with the various spatial Fourier components being
identified as plane waves traveling in appropriate directions. The field
ampl itude at any point “downstream" of the grating (z > 0) is calculated by
adding the contributions of these plane waves, taking into account the
phase changes that they undergo during propagation. I will use this
approach to analyze the near field diffraction pattern of a grating. It is
well known that scalar diffraction theory (and hence, the angular spectrum
of plane waves analysis, which assumes scalar diffraction theory) is valid
in the domain where the diffracting apertures are large compared with the
wavelength and at sufficient distances from the aperture so that evanescent
fields are negligible. 1In practice, the agreement between scalar theory
and rigorous diffraction theory is surprisingly good. With one exception
(section IV-E) the patterns that will be analyzed in this dissertation fall
within the damain of validity of scalar diffraction theory. The boundary
conditions assumed are that the electric field across the surface of the

grating can be discontinuous, and is a square-wave like function. The

local electric field at a grating "space" is the same as what the electric
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field would be in the absence of the grating, and the electric field at a
grating line is simply attenuated and phase shifted by the grating 1line.
In the following analysis, 1 will consider a grating of period p,
consisting of "lines" (regions of attenuation and phase shift) and "spaces”
(no attenuation or phase shift). The width of the spaces is equal to 2p/s,
and the electric field at the grating lines has amplitude b and phase shift
¢ relative to the spaces, Figure IV-1. Goodman has given an integral ex-
pression for the complex electric field, E(x,y,z) at a distance z from the
plane (x,y,0), which is the location of the aperture, or as in our case,
the grating. If we establish a coordinate system so that the x axis is
perpendicular to the grating lines, the z axis is perpendicular to the
plane of the grating, and the radiation propagates in the z direction, as
in Figure 1V-1, the integral expression for a component of electric field
in front of a grating of infinite length in the y and «x

directions is:

2
E(x,z) = -I’ Ay(k,) exp(jk [ 1 -( kX) © 2} » exp {3k x}) dk, (4-1)
kK

where: Ao(kx) = ‘{P E(x,0) exp {-j(kxx)}dx (4-2)
and: k| = k = 2n/a

k, = keX

k, = k2

K =2q/p

2 = a unit vector normal to the plane of the grating

X = a unit vector normal to the grating lines and in the

plane of the grating
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For the case of a grating, it is more convenient to write E(x,z) as

the Fourier series:

8

E(x,z) =
n

1" ™

B, exp(j Ky x) exp(j k, 2) (4-3)

~m

where kx can take on only discrete values:

ky = kx(n) = ne2n/p = n*K

Since k2 = kx2 + kzz, kZ also takes on only discrete values:

- 2 = _nkz
k, = kz(n) = k | 1-(kx/k) k ‘ 1 (5—)

1f kz is real we have, from equation (4-3), a propagating wave. Thus we
impose the condition :
(nx/p)2 <1 (4-4)
or p/x > |n] (4-5)

As a result, the index "n" can take on only a finite range of values, from

-n, to *n where n_ is the largest integer < p/x.

o’ 0
When the grating is illuminated by a plane wave the complex electric
field in the plane (x,y,0) is given by E(x,0), as defined in Figure 1V-1.
The values for B in equation 4-3 are:
p/2
B = % N]’ E(x,0) exp{-jnKx}dx (4-6)

-p/2

which yields:

Bo = %I:_E_E + bej¢(p - 2p/3ﬂ (4-7)



105

B, - Sin(2nn/8) 1y | podeg (4-8)
N

With these values for Bn’ the complex electric field, E(x,z) can be calcu-
lated by using equation (4-3).
Because E(x,0) is an even function, the expression to calculate E(x,z)
can be simplified to:
n
E(x,z) = B, exp{jkz} + 2 0 B, Cos(nKx) exp{jkz(n)-z} (4-9)

n=1

and the resulting intensity pattern is:

n
I(x,z) = |B,l2 + 4 50 By B Cos(nK x) Cos((k-kz(n))z) + (4-10)
n=1
" "o
41 1 B Bq Cos(nK x) Cos(gK x) Cos((kz(n)-kz(q))z)

n=1 g=1
It is clear that, in the series, sirusoidal intensity patterns with spatial
frequencies higher than the fundamental (original) grating exist. For
example, the first summation in equation 4-10 can be expanded as:
"o
z_ B, B, Cos(nkx) Cos((k-k (n))z) = (4-11)
n=1 z
B, By Cos(Kx) Cos((k—kz(l))z) +

B, By Cos(2Kx) Cos((k-kz(Z)z) + ...

where the first term on the right hand side is sinusoidal in the funda-
mental grating period, p, the second term is sinusoidal with spatial period
equal to one half the original grating period, etc. Since each term in the
series has a factor of Cos((k-kz(n))z), it is clear that each term will
pass through maxima and minima as z is increased. Spatial period division

