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Comparison of infrared frequency selective surfaces fabricated
by direct-write electron-beam and bilayer nanoimprint lithographies
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We report on the fabrication of crossed-dipole resonant filters by direct-write electron-beam and
nanoimprint lithographies. Such structures have been used as spectrally selective components at
visible, microwave, and infrared wavelengths. Imprinting is accomplished in a modified commercial
hot press at 155 °C. The replica is then etched in oxygen plasma and developed in chlorobenzene to
selectively  dissolve the  palyethylmethacrylate and  methacrylic  acid and
poly(methylmethacrylate bilayer resist. This step enhances undercut and improves lift-off
metalization. Infrared fourier transform spectroscopy was performed to characterize the
transmission response of the frequency selective surf&®S3 fabricated. The resonant behavior

for the direct-write FSS was found to be Su8n and for the nanoimprinted FSS to beuén. The

shift towards longer wavelengths is consistent with the dimensions obtained for the FSSs elements
in both cases. €2000 American Vacuum Socief$s0734-211X00)09206-4

[. INTRODUCTION masked ion beam lithograph§MIBL ).*® The parallel pro-
cessing of MIBL allows fo a 1 cnf area to be written in a
single exposure of 20 s duration. MIBL has higher through-
put and is not hindered by the proximity effect, which causes

There are many applications of frequency selective sur
faces (FSS$ for microwave communication systems in

hich the periodic structure helped produce a more efficien
o periodt uet ped produ ! problems with linewidth control in DEBL. One of the disad-

reflector antenndFSSs are used for the microwave region in ) . -
radome desigh-* Metal meshes have been used as mirrorsvantaggs of the MIBL technique is the fragility of the masks.
for improving the pumping efficiency in optically pumped Also, since the tool has not reached the same advanced stage

infrared (IR) lasers>® FSSs have also been used in the far_of development as DEBL, it is not commercially available.

infrared region as beam splittet8 filters #1° polarizersit'? Anoth_er ppssiple solution to nanostructure manufactgring
g P P is nanoimprint lithography(NIL).2%2! This technique is

output couplers for lasefs, and Fabry—Perot based the phvsical def i f th ist ¢
interferometerd®*° Continuing advancements in lithography 2a>¢¢ on the physical delormation of the resist cast on a
ubstrate by a mask with submicron structures on its surface.

have allowed the element dimensions to be scaled dow . :
t offers a cost-effective alternative to DEBL.

thus obtaining FSSs with response in the IR portion of th i tiqati £ th orint techni
spectrum. Resonant responses have been demonstrated forJ?] ourfpres(rjeThlrgveE_llga lon o i N n?nowntprm ec.quL:E'
arrays of crosses at 7-86.517 and 1.5um'® and arrays of we have found that a bilayer resist configuration provides the

dipoles at 4—14um 2° undercut profile that improves the metal lift-ff enabling
Fabrication of resonant arrays for the near-infrared rangé)ne to preserve the resolution obtained after_the press. We

requires 100 nm line resolution and lengths and spacings mpare the_ resonqnt responses of crosged—(j|po[e arrays fab-

the elements on the order of micrometers or less. Such res{)'-cated by direct-write e-beam and nanoimprint lithography

lution can be easily attained by direct-write electron electron:[eChn'queS'

beam lithography(DEBL). Since DEBL is based on expo-

sure of the resist point by point in a serial manner, which||. FSSs FABRICATED USING DEBL
gives a low throughput, it is not yet practical for mass pro-
duction of 100 nm features. Writina 1 cm by 1 cncross
array by DEBL takes approximatell h running at 25 MHz
on a Leica VB6.

