Using an elastomeric phase mask for sub-100 nm photolithography
in the optical near field
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Bringing an elastomeric phase mask into conformal contact with a layer of photoresist makes it
possible to perform photolithography in the near field of the mask. This technique provides an
especially simple method for forming features with sizes of 90—100 nm in photoresist: straight lines,
curved lines, and posts, on both curved and planar surfaces. It combines experimental convenience,
new optical characteristics, and applicability to nonplanar substrates into a new approach to
fabrication. Nanowire polarizers for visible light illustrate one application for this technique.
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This letter describes a remarkably convenient photolitho-on silicon forms an elastomeric phase mask that is transpar-
graphic method for forming features with sizes of 90—100ent to visible and near-ultraviolet lightThe depth of the
nm. Exposure of photoresist to light passing through an elagelief on the surface of this mask determines the modulation
tomeric phase mask in conformal contact with the resist alof the phase, and therefore the depth of modulation of the
lows photolithography to be carried out in the near opticalintensity in the near field. To maximize the modulation of the
field. Standard photolithographic methods employing rigidintensity, the depth of surface relief was adjusted to induce a
phase masks can produce features with similar sizes, but thghase shift ofr for the average wavelength of light used for
fragile masks, complex imaging optics, and ultraviq248  exposure.
nm) lasers that are required make this approach experimen- The elastomeric binary phase mask fabricated using this
tally difficult.»* With the method described here, patterns ofprocedure was allowed to come into conformal contact with
photoresist with feature sizes as small as 90 nm can bthe resist. Exposure of the resist through the mask produced
formed rapidly (-1 9 over large areas with only an elasto-
meric phase mask and incoherent, polychromatic ultraviolet

photoresist

light. Si |
Light passing through a transparent element with relief lphmomhogmphy
on its surface is diffracted in the far field; its intensity is
modulated in the near field. If the depth of surface relief of a ~4pm  Zum 430510 m
binary phase mask shifts the phase by an odd multiple of "master" |—'|'_§l"_|—l—|'

7, then the intensity in the near field of the mask is reduced
to zero at every phase edfjéAs the phase shift deviates

cast PDMS on master

from an odd multiple ofmr, the depth of modulation of the . DMS
intensity decreases. The widths of the regions in which the S
intensity is reduced are on the order of one quarter of the lz;:-setfnll)g[ig:;gll(oi‘;eommaster
wavelength of the light used for exposuealuated in the
medium into which the light propagates from the ma&the s | s !
widths are insensitive to the magnitude of the phase shift. - allom o 16 come into

The contrast generated by rigid phase masks has been conformal contact with photoresist;
used to expose photoresist by placing the resist either near expose to uv light
the mask or at the image plane of a system of imaging EREEERE N
optics arranged with the mask at the object plafgvith an PDMS ~— photoresist
elastomeric phase mask, the photoresist can be brought di- Si (~400 pm)
rectly into conformal contact with the mask. Using this con- deveop povitive \“‘*t“;&;‘fgfggﬁ
figuration to expose photoresist circumvents limits in resolu- — width ~90 nm —
tion determined by the numerical aperture of imaging optics, A :
eliminates the need to control actively the distance between a L v f;omsist B negaﬁvf;homsis: |
rigid phase mask and the photoresist layer, and allows expo-
sure over Iarge areas. FIG. 1. Schematic illustration of the process used to conduct photolithogra-

Figure 1 summarizes a scheme for generating an elast@hy li(”_ ”;e ne"g gie'd with a anfor_ma' e'aSmfI“e”C P?as? g?aSk-thth phase

: PR - mask is forme casting and curing a prepolymer of polydimethylsiloxane
meric phase mas'_( and us_lng it for photohthography. A pre_(PDMS) ona mas);er reliegf structure,gger?erelljte(}il by pho?oli)tlhograpﬁy in pho-
polymer of polydimethlysiloxangPDMS) cast and cured oresist. The mask is placed in contact with a layer of photoresi¢00 nm
against photolithographically patterned lines of photoresisthick) cast onto a support such as silicon or quartz; because the mask is
elastomeric, the surfaces come into conformal contact. Exposure of the pho-
toresist to ultraviolet light through the mask and subsequent development of
dAuthor to whom correspondence should be addressed. Electronic maithe photoresist produces structures having features with widths 90—100 nm.

