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ABSTRACT

bola gratings with spatial perioos of U.3 ana U.Z pm nave Deen
fabricatea in thicknesses of 0.6 ann U.25 um, respectively, anu usea in
x-rdy spectroscopy anu spatial-periog-aivision. Faurication tecnniques
includea: nolographic lithography, snagowing, x-ray litnoyrapny anc gola
microplating, Control of linewidth to tolerances of tne arder of 10 nm
has peen demonstrates for gratincs of 0.2 um period. A high resolution
imaging spectrometer, composed of a 2¢x Wolter x-ray microscope in
conjunction with a gold transmicsion grating, was tesied. At a
wavelength of 0.69 nm a resolving power, A/BA, of 200 was
demonstrated. Resolution in this case was source size limited. Gratings
of 94.5 nm perigd were exposea in PiiA by x-ray {a = 4.5 nm) spatial-

perica-division,

* Tims work was sponsorea oy the Juint Services Electronics Proyran ang
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I.  INTRODYCTION v

We have fabricated transmission gratings in thick gold with spatial
periods of 0.3 and 0,2 pm and used the former for spectroscopy at

0.6-0.7 rm and the latter for spatia]-period-division1'3

with CK

x-rays (4,5 nm), The 0.3 um period gratings had a gold thickness of
0.6 um.and ::us the attemuation through the lines exceeded 10 dB for
x-ray wavelengths above 0.8 nm,4 leading to a nearly uniform

diffraction efficiency. At a wavelength of 0.69 nm the atx nuation
through 0.6 pm 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 cocrse grid.

For spatial-period-division there are rather stringent requirements
on the "parent mask". Attenuation through onaque regions should exceed
about 25 dB and thus with tae CK x-ray (4.5 nm} a goid thickness
greater than 200 nm is required.2 Moreover, for "deubling® a narent
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 s1it widths of 40 nm.

i
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11. FABRICATION OF GRATINGS

The fabrication of the gratings began with ﬁolographic 1ithography.
We used a He:Cd laser (A = 325 nm) 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 distan.e 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 104 @t distances of 5 and 7 mm
from the pattern center for the 0.3 and 0.2 um 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 v 50 nm thick AZ
13500% photoresist on ™ 70 nm thick gold on + 1 bm thick polimide
on siiicon 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 ym 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 Cy (A=
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 ym thick polimide on a $i wafer (for

*Shipley Co., Newton, MA
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the case of membrane supportea gratings) or a bare silicun wafer (for the
case of free-standing gratings). After removing any resist renidue
petween exposea lines with a U2 plasma, gold microplating was carrieq

out in a commercial solution (Sel-Rex BOT-510) at a temperature of 45%
and a solution pH of 8.5, A plating rate of 10 n/min gave the pest
results. After plating, the PMMA was aissolvea in cinlorooenzene. Fig.
2a 3haows the PMMA after exposure and before microplating. Fig, 20 snows
a completed gola uiffraction grating.

For polyimide-membrane supported gratings, the silicon substrate
behind the grating area was simply etched away chemically. Since
polyimide absords strongly {i.e., > 10 dB/um) at wavelengths between
2.5 and 4.3 nm and beyond v 7 am, self-supported gratings are preferred
for spectroscopy at these wavelengths. To accomplish this we
photolithagrapnically superimposed and microplated a coarse grid on top
of the 0.3 um grating., First a 0.5 um thick layer of AL 13508* was
spun over a 0.3 um period, 0,45 um thick, gold grating on a silicon
sunstrate. Then & second layer of 3 pm thick AL 1350J* resist was spun
on, A6 um period grating was exposea perperdicular to the 0.3 um
period grating anp a 160 wm period grating was exposeu parallel to the
0.3 pm periog grating, Tnis grid was then electroplated to a thickness
of 4 wn. The linewidth-to-periad ratias orf the o ym ang 160 um
period gratings were 5 to 8 and 1 to 8 respectively, so that ™ 30% of
the area of the 0.3 um period grating was unonstructea by the support
grid, After plating, the resist was dissolved and the silicon benind the

grating etched away.

*Shipley Co., Newton, MA
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The 19y nm period gratings, with s1its of 4u mm in gold 250 nm
thick, were fabricated by a multistep process which differs somewhat from
that described ear]ier.] Holographic lithography produced a grating
pattern in % 50 nm AZ 13500* resist over 10 nm thick Cr over 20 nm
thick SigN, on (100) 51 wafers. Chemical etching of the Cr, followed
by reactive ion etching of the Si3N4, followed by KOH anisotropic

) produced a sawtooth-profile structure in the (100)

cnemical etching
silicon. A polyimide mold taken from this structure was then epoxy
bonded to a ring and obliguely shadowed with tungsten to produce an x-ray
mask with 40 nm wige lines on 194 nm centers.b This was then X-ray
replicated in 1oy ns thick PMMA over a 1 um thick polyimide membrane on

a 5i wafer followed by Tiftoff of 10 nm Cr and b0 nm Au. After etcning
aWay the Ssilicun, this yielued an x-ray mask with v 4U nm wige slits in
gola 60 mm tnick. Tnis “polarity-reversea" mask was then replicated into
250 nm thick PMMA over a 1 ym thick polyimide membrane un a silicon

wafer followed by 1iftoff of U nm Cr/60 nm Au to yield a thira x-ray
mask having the same "polarity" as the original sawtooth mask but with
mucn higher contrast {v 8 db). Tnis thira mask was tnen used to expose

* 40 nm wide Tines, on 199 nm centers, in 250 nm thick PMMA over a gold
piating base on polyimide over a silicon wafer. After gola 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.



