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Fabrication of circular optical structures with a 20 nm minimum feature
size using nanoimprint lithography
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We demonstrated the fabrication of Fresnel zone plates with a 75 nm minimum feature size and
circular gratings with a 20 nm minimum linewidth in polymethyl methacrylate using nanoimprint
lithography, and in metals by means of a lift-off technique. Observation of sharp Matterns
indicated the high fidelity of nanoimprint lithography in pattern duplication. Our results showed that
nanoimprint lithography is a promising technology for patterning integrated optics20@D
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Nanoscale circular patterns such as zone plates and o@HF;/O, chemistry was then used to transfer the metal pat-
tical couplers with circular grating$ are key elements in terns into the oxide. The chromium mask was subsequently
integrated optics, optical interconnects, beam focusing, angtripped off in chromium etchadCR-7). The protrusion on
maskless lithography systems. Typically, nanoscale circulathe mold is approximately 100 nm high. Single circular grat-
patterns were fabricated using electron-beam lithogréiphy ings and a circular grating array were patterned on one mold.
and x-ray lithography. For mass production, however, a Zone plates were fabricated on a separate mold.
low-cost and high-throughput lithographic method is needed.  The molds were used to pattern PMMA on silicon sub-

Nanoimprint lithography(NIL)® is emerging as an eco- strates, and PMMA patterns were later transferred to metals
nomical and high-throughput nanopatterning technology forcr/Au) by lift-off. Chromium serves as an adhesion layer,
nanostructure engineering. Previously, NIL has demonstrateghd gold(Au) is suitable for inspection by scanning electron
10-nm-diam dots and 15-nm-linewidth gratindsdowever, microscope(SEM). Figure 1 shows a schematic of the fab-
until now it was not clear whether NIL can pattern nanoscal&ication procedure of circular rings and FZPs by nanoimprint
circular concentric structures with high fidelity. In this letter, |ithography. The imprint resist was a layer of 120-nm-thick
we present the fabrication of nanoscale circular gratings angis 0oo molecular weight polymethyl methacrylate spun on a
Fresnel zone plates with high precision by nanoimprint li-gjjicon substrate. The imprint temperature and pressure were
thography and a lift-off technique. 175°C and 645 psi, respectively. A parallel-plate imprint

The circular gratings we fabricated consist of concentric,5chine was used. The mold and the imprinted sample were
rings with radii equal to an integral multiple of the smallest

ring radius(i.e., the pitch, which was chosen to be 100 and
150 nm in our experiment. The Fresnel zone plake&P) we &\‘\\‘\\\\\\\\\\\\\\\\\\\\\\‘\\&\\\\\W mold
fabricated were composed of concentric circles with their
radii proportional to the square root of integers times the
wavelength. The space between two adjacent circles was de-
fined as one zone. The alternating transparent and opaque
zones (with respect to the incident irradiatiprallow the * Press Mold
FZPs to act as a lens. Due to a limited single writing field of
our electron-beam lithographic system, the FZPs designed
were composed of 50 zones, with a diameter of 15 and 25
um, respectively. Hence, the minimum linewidth and the
focal length for an x ray wit a 1 nmwavelength were 75 nm
and 0.1125 cm, and 125 nm and 0.3125 cm, respectively.
The first step in fabrication was to make imprint molds 2. Pattern
using electron-beam lithography. Zone plates and circular *RIE
gratings were delineated on a layer of 70-nm-thick 950 000
molecular weight polymethyl methacrylateMMA) spun on 3. Evaporation
a silicon substrate with thermal oxide. After development in
a cellosolve/methanol developer, the exposed patterns were
transferred to chromiuntCr) by evaporation of Cr and a
lift-off in heated acetone. Ultrasonic agitation was used in & Liftoft b S
the lift-off procedure. Reactive ion etchin¢RIE) with FIG. 1. Schematic of nanoimprint lithographgt) imprint using a mold to
create a thickness contrast in PMMA, then separate the mold from the sub-
strate;(2) pattern transfer down to PMMA through anisotropic oxygen etch-
dAuthor to whom correspondence should be addressed; electronic mailng to remove the residual PMMA in the compressed af@ametal depo-
mtli@ee.princeton.edu sition; and(4) lift-off in warm acetone.
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FIG. 2. (a) Circular concentric gratings with a period of 100 nm, d&hdan
array consisting of circular gratings with a 150 nm period, fabricated by

nanoimprint lithography and lift-off. The linewidths ate) 80 nm and(b)
90 nm, respectively.

separated manually. Detailed descriptions of nanoimprint li-
thography have been presented elsewfere.