gwhitesides@gmwgroup.harvard.edu Both negative and positive photoresists can be used.
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FIG. 2. Scanning electron micrograpt&Ms of structures produced using
near field photolithography with an elastomeric phase mask. Light regions
correspond to photoresist and dark regions correspond tgSi@n (a)—(e),

the right frame is a magnified view of the left fram@) Parallel lines of

positive photoresist produced by exposure through an elastomeric phase o ) ) )
mask with surface relief consisting of parallel linés um spaced by 2 FIG. 3. (a) Photograph of a cylindrical lens with patterned photoresist on its

wm). (b) Cross-sectional images of the lines shown in gt (c) Cross- surface. The resist was exposed in th_e near optical field_ of athin elastomeric
sectional images of trenches formed in negative photoresist by exposufd!as€ mask in conformal contact with its surfa®. Optical micrograph
through an elastomeric phase mask like the one used to generate the Sm%e_nerated‘by f_ocusmg & microscope on the‘part of Fhe_ sloplng.sur‘face of the
tures shown in part&) and (b). (d) Patterns of photoresist formed by ex- ens that lies in t_he center' of the _fleld-of-Vle\_/v. This image hlghllghts the
posure through an elastomeric phase mask with relief structure consisting gmited depth O_f field assoma?ed with conventional photolithographic meth-
an array of connected triangléS wm diamete). (e) Posts in photoresist ods. () Scanning electron micrograSEM) of the same part of the lens

formed using an elastomeric phase mask with a relief structure consisting dpustrate(_j in the OPﬁca' micrograph_ (fh))-_ The_ SEM shows uniform Iine_s of
parallel lines(2 um) spaced by 2.m. The posts were formed by exposing photoresist with widths-100 nm; this width is comparable to that achieved

the photoresist through this mask, rotating the mask by 90°, and then ex! planar substrates. ".1 the sc_anning electron micrograph, _dark regions cor-
posing the resist agairif) Left frame: Pattern in photoresist transferred to respond to glass and light regions correspond to photoresist. In the optical

gold using lift-off. Right frame: Pattern in photoresist transferred to silicon micrograph, the dark regions correspond to photoresist and the light regions
dioxide using reactive ion etching. correspond 1o glass.

STm

lines in positive photoresist, and trenches in negative resit|0Se 1o normally incident. Figure 3 shows lines of photore-
(Fig. 2). Arrays of straight and curved lines and posts withSist formed on a cylindrical lens with a 15 cm radius of
minimum dimensions of 90—100 nm with better than 10%curvature.
reproducibility are possible. Figuref2 shows patterns that An application that illustrates the usefulness of this pho-
were transferred from photoresist into silicon dioxide by re-tolithographic method is in the construction of arrays of gold
active ion etchind,o and into gold using lift-offt! nanowires for polarizer@-ig. 4). To form an array of nanow-
This method can also generatel00 nm features on ires, photoresist cast onto pieces of glass coated with gold
curved substrates by placing a thin elastomeric phase maskas patterned using the procedure outlined in Fig. 1. Using
in conformal contact with the surface ofcarvedobject that Kl to remove gold not protected by the patterned resist pro-
is coated with photoresist, and exposing it to light that isduced gold nanowires. Because the widths of these lines are
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cluding the difficulty of achieving accurate registration with
a flexible mask, and uncertainties in the distances between
features. Also, production of nanometer features separated

, B by nanometers requires features with similar sizes on the
/////////%%Z// | — SN mask. For these reasons, we believe that this method comple-
= T ments other photolithographic methods and is well suited for

/4 ________ generating single-level structures, where local linewidths are

0>6 | important but accurate distances between widely separated
Epranemitted <Eincident ‘ features in the pattern are not. Nanowire polarizers, optical

100 notch filters* optical memories? and diffraction gratings

gold lines on glass substrate

y ,  Eincident

z 75 0=90° with subwavelengths features represent applications in op-
35 tics. The method will also be useful in fabricating nanoelec-
TS % trode arrays for electrochemical studies, high frequency sur-
22 5] face acoustic wave devices, and nanomechanical sysfems.
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