(i.e., a pattern of period p/m) occurs when the temm corresponding to an
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intensity pattern with spatial period p/m (and others that add constructi-
vely) is a maximum, while the terms that add destructively, are minimum.
This occurs at the proper 1location, z, and at the proper 1line-to-period
ratio of the original grating (i.e., appropriate value for B). In this
chapter, 1 wil) analyze the conditions under which spatial period division
occurs. First, I will present a simplified discussion of the optimum con-
ditions for "doubling" (m = 2) with a highly opaque grating. I will then
consider "doubling" with a phase grating and "doubling" with a grating such
that only the zeroth and first order diffracted beams are present (i.e.,

p>x>p/2). Then I will analyze the near field diffraction pattern of a
grating to derive a general understanding of the conditions necessary for
spatial period division at any value of "m". The effects of phase shift
and attenuation through the grating lines on the quality of the spatial
period division will be considered in addition to a displacement from the

optimum distance, z, for spatial period division.

IV-C  "DOUBLING" WITH A HIGHLY OPAQUE PARENT GRATINC

If the opaque regions (the "lines") of the grating are highly opaque
(zero transmission), then the electric field at the plane of the grating, z
= 0, can be graphically represented as in Figure IV-2, where the transmis-
sive regions (the spaces) of the grating have a width equal to 2p/s8. Under
these conditions, from equations 4-7 and 4-8, the Fourier series coeffi-

cients are:

o
n

o = 2/8

(=]
[

1 : 2ny -
n T wy Sin (== (4-12)
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Figure IV-2 The electric field at the plane of the grating, Z = 0,
for a highly opaque grating (b = 0).
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Recall that the intensity pattern is given by:

n
I(x,z) = |Bo|2 +4 ;° B, B, Cos(nkx) Cos((k-k,(n))z) + (4-10)
n=1
"o Mo
4 3 B B Cos(nkx) Cos(aKx) Cos((k (n)-k (q))z)
n=1 q [
For » << p and for n small, (k—k (n)) can be simplified to:
2 2 “nzx
(k-kz(n)) ) [k - — (] '252—)] = T— (4-13)

This approximation is increasingly less valid for large n, but since the
Fourier series coéfficients, Bn’ become increasingly smaller for large n,
the error produced in calculating the intensity pattern with this approxi-

mation is small. Similarly, (kz(n) - kz(q)) can be simplified to:
™, 2 2 )
(kz(n)-kz(q)) o T (qg"-n") (4-14)

The intensity pattern can be re-written as:

2 n nnz)‘
I(x,2) » |Bol 50 By B, Cos(nKx) Cos(-,—i) + (4-15)
n=1
Mo " 2 2
4 3 B B_ Cos(nKx) Cos(qgKx) Cos( (q°-n%)2)
nlql q

Since this approximation is valid only for small values of n and q (i.e.
(-3—’1)2 < 0.1), only those terms of equation (4-15) will be analyzed.
This approximation is used to give insight to the problem of spatial period
division. Later, a computer is used to calculate the near field diffrac-
tion pattern without this approximation, using equation (4-10).

Returning to equation 4-15, "doubling" occurs when the n=1 term in the

first summation in equation (4-15) is at a minimum, and the n=2 term is at

a maximum. The n=1 term is minimum when:
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Cos(%% z2) =0
or
2
z = Yp (4-16)
7 X

where 3 is any odd integer. The n=2 term is maximum when:

4nyr2

COS(—'F;—) =1

or ¢ 2
z = 2P (4-17)

7 %

where t, is any integer. Therefore, “doubling" occurs when these two

conditions are satisfied:

(4-18)

The location corresponding to t, = 1 is now analyzed in detail. At this
Jocation, all terms with odd indices in the first summation of equation
(4-15) are zero, and only even indexed terms are non-zero. A maximum
intensity in the n=2 term results when the value of 82 is a maximum. This
happens with linewidth-to-period ratio in the parent grating equal to 3:4,
which corresponds to a value for 8 = 8 (see equation (4-12)). Under these
conditions, the Fourier series coefficients with indices which are multi-
ples of four are zero, i.e. B4 = 88 = B12 = ... = 0. The only non-zero
terms in the entire first summation of equation (4-15) at z = p2/2x and for
g = 8 are the terms with n= 2, 6, 10 ...

