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ABSTRACT 
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Gola gratings with spatial periods of 0.3 ana u.2 um nave Detrn 
fabncatea in thicknesses of 0.6 ann 0.2b um, respectively, anu useo in 
x-ray spectroscopy ano spatial-perioa-oivision. Fabrication tecnniques 
includea: nongraphic lithography, snaaowing, x-ray litnoyrapny ano gola 
microplating. Control of linewidth to tolerances of tne oraer of 1U nm 
has oeen demonstrated for gratings of 0.2 um period. A high resolution 
imaging spectrometer, composed of a 2^x Wolter x-ray microscope in 
conjunction with a gold transmission grating, was tested. At a 
wavelength of 0.69 nm a resolving power, A/AA, of 200 was 
demonstrated. Resolution in this case was source size limited. Gratings 
of 99.i nm period were exposeo in PMriA by x-ray (A = 4.5 ran) spatial-
perioo-division. 

* Tins worn was sponsored Dy the Joint Services Electronics Proyraw ana 
the Defense Advanced Research Project Agency. 
** worn performed under tne auipices of the U.S. Department of Energy 
under contract Ho. w-yMQB-Eng-ia. 
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I. INTRODUCTION « 

We have fabricated transmission gratings in thick gold with spatial 
periods of 0.3 and 0.2 um and used the former for spectroscopy at 

1-3 0.6-0.7 rrni and the latter for spatial-period-division with C„ 
x-rays (4.5 nm). The 0.3 pip period gratings had a gold thickness of 
0.6 vmand ;!;us the attenuation through the lines exceeded 10 dB for 

A 

x-ray wavelengths above 0.8 nm, leading to a nearly uniform 
diffraction efficiency. At a wavelength of 0.69 nm the atx-motion 
through 0.6 i"n of gold is 8 dB. For x-ray spectroscopy, gratirgs 
should either be supported on a transmissive membrane or be "free 
standing". We have fabricated both types. The "free standing" gratings 
were held together by an integral course grid. 

For spatial-period-division there are rather stringent requirements 
on the "parent mask". Attenuation through opaque regions should exceed 
about 25 dB and thus with the C x-ray (4.5 nm) a gold thickness 

K 
2 greater than 200 nm is required. Moreover, for "doubling" a parent 

mask of period p, the width of the transmissive portions ("slits") of the 
mask should be equal to or less than p/4. We fabricated parent masks 
of period 199 nm in gold 250 nm thick with slit widths of 40 nm. 
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II. FABRICATION OF GRATINGS 

The fabrication of the gratings began with holographic lithography. 
We used a He:Cd laser (X = 325 rati) and a configuration in which spatial 
filters ware the final elements in the two interferometer arms. As a 
result, the grating period increases as a function of distance from the 
center of the interference pattern. The spatial filters were positioned 
about 1/2 m from the substrate. Assuming spherical wavefronts, it is 
relatively easy to show that in the plane of the interferometer the 
spatial period increased by 1 part in 10 fit distances of 5 and 7 mm 
from the pattern center for the 0,3 and 0.2 urn patterns respectively. 
This distortion can be made arbitrarily small by increasing the distance 
from the spatial filters to the substrate. 

For the 0.3 um period gratings, we exposed in \ 50 nm thick AZ 
1350J* photoresist on ̂  70 nm thick gold on ^ 1 pm thick polimide 
on silicon wafers. The gold was then ion beam etched (Fig. 1) and a 
polyimide membrane x-ray mask was produced by epoxy bonding the polyimide 
to a ring and then chemically etching away the silicon substrate. This 
mask was then used to expose ^ 1 pm thick films of PMMA. To minimize 
line widening due to diffraction and penumbra, the x-ray mask was held in 
intimate contact with the PMMA by applying an electrostatic potential 
between the substrate and an aluminum film on the back side of the 
polyimide membrane. X-ray exposures were done using the C^ [X -

4.5 nm) x-ray into PMMA over a plating base of 10 nm Au/10 nm chromium on 
a substrate which was either 0.5 um thick polimide on a Si wafer (for 

•Shipley Co., Newton, MA 



the case of membrane supportea gratings) or a Dare silicon wafer (for the 
case of free-standing gratings). After removing any resist rfcwidue 
Detween exposed lines with a U 2 plasma, gold microplating was carried 
out in a commercial solution (Sel-Kex BOT-blD) at a temperature of 4b°C 
ano a solution pH of 8.b. A plating rate of 10 nm/min give the best 
results. After plating, tne PMMA was oissolvea in cnlorooenzene. fig. 
2a shows the PMMA after exposure anu before microplatiny. Fig. 2b snows 
a completed gold diffraction grating. 