The crossed dipole FSS is fabricated om-dloped Si
wafer of 50 cm resistivity and 38Qum thickness. A single-
layer 495k MW polymethylmethacrylate(PMMA)?® resist

Several manufacturing techniques are being considered as sp dunlto ta thlgkness O.f 15:31 nT'.Th'\S/éV 23 ?xptosedb by a
meet the demand for fast, reliable, and cost-effective nang_cUSed electron beam using the Leica Vib-b electron-beam

lith hy. f th L It i I pattern generator, at a voltage of 100 kV and a dose of 600
ithography. One of the promising alternatives would be,uC/cmz. The resist was developed in a 1:1 solution of methyl

Electronic mail: na@creol.uch.edu isobutyl ketone and isopropanol, for 60 s. A 30 nm film of
bElectronic mail: tiberio@cnf.cormnell.edu gold was then deposited by e-beam evaporation. The metal
“Electronic mail: krchnavek@rowan.edu lift-off was performed by ultrasonic agitation in methylene
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Fic. 1. Scanning electron micrograph of a crossed-dipole array fabricated by
DEBL.

chloride. The arm length,, of the crosses, is 850 nm and the
width, b, is 140 nm(Fig. 1). The overall array dimension is
lcmby1cm.

‘-Mn‘xfcw VRIS IINE
lll. FSSs FABRICATION USING NIL L &»““ig“ s m?

W

A. Mask fabrication

The first step in the fabrication of the magkig. 2) for
nanoimprint lithography is similar to the fabrication of the
actual crossed-dipole FSS by DEBL. The features are written
into a single layer of 495k MW PMMA resist on a silicon
wafer and the resist is developed in 1:1 solution of methyl
isobutyl ketone and isopropanol for 60 s. A 100 nm
chromium—nickel alloy is evaporated over the patterned re-
sist and subsequently lifted-off using methylene chloride. A
parallel plate reactive ion etchif®RIE) in CHF; and CF is
performed in order to transfer the crossed-dipole array pat-
tern into the silicon substraté=ig. 3). We have found that
using equal flow rates, 20 sccm, of CHEnd CHR, for a
power of 90 W and direct curreriic) bias of 585 V, gives FiG. 3. Fabrication of the imprint masia) exposing the resistp) develop-
nearly vertical walls. Etching was done such that the heighing the resist(c) evaporating Cr/Ni(d) lift-off, (¢) reactive ion etching into
of the features obtained was 250 nm. the silicon, andf) Cr/Ni etch.

To improve the release of the replica from the mask usu-
ally a thin layer of mold-release compound is deposited o
the mask prior to the imprinting. In our work we coated the
imprinter by using a low power CHFRIE step for 30 s. We

rl:)elleve this leaves a thin layer of fluorocarbon on the im-
printer that protected the mask and avoided permanent stick-
ing to the replica.

B. Imprinting

NIL is different from both the e-beam and ion-beam li-
thography in that it does not use energetic beams. The effects
of diffraction and scattering of a beam are eliminated. The
features are patterned through a mechanical process rather
than a chemical change of the resist.

Previous work by Hatzakist al?* in e-beam lithography
demonstrated that using a bilayer resist can produce an un-
dercut that improves the lift-off process. In a similar fashion,

we are using a bilayer configuration to improve the NIL. The

S P BGLORYS p replica silicon substrate is identical to the one used for the
direct-write e-beam FSS. A layer of 495k MW PMMA 2% in
Fic. 2. Crossed-dipole silicon imprint mask. anisole is spun on the wafer at 2000 rpm for 60 s and soft

JVST B - Microelectronics and  Nanometer Structures



3580 Puscasu et al.: Comparison of infrared frequency selective surfaces 3580

g i e Rk + 4+ + +
| + 4+ + +
+ 4+ + +
P T + 4+ + 4+
" e R N + P e

2vm
IMPRINT
o

resist

Si wafer

Fic. 4. Nanoimprint press.

Fic. 5. Scanning electron micrograph of a crossed-dipole array fabricated by
NIL.
baked for 20 min at 170 °C. This results in a 90 nm thickness

for the first layer resist. The second layer of resist is

poly(methylmethacrylate anq methacrylic aciP(MMA— for 60 s selectively and isotropically dissolves approximately
MAA) copolymey 8.5% and is spun at 4140 rpm for 60 S, g0 nm of the bottom layer of PMMA. Since theNPMA—

then soft baked for 20 min at 170 °C, resulting in @ 50-nM-\jaA) is not soluble in chlorobenzene, it would remain
thick layer. The two types of resist were chosen for theiriniact22 Once the undercut is obtained, a thin layer of gold is

different chemical properties, which prevents their intermix'evaporated onto the replica, followed by the lift-off to obtain
ing and will play an important role in the post processing,ine FSS(Fig. 5).