At this point, it is more instructive to return to the expression for
the electric field at the "doubling" 1location. Equation (4-9) can be
written as:

n

£° B, Cos(nkx) exp{j(kz(n)-k)z}]

E(x,z) = exp{jkz}[B_ + 2
° n=1
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disregarding the phase factor exp(jkz), and using equation 4-13, the
electric field becomes:
"o 2., 2
E(x,z) = B, + 21 B,, Cos{nkx) exp(jnn“az/p“)
n=1
2 .2 2y _
Note that for n even and z = p /2)x, the phase factor, exp(jmn az/p~) = 1.
For the same z and n odd, the phase factor equals j. Therefore the

electric field can be re-written as the sum of two terms:

P2 :
Elx, E;) = B (x) + JE,(x) L
where
n0/2
El(x) = Byt 2 i=1 B(Zn) Cos(2nKx) (4-19)
and
n0/2
Ep(x) = 2 i=1 B(2n-1) Cos((2n-1)Kx) (4-20)

Note that the intensity I(x, p?/2X) is simply:
I(x, p?/2x) (E{(x) + JE5(x))+ (Ey (x) - JE5(x))
(E1(x))* +(E,(x))? (4-21)

E;(x) and E,(x) are partial sums, up to no/2 of the functions ¢;(x) and
Ez(X) where:

eg{x) = B +2 nzl B(Zn) Cos(2nKx)
and

(x) = 2 £ B Cos((2n-1)Kx)
€2 nep (2n-1)
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The functions E,(x) and E,(x) approach e (x) and e,(x) as nj » =. The
functions ¢;(x) and e,(x) are plotted in Figure IV-3. Note that e(x) is a
square wave function of period p/2, whereas ez(x) is a square wave function
of period p. However, le,(x)|2 has a period p/2. Thus, the intensity
pattern obtained from the summation lsl(x)l2 + Iez(x)lz has a period equal
to p/2. Therefore, as Ny, * = the near field diffraction intensity
pattern, I{x, p2/2x), has a period of p/2.

The summations in equation 4-10 were performed on a computer for the
following parameters: p = 200 mm, z = pz/ZA =4 ym, g =8 and » = 5 nm.
These parameters were chosen to closely simulate the experiment described
in Chapter 5. Figure IV-4 illustrates the image produced at the "doubling"
distance, 4 um, and has an intensity pattern with a spatial periodicity of
100 nm. The intensity pattern is adequate for resist exposure.

The analysis can be expanded (as is done in section IV-F) to yield a
general relation for the location, z, of the mth spatial period division,

and its corresponding optimum value of 8.

IV-D "DOUBLING" WITH A PHASE GRATING

Figure IV-5 illustrates a phase grating: transmission of an incident
plane wave through the grating yields a field pattern at the grating
(E(x,0)) with unity magnitude, but,at the lines of the grating, the phase is
shifted by = radians relative to the phase at the spaces of the grating.

The Fourier series coefficients for such a grating are:

Bo =0 (4-22)
_2 . N -
B, = = S1n(2—J (4-23)
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Figure IV-3 The near field diffraction pattern of a highly opaque grating
at the "doubling" distance (Z = p2/2A) is the superposition
of two electric fields, (E;(x) +4E (x)) which, when squared,
produces an intensity patt&rn of per1od p/2.
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Notice that the even order indices are identically zero. The electric
field pattern for a phase grating is (from equation 4-9):
o
E(x,z) = 2 g B, Cos( nkx) exp(jkz(n)z)
n=1
but since, for n even, Bn = 0, the equation can be written as:
n,/2 . ‘
E(x,z) = 2 ﬁ=1 Bion-1) Cos((2n-1)Kx) exp(sz(Zn-l)z) (4-24)
A factor of exp(jkz) can be factored out of the summation, and, using

equation 4-13, the electric field is:

E(x,z) = 2 exp(jkz) exp(—=== Jz“x) .

0/2

, Bi2n-1) Cos((2n-1)Kx) exp(—3= JZ“A (4nf - 4n)) (4-25)

n
p)
n
Analyzing the electric field pattern in Figure IV-6, (a "trial" function)

we find that its Fourier series is:

@

€3(x) = iil C(2n-1) Cos((2n-1)kx) (4-26)
where

Ch = = (S1n( T) + S1n(3n")) (4-27)

For Ng + = the intensity patterns obtained from the electric fields

expressed in equations 4-25 and 4-26 are equivalent when:

B(on-1) SXPEIEEE (4n-dn)y = Crpp (4-28)
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Figure IV-6 The near field diffraction pattern of a phase grating is
compared to the electric field pattern illustrated above.
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which is satisfied when:
z = tye(p'/8i) (4-29)

where t1 is any odd integer. Therefore, the intensity pattern observed at
any of the doubling distances defined by Equation 4-29, will approach (as
Ny » =) a square wave pattern with period (p/2). As an illustration of
this, the intensity pattern of a phase grating was calculated by a computer
by using equation 4-1J. The calculation assumed a 200 nm "parent" phase
grating, such as that illustrated in Figure IV-5, and which was illuminated

by a plane wave with a wevelength of 5 mm. At a distance of 1 um, corres-

ponding to z = p2/8x, the desired "doubled" image is observed, Figure IV-7.