For polyimide-membrane supported gratings, the silicon substrate 
behind the grating area was simply etched away chemically. Since 
polyimide absorbs strongly (i.e., > 10 dB/pm) at wavelengths between 
2.5 and 4.3 nra and beyond ^ 7 nm, self-supported gratings are preferred 
for spectroscopy at these wavelengths. To accomplish this we 
uhotolithograpnically superimposed and microplatea a coarse grid on top 
of tne U.3 urn grating. First a O.b ^ thick layer of AZ UsOB* was 
spun over a 0.3 Mm period, 0.4b um thick, gold grating on a silicon 
suustrate. Then a second layer of j pm thiCK hi 13bOJ* resist was spun 
on. A 6 wn period grating was exposed perpendicular to tne 0.3 vm 
period grating arm a 160 m period grating was exposeu parallel co the 
0.3 um perioo grating. Tnis grid was then electroplated to a thickness 
of 3 PHI. The linewidth-to-period ratios of the o pm ana 160 pm 
period gratings were 5 to 8 and 1 to 8 respectively, so tnat " 305! of 
the area of the 0.3 pm period grating was unoostructeo oy the support 
grid. After plating, the resist was dissolved and tne silicon benind the 
grating etched away. 

*Shipley Co., Newton, MA 
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The lyy nm period gratings, with slits of 40 mn in gold 250 nm 
thick, were fabricated by a multistep process which differs somewhat from 
that described earlier. Holographic lithography produced a grating 
pattern in 'v- 50 nm AZ 1350J* resist over 10 nm thick Cr over 20 nm 
thick Si^N 4 on (100) Si wafers. Chemical etching of the Cr, followed 
by reactive ion etching of the Si.N., followed by KOH anisotropic 
cnemical etching produced a sawtooth-profile structure in the (100) 
silicon. A polyimide mold taken from this structure was then epoxy 
bonded to a ring and obliquely shadowed with tungsten to produce an x-ray 
mask with 40 nm wide lines on M nm centers. This was then n-ray 

replicated in b O n.>i thick MriA over a 1 pm thick polyimide membrane on 
a Si wafer followed ay liftoff of 10 nm Cr and 50 nm Au. After etcning 
away the silicon, this yielded an x-ray mask with "*• <tu rim wiae slits in 
gold bO nm tnick. Tnis "polarity-reversea" mask was than replicated into 
2bu nm thick PHriA over a 1 \m thick polyimide membrane un a silicon 
wafer followed by liftoff of 10 nm Cr/60 nm Au to yield a third x-ray 
mask having the same "polarity" as the original sawtooth mask but with 
mucn higher contrast (̂  8 db). Tnis thiro mask was tnen used to expose 

x 40 nm wide lines, on 19ij nm centers, in 250 nm thick PriMA over a gold 
piating base on polyimide over a silicon wafer. After gold plating to a 
thickness between 200 and 250 nm the final "parent mask" was epoxy bonded 
to a ring. Fig. 3 shows a mask made for spatial-period-division but 
which was sacrificed for microscopy. 
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III. X-RAY SPECTROSCOPY 

To test the spectroscopic performance of our grating we used a 
wolter 22x grazing incidence microscope and an electron bombarded 
tungsten anode source to provide narrow lines at 0.698, 0.676 and 0.609 
nm, corresponding to the tungsten M , I V and M 
respectively. The Wolter microscope has a spatial resolution of 
~lun. A 4 um thick gold foil with a pattern of apertures ranging 
from 6 x 9 to 2 x 2 um was placed at the object plane of the Wolter 
microscope and back-lit by the tungsten source. By grazing incidence 
reflections off the hyperboloid and ellipsoidal surfaces of the 
microscope, the x-rays are focused onto the image plane located 6.6 m 
away. The gratings were placed, as depicted in Fig. 4, 5.92 m from the 
image plane. A rectangular area, 7 mm parallel and 0.3 mm perpendicular 
to the grating lines, was illuminated. In general, the 0.3 um period 
gratings were used for spectroscopy although a few experiments were done 
with 0.2 pm period gratings. Fig. 5 shows the zeroth and 1st order 
diffracted images, as recorded in x-ray film. A microdensitometer trace 
of this film indicated a resolving power, A/6A, of 200 at A = 0.69 
nm. This resolution is limited by the source size and not by distortion 
in our gratings, which we estimate to be < 10 over the area 