T11. X-RAY SPECTROSCOPY ]

To test the spectroscopic performance of our grating we used a

Wolter 22x grazing incidence micrusc0pe7 and an electron bombarded
tungsten anode source to provide narrow lines at 0.698, 0,676 and 0,609
nm, corresponding ta the tungsten Mar Mo and MY

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 ym was placed at the object plane of the Wolter
microscope and back-1it 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
ta 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 um 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, x/ax, 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 < 10'4 over the area
illuminated by the x-rays, taking into account membrane :Iistortion8

(< 10'4] and the use of spherical wavefronts in the holographic
Tithography {< 10t over the entire illuninated area). We measured a

transmission diffraction efficiency (ratio of the energy in ane first
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order to the energy in the zeroth arder) of 1004 (+ 10%) for the 0.3 ym
period, 0.6 wm thick, gratings. For comparison, the theoretical
efficiency of a grating with fully opaque lines shoulu be 403, The
higher efficiency obtaineu experimentally can be accountea for by partial
transmission and appropriate phase shift througn the grating lines,
Other59 have reported diffraction efficiencies of 16% for U.42 um

periou transmission gratings.

1V. SPATIAL-PERIOD-DIVISION

For spatial-period-division we used parent masks of 199 nm period
with s1its of % 40 nm widtn in gold 200 to 250 nm thick (see Fig. 3).
The x-rdy source was an eleciron bombarded carDon anede. The parent mask
was held apart from a PMMA coated substrate by means of polyimide

] Both fixed gap (4.3 um) anu variable

spacers, as described earlier.
gap (3-5 um) spacers were used, and the openings in the polyimide

spacers were Za x ¢5 um, As pefore, an electrostatic potential hela

the mask-spacer-sunstrate assembly together.

To eliminate praoblems due to penumbra or motion of the beam
impinyement point on tne anode, a St aperture was placeu between the
source ang substrate, which gave an effective Source size of v | x 2
mm. Source-to-substrate distance was 1Uo mm, ana the source was operateo
at 6.0 kV and 30 ma. Fig. b shows a recent result, a 99.5 nm period

grating exposed in PMMA. An exposure time of 190 hours was required,

The increase, oy a factor of 9 X, in the exposure time refative to our
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initial spatial-period-division work can be accounteu for by the
aifferent source operating parametars (v 1.6 X), a thicker polyimidge
membrane and gold plating base (v 2 X), tne use of gn aperture (v ¢
X) and wore complete exposure (v 1.5 X). Clearly, a brighter source,
such as a synchrotron, and further improvements in techniques are
required before x-ray spatial-period-division can be considered a
practical means for making large area, sub 100 nimn period gratings,

An alternative to x-ray spatial-period-division is to use deep UV
ragiation. Witn an Arf laser {193 nm), for example, the parent mask can
ge an aluminum grating on quartz. We have demonstrated Spatial-perioc-
division {i.e., "doubling" a 19y nn periou aluminum grating into a Yy.5
nm period grating in PMMA) with sucn a configuration ang will report on

1t fully in the near future.
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FIGURE CAPTIONS

An SEM micrograph of am x-ray mask consisting of an 0.3 um
period grating in 70 nm thick gold on polyimide. This grating

was produced by holographic lithography and jon beam etching.

(a) An SEM micrograph of an 0.3 wm 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).

SEM micrograph of 2 199 nm per1od grating with 40 nm wide
“g.its" in 180 nm thick gold; (a) cieaved edge view, {b) top
view, This grating is similar to gratings made in 750 nm thick

gold that were used for spatial-period-division at X = 4.5 nm.

Schematic diagram of the imaging spectrometer, A gold
aperature mask was back-1it 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 graing. The diffraction pattern is recorded on

film.



fig. 5

Fig. 6
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Diffraction pattern showing the Mu’ MB’ and MY
lines of the tungsten anode. A microdensitometer trace of this

figure indicates a A/a of 200 at A = 0.69 nm,

SEM micrograph of the cleaved edge, (a), and top view, (b), of
2 99.5 nm period grating exposed in 150 nm thick PMMA by x-ray
spatial-period-division. The dip, which extends sbout 20 nm
into the top of each PMMA line, is5 a higher-spatial-fraquency

incerference effect,
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