IV-E "DOUBLING" WITH p > x > p/¢

When a grating of period p is illuminated by a plane wave of wave-
length A, where p > A > p/2, only the zeroth and first order diffracted
beams are present. To analyze the near-field diffraction pattern of such a
structure at distances from the grating comparable to the wavelength is

difficurt,>?:52,70,71

and in fact, cannot be done exactly. However, the
case of p > » > p/2 is of special interest. The above expressions (equa-
tions 4-1 and 4-2) for the field in front of a grating are not valid, as
discussed earlier, for the case » « p, and the method used thus far cannot
correctly calculate the magnitudes and relative phases of the diffracted
beams. Nevertheless, away from evanescent fields, the near field diffrac-
tion pattern can still be thought to be a superposition of the zeroth and
first orders, which yields:

E(x,z) = By exﬁ(jkz) + 2B, Cos(Kx) exp(jkz z) (4-30)
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and

1(x,2) = |B,|? + 4 B By Cos(Kx) Cos((k-k,)z) + 4]B;]? Cos®(Kx) (4-31)

At the planes where Cos((k-k,)z) = 0, the intensity pattern is simply a
sinusoidal pattern with half the period of the original grating, super-
imposed onto a uniform backgrcund. This is true for a grating with any
arbitrary transmission and phase shift through the grating lines, and any
line-to-period ratio. In order to optimize the "doubled" intensity pat-
tern, the values of B0 and B1 need to be at a minimum and maximum, respec-
tively. A special situation arises for a pure phase grating of = phase
shift, such that there exists no zeroth order diffracted beam, and only the
first order diffracted beams exist. In this case, doubling will occur at

all distances in the near fie]d.g’28

Note that, from equation (4-31), an
oscillatory behavior can be expected. This has been verified experimen-

tally in section V-D.

IV-F GENERAL SPATIAL PERIOD DIVISION ANALYSIS

The technique of spatial period division should have its greatest
impact on the fabrication of sub-100 mm periodic structures. Holographic
lithography is a simple and useful technique which can be used to produce
gratings with periods from approximately 0.2 um to several microns. How-
ever, it is in the fabrication of the finer grating periods which are in-
accessible by holographic 1lithography, that spatial period division will
1ikely make its largest contribution. To produce the desired finer grat-
ings with a square wave-like intensity pattern, it is necessary to illumi-

nate the grating with radiation of wavelength much less than the spatial
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period to be produced, so that the necessary diffracted orders exist
("doubling" with p > x» > p/2 is a special case exception to this general
rule and yields a sinusoidal, rather than a square-wave like intensity
pattern). It is therefore clear that the radiation source for most appli-
cations should have i § 10 nm, and it is the techniques of x-ray lithogra-
phy which will play the role of recording the finer grating periods. Aside
from the UV synchrotron, reliable sources below 100 nm exist only in the
soft x-ray regime, below 10 nm. The x-ray sensitive resist with the high-

56

est known resolution is PMMA, and it is also well known that PMMA is a

very high contrast resist. Specifically, the dissolution rate of exposed

pMMaZ?

is proportional to the absorbed energy raised to the 3.4 power (rate
- (energy)3’4). This indicates that a factor of two increase in exposure
will increase the dissolution rate of PMMA by a factor of 10 in the appro-
priate developer. Therefore, an intensity contrast (ratio of the intensity
maximum to intensity minimum) of two is generally sufficient to record a
useful grating pattern in PMMA.

In the soft x-ray regime, it is difficult to obtain either complete
opacity (complete atteruation) or = phase shift through grating lines. To
achieve either requires thick layers of dense materials, and the two
effects cannot be separated. It is therefore necessary to calculate the
diffraction pattern for x-ray spatial period division as a function of both
the phase shift and transmission through the grating lines. For the gene-
ral transmission function of a grating, Figure 1I-1, the complex Fourier
series coefficients are:
jg

-1 r2p

(p - 215] (4-7)
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. 2"11
Sin( ) .
_ B js
Bn e [1-beY "] (4-8)

and the observed intensity pattern is:

n

1(x,2) = |By|% + 4 3° B, By Cos(nkx) Cos((k-k,(n)z) +
(4-10)
no no
4 3 1 B, B, Cos(nkx) Cos(aKx) Cos((k,(n)-k (a))z)
n=1 n=1 " 9 z 2

The mth spatial period division (an intensity pattern with period p/m)

occurs when the n=m coefficient of the single summation term is a maximum.
This implies that B must be a maximum, and Cos((k-kz(m))z) equals one. In
addition, the contribution from those double summation terms which add
construcively to the desired spatial period division pattern are also a
maximum. The most important is the n = q = m/2 term for "m" even, and the
qQ = (M1)/2 and n = (m-1)/2 terms for "m" odd. Obviously, n and q are
interchangeable. For "m" even, there is no z dependence for the n = gq
term, and this term is a maximum for all z. For "m" odd, the requirement
is satisfied at the proper location of 2z, where the product of the (m+l)/2
and the (m-1)/2 terms are a maximum. Finally, fhe contribution from the n
= m/2 adds destructively to the desired pattern, and this term is a minimum
when Cos((k-k,(m/2))z) is minimum. Taken collectively, optimum spatial

period division occurs when:

g = 4m (4-32)
and

_ 2
z, = p/m (4-33)
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It is clear that only a few of the terms of the singie and double
summation series have been considered. At this point it is more instruc-
tive to analyze the electric field pattern at the proper location, z, for
an mth-order spatial period division. For A << p, Equation 4-9 becomes
(factoring out a phase factor of exp(jkz)):