o 

illuminated by the x-rays, taking into account membrane distortion 
(< 10 ) and the use of spherical wavefronts in the holographic 
lithography (< 10" over the entire illun.inated area). We measured a 
transmission diffraction efficiency (ratio of the energy in one first 
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order to the energy in tne zeroth order) of 100& (+ IIS) for the 0.3 yin 
period, 0.6 wn thick, gratings, for comparison, the theoretical 
efficiency of a grating with fully opaque lines snoulo be 40*. The 
higher efficiency obtained experimentally can be accountea for by partial 
transmission and appropriate phase shift through the grating lines. 

a 

Others have reported diffraction efficiencies of 165J for u.42 um 
periou transmission gratinys. 

IV. SPAT1AL-PER10D-D1VISION 

for spatial-period-division we used parent masks of lyy nm period 
with slits of "v 40 nm widtn in gold 200 to 250 nm thick (see Fig. 3). 
The x-ray source was an electron bombarded carDon anode. The parent mask 
was held apart from a PMMA coated substrate by means of polyimide 
spacers, as described earlier. Both fixed gap (4.3 um) ana variable 
gap (.3-b urn) spacers were usea, ana the openings in the polyimide 
spacers were 2s x 25 um. As Defore, an electrostatic potential held 
the masx-spacer-suustrate assembly together. 

To eliminate problems due to penumbra or motion of the beam 
impingement point on tne anode, a slit aperture was placeci between the 
source ana substrate, which gave an effective source size of ^ 1 x 2 
mm. Source-to-substrate distance was lOo mm, ana the source was operated 
at b.O kV and 30 ma. Fig. b shows a recent result, a 99.D nm period 
grating exposed in PMMA. An exposure time of 1y0 hours was required. 
The increase, oy a factor of y X, in the exposure time relative to our 
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initial spatial-period-division wor* can be accounted tor by the 
different source operating parameters (̂  1.6 XJ, a thicker polyimide 
membrane and gold plating base C W X), tne use of an aperture ("v i 

V) and more complete exposure ^ 1.5 X). Clearly, a brighter source, 
such as a synchrotron, and further improvements in techniques are 
required before x-ray spatial-psriod-division can be considered a 
practical means for making large area, sub 100 nin period gratings. 

An alternative to x-ray spatial-period-division is to use deep UV 
raaiation, Witn an flrf laser (193 nmj, for example, the parent mask can 
ue an aluminum grating on quartz- We have demonstrated spatial-perioo-
division (i.e., "doubling" a 19a run period aluminum grating into a yy.b 
nm period grating in PUMA) witn sucn a configuration ana will report on 
it fully in the near future. 
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FIGURE CAPTIONS 

Fig. 1 An SEM micrograph of an x-ray mask consisting of an 0.3 vim 
period grating in 70 nm thick gold on polyimide. This grating 
was produced by holographic lithography and ion beam etching. 

Fig. 1 (a) An SEM micrograph of an 0.3 vim period grating in PMMA, 
0.7 um thick, on a gold plating base, produced by x-ray 
lithography. 
(b) SEM micrograph of a gold grating produced by 
electroplating into the openings of the PMMA grating in (a). 

Fig. 3 SEM micrograph of a 199 nm period grating with 40 nm wide 
"Siits" in 180 nm thick gold; (a) cleaved edge view, (b) top 
view. This grating i; similar to gratings made in 250 nm thick 
gold that were used for spatial-period-division at X = 4.5 nm. 

Fig. 4 Schematic diagram of the imaging spectrometer, A gold 
aperature mask was back-lit by the radiation emitted from a 
tungsten anode. The 22x Wolter microscope focuses the 
transmitted x-rays onto an image plane after first passing 
through the gracing. The diffraction pattern is recorded on 
film. 
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Fig. 5 Diffraction pattern showing the M Q, M g, and M 
lines of the tungsten anode. A microdensitonieter trace of this 
figure indicates a X/AX of 200 at X = 0.69 nm. 

Fig. 6 SEM micrograph of the cleaved edge, (a), and top view, (b), of 
a 99.5 nm period grating exposed in 150 nm thick PMMA by x-ray 
spatial-period-division. The dip, which extends stout 20 nm 
into the top of each PMMA line, is a higher-spatial-fraquency 
interference effect. 
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