particularly in the formation of the undercut sidewalls of the Inspection shows a process bias4€80 nm of the replica

features’ L _ with respect to the imprinter. We believe this is due to the
To perform the imprint(Fig. 4), we used a generic hot jsotropic etch in the oxygen plasma barrel etcher. This step,
press which uses a compressed air piston. The upper anghq the chlorobenzene soak improved our yield. The use of a
lower plates of the press have independent temperature COBymmercial press and postprocessing ensured high yield and
trol. In order to obtain a uniform pressure over the entire;gst-effective imprinting. Improvements in the stability of
sample area, we used plastiulk PMMA,) plates to act as the imprinting machine and in the postprocessing, for ex-

cushions between both the silicon mask and the replica Wafee[mple using an anisotropic etch, could decrease the bias.
and their respective hot plates. At the temperature at which

the imprinting is performed, the plastic plates become soft
and help insure the mask and the replica are parallel to eadv. SPECTRAL MEASUREMENTS

other by deforming to compensate for any macroscopic pres- the gpectral transmission of the FSSs fabricated by direct

sure gradients. _ _ or imprint was measured at normal incidence over the 3—-12
The mask and the replica are placed in contact and heateg, 1)anq ysing a Perkin—Elmer 1710 infrared fourier trans-
to 100 °C. The mask is then pressed against the resist and the. ., spectrometer, at a spectral resolution of 4 &nDis-

temperature is increased to 155 °C, above the glass tra_”Siti%ssion of the measurement issues have been presented
temperatures of the PMMA andMMA—-MAA ). The opti- previously®

mum force was found to be 560 Nrfa 1 cnf mask. As the
silicon crosses of the mask are pressed into the resist, the
polymer flows into the adjacent spaces. The mask and the 4,_
replica are kept under pressure for approximately 10 min anc
then flash cooled by dipping them in cold water freezing the  °°1
pattern into the resist. The thin layer of mold release on the ]
mask helps separate the mask from the replica.

0.8

0.7 4

C. Postprocessing g 0.6—-

After the pattern is imprinted into the bilayer resist on the " o5t Crossed dipole array
replica silicon wafer, dark field optical microscopy shows I fabricated by:
nonuniformity in the depth of the imprinting. The residual 04+ i direct-write e-beam
resist remaining in the trenches of the imprinting pattern
must be removed for lift-off to be successful. We removed ]
the residual resist by using an isotropic etch in an oxygen o2 4—1r-—vrv—-v--—b-—-"+—r—+1r—"+—1—+—1r—+7—
plasma barrel etcher for approximately 1 min. For the bilayer &8 & 7 & e 10 M 12
imprint process, the necessary depth and the undercut is ok wavelength in pm
tained by selectively dissolving the two layers of resist ong 6. Normalized transmittance for direct-write and nanoimprint cross-
the replica wafer. Immersing the sample in chlorobenzeneipole arrays.

- Nano imprint

0.3 4
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TaBLE |. Theoretical and experimental values of the resonant wavelength oThe imprinted structures have been processed with oxygen
the direct-write and nanoimprint FSS, respectively. plasma etching and chlorobenzene to remove the remaining
b resist from the trenches. A bilayer resist has been used to
xres=2.1L(1+ I) Neft \  oxoerimental obtain the undercut sidewalls needed for the lift-off to have
res €XpeErimental . . . .
ESS L (um) b (um) (um) (um) high yield. The optical performance _of the FSSs fabricated
was measured. The resonant behavior was found atum3
for the direct-write sample and at#m for the nanoimprint
sample. The shift in wavelength is consistent with the dimen-
sions obtained for the array elements in both cases.
Along with masked ion beam lithography, nanoimprinting
We emphasize the resonant nature of the spectral featurgg| offer a fast and cost effective alternative to DEBL in
by plotting the spectral transmittan¢Big. 6) of each FSS  faprication of IR filters and with further development, could
normalized to that of the substrate become a commercial technology for manufacturing nano-
structures.

Direct-write  0.85 0.14 4.87 5.3
Imprint 0.94 0.2 55 6

TFSS

Thorm= T (1)

substrate
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