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Surface-plasmon-assisted nanoscale photolithography by polarized light
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We demonstrate that photolithography can be extended to a subwavelength resolution for patterning
of virtually any substrate by exciting surface plasmons on both a metallic mask and a substrate.
Without any additional equipment or added complexity to mask design, one-to-one pattern transfer
has been achieved. In this letter, a polarized laser beam of 355 nm wavelength was used as light
source to photoinitiate an 80 nm thick photoresist on a silicon substrate coated with titanium of 80
nm thick. Array of line apertures of 100 nm in width were made on gold film or titanium film
deposited on a quartz substrate, serving as the mask. Simulation results by finite-difference
time-domain method have shown that surface plasmons excited on both the metallic mask and the
Ti shield help to spatially confine the light behind the apertures. Experimental results show a strong
dependence of pattern transfer on the polarization of light as well as the energy dosage of the light.
The feature size using such method could be further scaled down, limited theoretically by the
validity of the dielectric function of the material, and practically by the fabrication of the mask.
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Photolithography has been a key technique in microfabsubstrate using EBL. The linewidth was 100 nm with a pe-
rication over the past several decades because of its higipdicity of 1 um or 500 nm. Because of the small linewidth
throughput, low cost, simplicity, and reproducibility. How- as well as the high density of the pattern, the electron-beam
ever, the resolution is limited at the submicron scale by opdosage was modulated and a developer of 40:1 isopropyl
tical diffraction’ Enormous research efforts have been de-alcohol and methyl isobutyl ketone was employed for EBL.
voted to developing subwavelength lithography techniquesThe masKFigs. 1b) and Xc)] was then obtained by depos-
which, unfortunately, are complex and expensive. Among thédting 70 nm gold or titanium using electron-beam evapora-
many different lithographic approaches that can overcom&on and lift off. Each mask pattern consists of two sets of
the diffraction limit, such as electron-beam lithography!ine apertures perpendicular to one another. During our ex-
(EBL), imprint lithography, and scanning probe lithography, periments, t'he pplarization of the Iasg:r light was always kept
near-field optical lithograpfi* most closely resembles tradi- IN such a direction that one set of lines was parallel to the
tional photolithography, although limited by low transmis- light polarization, while the other perpendicular. SU-8
sion, low contrast, and low density. (Microchenf), a negative near-UV photoresisefractive in-

The recent discovery of extraordinary transmission
through a perforated metal filmg has offered new possibili- Laser
ties in the realm of nanolithography, coined surface-plasmon-
assisted Iithograph%r? however arbitrary pattern transfer has l l l l l l l l l l l l l l l
still not been achieved. This approach stems from the stron¢
surface electromagneti&M) mode characteristic of metals, Quartz
which can couple to external transverse radiation, dramati-

cally enhancing the transmission of light through subwave- "P/'ﬁt?‘ r’“:_s't‘
length apertures in a r.naélﬁl.The transmissivity appears to TS
be a function of periodicity, aperture size, as well as

wavelengths. The transverse electri€TE) and transverse Siibsirale

magnetic (TM) modes have different cut-off frequencies
when the aperture width is smat.

In this letter, the surface plasmons excited on the mask
enhance the light through the subwavelength aperture, whilg
the surface plasmons excited on the substrate help to confin
the light intensity to the space behind the mask aperture by
coupling to the light.The schematic representation of the
setup is shown in Fig. (&). A polarized laser beam of 355
nm wavelength was used as the light source to expose an 8
nm thick photoresist on an 80 nm Ti film on a silicon sub-
strate. The nanolithography mask was fabricated by first pat:
terning lines of 950 K polynethylmethacrylateon a quartz

(b) ()