E(x,z) = B, * 2 ° B, Cos{ nkx) exp(jnnz/m} (4-34)

n

nwe 3
p—

As in the case of "doubling", the summation can be written as a sum of
terms, each of which corresponds to an E-field pattern that approaches a
square-wave form as Ng * = Any individual electric field pattern may have
a period, p, but taken collectively, the resulting intensity patiern has
period (p/m). For example, for m=4, the summation in equation 4-34 can be
written as sums over the odd and even indices. For Ny > < the summation
over the even indices gives the square wave pattern in Figure IV-8b, and
the summation over the odd indices gives the square wave pattern in Figure
IV-8a. Superimposing the two electric field patterns, and squaring the
sum, yields an intensity pattern of period p/4. This process can be
repeated for all values of m, and, as an illustration of this, the spatial
period division of a highly opaque grating (b = 0) with period p, is shown
in Figure IV-9 under optimum conditions (i.e. 8 = 4m and z = pzlmx) and for -
divisions of m = 2 through 10, calculated by using equation 4-10. For
these computer calculations, a grating period of 200 nm, and a mohochroma—
tic plane wave source with a wavelength of 1 nm was assumed.

Since most materials exhibit both finite attenuation and phase shifts

for incident soft x-ray radiation, it must be assumed that in any real
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Figure IV-8 The near field diffraction pattern of an "mth" spatial
period division, for m = 4, is the superposition of two
periodic electric fields, which, when superimposed, pro-
duces an intensity pattern of period p/4. (Ag is the
summation over the odd indices in equation (4-29), and
(B) is the summation over even indices.
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experiment, the grating lines will not be fully opaque, and that some phase
shift through the grating 1lines occurs. To analyze the quality of the
spatial period division pattern under conditions of partial transmission,
the intensity pattern at z = pz/mx as a function of phase shift and trans-
mission through the grating lines was computed. To analyze the depth of
field of the spatial period division pattern, the intensity pattern in the
vicinity of the proper location, z, for the mth spatial period division was
computed.

The partial transmission and phase shifts through the grating lines
will affect the Fourier series coefficients, Bn (see equations 4-7 and
4-8). As the thickness of the grating lines increase, the absorption and
phase shifts in the grating lines increase. For a gold grating, the mea-

17 at the carbon-K x-ray are 128 dB/um

sured absorption17 and phase shifts
and 1°/mm, respectively. As the grating line thickness increases, it is
clear from (4-7) and (4-8) that the value of Bo decreases and the values
for Bn increase. This continues until a ¢ = = phase shift is reached,
after which the values of Bo and Bn increase and decrease, respectively.
This oscillatory behavior in the values of Bo and Bn continues until the
attenuation is very large (b » 0). For general mth order spatial period
division, the best results are obtained from the diffraction pattern of a
highly opaque grating. In practice, it is difficult to obtain full opa-
city. For example, a gold thickness of 180 mm corresponds to an attenua-
tion of 23 dB (Bz= 5 x.10'3) and a ¢ = © phase shift for the carbon-K
x~ray. Whereas this may seem to be sufficient attenuation, examination of

th

the near field diffraction pattern of an m spatial period division will

reveal that the widths of the lines are not all the same for a given inten-
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sity level. Spatial period division is very sensitive to the gold thick-
ness, even for gold thicknesses in excess of 180 mm. This is explained by
the fact that the diffraction pattern is a coherent effect, and is sensi-
tive to the phase of any transmitted wave. For bz= 5 x 10'3, the relative
electric field strength of the radiation transmitted through the lines is
0.07, and this produces a background. The mth order division is composed
of square wave electric fie]d“pu]ses? which may have components that are
either positive or negative relative to this background. The background
will add to the square wave pulses so that the positive pulses will have
higher peak electric fields, while the negative pulses will be diminished.
As an example, for m = 4, if an individual electric field pulse were -0.5
relative units and another were +0.5 relative units, then the transmitted
radiation would change the electric field strengths to -0.43 and + 0.57,
respectively. The difference in the resulting peak intensities would be a
factor of 1.75, which is unacceptable for replication purposes.