Figure 2 shows nanoscale, metallic, circular gratings
with periods of 100 and 150 nm fabricated on a silicon sub-
strate by NIL and lift-off. A spacing as close as 20 nm be-
tween metal ridges was achieved. The linewidth reduction
during oxygen etching was less than 16%which means
that rings with a 20 nm linewidth were imprinted in PMMA.

Figure 3 shows a Fresnel zone plate with a 75 nm mini-
mum linewidth and total diameter of 1mm imprinted into (b)

PMMA film. A tapping-mode atomic force microscope FIG. 3. AFM images of PMMA zone plates with a minimum linewidth of
(AFM) was employed to inspect the surface topology of the’> nm and ;S;Lm in_ diameter, made by nanoimprint lithograpltl) is a
PMMA template. The PMMA arcs are very smooth, indicat- 9621ed partial section dg).

ing excellent conformity of the PMMA to the mold. After

oxygen RIE to remove the residual PMMA at the trenchetching. It is also due to the good surface properties of
bottom and deposition of metals by electron-beam evaporamnolds, which were treated by a fluorinated surfactant to re-
tor, the metal4Cr/Au) were lifted off in warm acetone. Fig- duce their surface energy to make them dewet PMMA.

ure 4 shows the metallic zone plates with a 125 nm minimum  We have found that air bubbles can be eliminated during
linewidth and 25um diam. Both positive and negative tone fabrication by an appropriate selection of both PMMA thick-
zone plates were fabricated. ness and imprint conditions. At thermodynamic equilibrium,

Moire fringes offer an effective method to examine the the solubility of air in PMMA depends on both temperature
pattern inaccuracies of FZP They were investigated quali- and pressure. Air dissolves in PMMA by occupying free-
tatively by a superposition of two images of the positivevolume sites or interstitial sites to form bonds with the
FZP, as described in Fig. 5. The Moiiinges inspected are  PMMA molecules® Other factors like moisture and solvent
perpendicular to the shifting directiofFig. 5@)], and no  (chlorobenzenemight also contribute to the formation of air
fringes are observed for two overlapped images when one isubbles. A prebake of PMMA film and imprint under
being rotated 90° and 180° relative to the othleigs. 5b)  vacuum obviously help to eliminate air bubbles. With a
and Hc)]. Compared with the simulation results given by proper imprint pressure, air remaining in the volume con-
Vladmirsky? our results indicate the absence of ellipticity, fined by the mold and the PMMA film has no obvious nega-
radial displacement, and nonconcentricity of zones, therebtive effects on pattern duplication, as shown by our experi-
showing a high pattern transfer fidelity and excellent controlment. The depth of the trenches duplicated in PMMA is
of the accurate linewidth and zone spacing. The fidelity ofuniform across the entire sample surface, although about 5%
pattern duplication is attributed to the accurate definition ofshallower than the protrusion height on mold.
patterns by electron-beam lithography and highly anisotropic ~ Finally, we found that low molecular weight PMMA,

pattern transfer by fluorine-based and oxygen reactive iombove its glass transition temperature, has excellent flow
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FIG. 4. SEM images of metallic zone plates with 261 diam andl25 nm
minimumlinewidth, fabricated by nanoimprint lithography and lift-off)
Positive tone andb) negative tone zone plates are fabricated simulta-
neously.

characteristics to satisfy the needs of NIL. For example, a
Fresnel zone plate is a diffraction grating with a line density
gradually increasing from the center. The mass transport of
PMMA under pressure is different in the vicinity of different
sized features on the mold when the mold is pressed into the
PMMA film. Under suitable pressure and temperature,
PMMA flows sufficiently to conform to the mold. Hence,
zone plates on the mold surface can be transferred into
PMMA with high fidelity.

In conclusion, nanoimprint lithography is capable of pat-
terning nanoscale circular structures with controlled line-
width. Air bubbles can be eliminated under proper processgiG. 5. Investigation of Moirdringes by a superposition of two images of
ing conditions, and PMMA flows adequately to conform to FZP.(a) Obtained by a shift of two SEM image#) a superposition of two
different features on the mold. Optical elements can be madigages rotated 90° relative to each other without a shift; @hd superpo-

. . . S sition of two images rotated 180° relative to each other without a shift.
with low cost and high throughput. Nanoimprint lithography

will have many applications in the fabrication of integrated _ .
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