In the following calculations, the characteristics of a carbon-K
x-ray source is assumed (1 = 4.48 nm, 2% bandwidth) and the measured atten-
uation and phase shift through gold is used. The near field diffraction
pattern a 0.2 um period grating is calculated. The incident x-ray beam is
assumed to be collimated and at normal incidence to the grating. A 20 mm
resolution in the recording medium is also assumeq. This effect can be
simulated by convolving the near field diffraction pattern with a 20 mm
wide rectangular pulse. The "doubling" of a 200 mm period grating would
require a grating with < 50 nm spaces (8 > 8). Figure IV-10 is a plot of
the near field diffraction pattern at z = p2/2x as a function of gold

thickess, from 120 nm to 400 nm. Although the maximum thickness obtained



126

T Y 2T | 7
+ 1\ . . 1
T3] Y 17 —7 '\ \¥
T T Y 1 T 1 I N
T T
r 213 {
R .
F N 1 4 3
- X —
5 1 - 1T 1
H Y
H 1t 1 I 1 1 1
i 1 I 1
1 1 7 1 7 1
e i .t = ] T
1 T A
ATJ_L ‘_} 1 ) O o | 1 1 I T
° s0 o 150 100 ° (1} 00 150 200 ) [T} 1% 100
A B Cc
111 T T T —T
1 17 T -
A1 I - 7 ]
’ 1 14 . +} L T 1 X T
T
> t . |
= T
a 1
I
£ ; L 1 {
X 1 1
- ! ! 1Y 1 1 1 71
1 T % 4 T 1 ! I 1 |
t 1 f+ .
1
= : S
1
= S at L } 1
° 80 100 1% 200 ° s 00 180 200 ° 80 10 200
D E F
1 T »ad T
! : = I &y ]]L 1 1 Y ' 7
T
1 FH 1 L) I 1 Y 1. T -
' 1 1
7 + t 1 —
£ I I
H =i
i T
E 1 1 T 1.}
z 9! 1 1 ? i 1 ] 1 7 1
7 1T I Bt A} 4 X T
1
! T
i T "
1 t B, T
P ; - I
° 0 0o ™ 200 ° (1] (] 150 200 ° (1) 00 150 200
SPATIAL DISTANCE —e SPATIAL DTETANCE —o BPATIAL DISTANCE —o
{nm) (nm) (nm)
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so far for this experiment was 250 mm, a thickness of «» 400 nm should be
feasible. As is evident, the pattern changes quite dramatically for gold
thicknesses up to approximately 18oc nm, but does not change appreciably for
thicknesses beyond 220 mm. For a high contrast recording medium, such as
PMMA, gold thicknesses in excess of approximately 180 mm should be suitable
for "doubling", but thinner layers would be unsuitable. For gold thick-
nesses less than 180 mm, adjacent intensity peaks differ by more than 20%.
This will result in a factor of two, or more, difference in the development
rate between the two peaks, and the fundamental grating period would be
evident as linewidth variations in the developed pattern.

The same calculations have been made for m = 3 and m = 4, and are
shown in Figures IV-11 and IV-12. It is evident from these plots that the
higher spatial period divisions are more sensitive to any partial transmis-
sion by the gold, and for adequate spatial period division, a gold thick-
ness in excess of » 250 nin is required.

The effects of changing the line-to-period ratio of the parent grat-
ing (varying g) is simply to change the peak widths in the near field dif-
fraction pattern. These peak widths are approximately equal to the trans-
parent region (spaces) of the parent mask. For example, a parent grating
with spaces equal to 2p/s will have a diffraction pattern with intensity
peak widths (FWHM) equal to approximately 2p/s. Obviously, the value of
2p/g must be less than the period of the desired near field intensity pat-
tern. As an illustration, Figure IV-13 shows the "doubling" of a 0.2 um
period grating with various values of 8. A fully opaque grating (b = 0) is
assumed, and plane waves with the characteristics of the CK x-ray are inci-

dent upon the grating.
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Figure IV-11

The near field diffraction pattern of a grating as a
function of increasing attenuation and phase shift
(increasing gold thickness), for 8 = 12 and z = p2/3x
(m = 3).

A) gold thickness = 120 nm B) 140 nm
C) 160 nm D) 180 nm
E) 200 nm F) 220 nm
G) 250 nm H) 300 nm
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Figure IV-12

The near field diffraction pattern of a grating as a
function of increasing attenuation and phase shift
(increasing gold thickness), for g = 16 and z = p2/4x
(m = 4),

A) gold thickness = 120 nm B) 140 nm

C) 160 nm D) 180 nm E) 200 nm

F) 220 nm G) 250 nm H) 300 nm

I) 400 nm
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Lastly, it is important to analyze the near-field diffraction pattern
in the vicinity of the plane, z = p2/mx. The terms that are z dependent in
the near field pattern are dependent through a Cos((k-kz(n))z) factor. For
A << p, this is a slowly oscillatory function, and it is expected that the
depth of field can be large compared to a wavelength. Figures 1V-14, 1V-15
and 1V-16 illustrate this point by plotting the near field diffraction pat-
tern of a 200 nm period grating, in the vicinity of the mth spatial period
division image, for m = 2, 3 and 4. For these calculations, b = 0 and g =
4m, and the characteristics of the Cg x-ray are again assumed. From these
calculations, the quality of the mth spatial period division image as a
function of distance from the grating is illustrated.
From a simple calculation, the distance in the near field diffraction
pattern between two successive divisions isﬁ
Az = __2_2._ (4-35)
(mz+m) )
A rough estimate of the depth of field can be made by dividing this region
into three sub-regions, the first having a diffraction of period p/m, the
second is a transition region, and the third region has a diffraction pat-
tern of period p/(m+l). The approximate depth of field (d.o.f.) of the mth

order division is then:

2
dof. =L P (8-36)
3 (m2+m)

th

As another illustration of the m  spatial period division image as a

function of distance from the grating, and with the desire to produce sub-
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function of distance, z, for 8 = 16, b = 0 and m = 4.
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100 mm period grating, the near field pattern of a 200 mm period grating
was plotted by a computer. Earlier in this *thesis work, it was thought
that a grating with spaces » 20 nm wide and gold thickness » 250 mm could
be fabricated, and this grating would be illuminated with a broadband,
synchrotron souce (10% bandwidth), centered at » = 4.7 nm. This ultimately
proved to be unfeasible, due to synchrotron availability. The penumbra
associated with this source was determined by the source collimation « 1
milliradian. Under these conditions, the near field diffraction pattern,
as a function of distance from the grating, is illustrated in Figure 1V-17,
where the vertical axis represents the intensity. At distances from the
grating corresponding to divisions of m= 2, 3, 4 and 5 (z = pzlmx), a cut-
away view is exposed to reveal the intensity pattern at that plane.

It would be highly desirable to calculate the resist profile obtained
by spatial period division by coupling the intensity pattern to a model for
the resist development. Unfortunately, most development models do not take
into account the finite resolution of the recording medium. Since sub-100
nm period gratings have features which are approaching the molecular size
of the recording medium, one is hesitant to use large quantities of compu-
ter time on programs which may be suspect. New development models need to
be formulated for the situation where the feature sizes to be recorded are
near the effective resolution 1imits of PMMA (» 20 nm).56

Since PMMA has a very high contrast (a 20% difference in exposure
will result in a factor of two difference in development rate), there are
several requirements on the intensity pattern for it to be useful for
spatial period division. The recorded pattern should be free of any

fundamental component, and this requirement implies:
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SPATIAL PERIOD DIVISION

The near field diffraction pattern of a grating with

B = 20 and a gold thickness = 250 nm, illustrating the
planes of mth spatial period division for m = 2, 3, 4,
and 5. The characteristics of the sychrotron source
mentioned in the text is assumed. Intensity is plotted
on the verticle axis.
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(1) The intensity maxima must be greater than three times the of
intensity minima;

(2) Any individual intensity maximum cannot deviate by more than 20%
from any other intensity maximum; otherwise, it will develop
more rapidly than the other, leading to line widening through
lateral development;

(3) The linewidths of the intensity maxima cannot vary by more than
20%.

Note that the value 20% is somewhat arbitrary, but serves as a good
“rule-of-thumb". Taken together, these requirements impose strict 1limita-
tions on the mask and the depth of field. It is, therefore, very important
to carefully analyze the diffraction pattern as a function of all varia-
bles, z, b, ¢, 8 and source characteristics. As a result, the "doubling"
of a 0.2 uym period grating with Cy x-ray source is not a trivial task.
From the computer calculations, it is clear that a thick gold grating (3
200 nm), with spaces < 50 mm, must be fabricated, and exact control of the
gap is essential, z = 4.5 um + 0.3 um. These are very severe restrictions.
Furthermore, the spatial period division image must be analyzed for devia-
tions from ideal conditions. As an example, a division of m = 3 is
possible for a mask gold thickness of 140 mm (Figure IV-11b), but careful
evaluation reveals that a change in the gold thickness by only 20 mm will
destroy the image (the intensity peaks do not meet condition 2 above). It
is very difficult to maintain a constant plated gold thickness over a
square centimeter to + 15 mm tolerances, and so, a better strategy for m =

3 might be to choose a "fully" opaque mask with gold thickness > 250 mm.
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CHAPTER V

EXPERIMENTAL VERIFICATION OF SPATIAL PERIOD DIVISION

V-A INTRODUCTION

It was desired to test the applicability of spatial period division to
the fabrication of sub-100 nm period gratings. Towards this end, three
experiments were performed. The first experiment involved the spatial
period division of a coarse period (> 10 uym) grating, illuminated by opti-
cal radiation. The second experiment involved the spatial period division
(with m = 2) of a 199 nmm period gold grating, illuminated by the carbon-K
X-ray, to produce a 99.5 mm period grating in PMMA. The third experiment
verified the spatial period division of a 199 mm period grating with a deep

U.V. radiation source such that p > x» > p/2, as discussed in Section IV-E.

V-B OPTICAL TEST OF SPATIAL PERIOD DIVISION

To verify the theoretical predictions of chapter 1V, a test at optical
frequencies was performed?® together with D.C. Flanders. Others®5-68 had
observed this effect under similar experimental conditions, but none had
done a detailed study to characterize the optimum conditions for spatial
period division. The optical test that was performed used an orange filter
(» » 600 nm), with an incandescent source. The parent mask was a 16.9 um
period grating, etched into chromium. The grating pattern was originally
exposed by electron beam lithography, by D.C. Shaver, and consisted of
several grating areas, each with a different Tine-to-period ratio (differ-
ent 8's for different areas). The chromium grating was placed in an opti-

cal microscope, with the orange 1ight incident on the grating from behind.
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The microscope was then focused onto a pPlane in the near field diffraction
pattern of the grating. In this manner, a magnified image of the near
field diffraction pattern was obtained. Figure V-1 shows the results of
this optical testing, as recorded in photographic film. The patterns were
recorded at the plane corresponding to divisions by factors of 2, 3 and 4.
This clearly demonstrated the technique of spatial period division. It
also demonstrated an important feature, consistent with the theory present-
ed in Chapter IV (although this was not fully understood at the time).
Under the conditions of a slightly transparent parent mask, the patterns
for m = 3 and m = 4 have some intensity peaks brighter than others; some
fundamental component is evident. The attenuation in the parent mask was
approximately 15 dB. From the computer calculations shown in Chapter 1v
for m = 3 and m = 4, it is necessary to have greater than approximately 30

dB attenuation to avoid the "fundamental® component.

V-C X-RAY SPATIAL PERIOD DIVISION

V-C-1 Introduction

The most difficult challenge of this thesis was to experimentally
demonstrate spatial period division with soft x-rays. A 199 nm period
grating, illuminated with the carbon-K x-ray (2 = 4.48 nm) was "doubled" to
produce an intensity pattern with period 99.5 nm, which was recorded in a
150 nm thick layer of PMMA. The requirements on the "parent" grating, as
discussed in Chapter IV, were that:

(1) the grating have narrow lines (8 < 8):

(2) the gold lines have a thickness in excess of w 180 nm.

The techniques of producing thick gold gratings, as discussed in Chapter
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Results of a spatial period division experiment at optical
wavelengths. A 16.9 pum period grating was illuminated Ry

a v 600 nm source. At the appropriate locations, an mt
spatial period division (m = 2, 3 and 4) was observed.
Notice that for m = 3 and 4, a fundamental intensity pattern
is also evident, indicating partial transmission through the
opaque grating lines.
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11, were directly applicable, along with a technique of accurately control-
ling the line-to-period ratio of the grating, discussed below. In addi-
tion, the gap between the "parent” grating and the recording film had to be

accurately determined and maintained.

V-C-2 Fabrication Procedure to Produce the Parent Mask

The fabrication procedure to produce the gratings required for x-ray
spatial period division was very similar to that already discussed in
Chapter II. In that chapter, a procedure for making thick gold transmis-
sion diffraction gratings was presented. For the carbon-K x-ray, the gold
thickness required is > 180 nm, and the transmissive region of the 199 mm
period grating must be'j 50 nm wide. To meet the added requirement of
narrow (50 mm) spaces, the original x-ray lithography mask was made with
the required line-to-period ratio through a "shadowing" process developed
by D.C. Flanders.22 The detailed fabrication steps are given in Appendix
F. This “shadowing" procedure began with holographic 1ithography expo-
sures of 199 nm period grating patterns on (100) silicon wafers coated with
20 nm of Si3N4, 10 nm of Cr and 60 nm of photoresist. The holographic ex-
posures were performed so that the grating lines were oriented parallel to
the <110> direction. After resist exposures and development, the 10 nm
layer of chromium was chemically etched in a solution of 164 grams of ceric
ammonium nitrate, 43 ml of perchloric acid and sufficient water to produce
“a one Titer volume of etchent.72 The chromium was then used as a mask to

2l The etch was

etch the 51'3N4 in a CHF3 plasma in the reactive ion etcher.
stopped when the silicon was exposed in unmasked, monitor areas. Next, the

samples were placed in a 30% solution of potassium hydroxide (KOH), satura-
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ted with isopropyl alcohol. The KOH solution at 80°C is known to etch into
the <111> crystallographic direction approximately 20 times slower than

into either the <100> or the <110> direction.’s

This results in a crystal-
lographically smooth "sawtooth" structure in the silicon surface, Figure
v-2.22 After the KOH etch, the Si3N4 was removed by a one-minute soak 1in
buffered HF, and an approximately 2 um thick layer of polyimide was spun
onto che silicon “sawtooth" surface. After polyimide curing, the polyimide
was bonded to a polyvinylchloride tube, and the silicon wafer was etched
away. The polyimide was then bonded to an aluminum ring. Next, tungsten
was obliquely evaporated onto this polyimide mold, Figure V-3. The angle
at which the tungsten was evaporated dete<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>