FIG. 1. A schematic view of the experimental setapand scanning elec-
dauthor to whom correspondence should be addressed; electronic maitron microscopy pictures of metallic mask patterns withl um periodicity
scchen@mail.utexas.edu (scale bar 300 nimand(c) 500 nm periodicity(scale bar 100 nin
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FIG. 3. AFM results of close view and cross section view of the photoresist

patterns with(a) 1 um periodicity and(b) 500 nm periodicity at 90 W/
using a Ti mask and Ti shield.
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phy does not work well with a bare silicon substrate. There is
. no pattern transfer when the light is we@ke photoresist at
Photoresist the interface is not photoinitiated and washes away during
development On the other hand, when the light intensity is
high, the pattern will be significantly oversized. In our ap-
proach, a titanium thin film of 80 nm was deposited onto the
(d) silicon substrate by electron-beam evaporation. Surface plas-
FIG. 2. (Color online FDTD simulation results of electric-field distribution mons. are also eXCIted on the Ti layer’ as Sh(.)wn I.n the gharge
in the photoresist with(a) A gold mask and bare silicon substrae,agold ~ density result{Fig. 2(d)]. The charge density distribution
mask and Ti shield on Si substrate) a Ti mask and Ti shield on Si appears to be symmetric across the centerline, but with op-
substrate,(d) FDTD simulation results of maximum absolute values of posite signs. By using this Ti shield, the light intensity is
charge de_nsity distribution with a Ti masI_(_and Ti shield. The illustration <_)f spatially confined to the zone behind the aperture. From the
EM fields |s_TM _mode. The charge densities on the two sides of centerllnﬁ:DTD results we found that. for the gold mask. this zone has
have opposite signs. ’ . ’ g '

a noticeably larger width than the aperture size due to the

mismatch of the refractive index of gold.74 at 355 nm
dex ~1.67) was spun on the Ti-coated silicon substrate to awith that of air[Fig. 2b)]. The light transmission through the
thickness of 80 nm. titanium mask is smaller, but well focused behind the aper-

Photoresist has a threshold illumination energy densityture [Fig. 2(c)].

Only above this threshold can it be photoinitiated. To calcu-  Figure 3 shows Atomic Force Microscopy images of the
late the field distribution in the photoresist for different con- photoresist line pattern after exposure at an energy density of
figurations, we have developed a two-dimensional TM modepproximately 90 W/rh For the gold mask, the line pattern
finite difference time domainFDTD) code. The FDTD was transferred only with the TM mode to a linewidth of
method solves EM problems by elegantly discretizing the200-300 nm. For the titanium mask withuin periodicity,
differential form of Maxwell’s equations. Traditional FDTD both the parallel and perpendicular line patterns, with respect
method has stability problems when dealing with metals ato the laser polarization, were formed with a width of ap-
optical frequencies due to negative dielectric constant. In ouproximately 200 nm[Fig. 3@]. The TM mode has a line-
model, the refractive indices and extinction coefficients ofwidth slightly larger than the TE mode. The 500 nm period-
the metals were first determincand fitted with the Drude icity pattern is also well defined in the photoregBig. 3(b)]
model, and then incorporated to the FDTD cdti@o verify ~ and the TE mode has a linewidth of about 130 nm. By better
the accuracy of the program, the FDTD code was bencheontrolling the light intensity, the linewidth can be decreased.
marked with two-dimensional theoretical solutions of the  We also varied the lithographic process by changing la-
scattering of light by a cylindéf' By integrating the current —ser intensities and dosages for the TM mode gold nfB&k
flowing in and out of each cell, one can calculate the chargd). As the intensity and dosage increase, the cross section of
density distribution. The results of the electric-field ampli- the lines perpendicular to the laser polarization significantly
tude distribution between the mask and substrate through athanged. At a laser energy of about 120 W/ the photore-
aperture are plotted in Fig. 2. For a bare silicon substratsist lines became 300-400 nm in width and two peaks
[Fig. 2@)], not only does the light spread in the lateral direc-formed across the sectidirig. 4(b)]. The distanse between
tion, but its, intensity at the interface between the photoresighe two peaks is about 200 nm. At this energy level, there

and substrate is weakened. This explains why photolithograwas still no pattern transfer parallel to the laser polarization.
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(@) we changed the shield material to an artificial dielectric ma-
terial (e.g., refractive index 1)3n the model, indicating the
important contribution from free electron plasma. Simula-
tions also revealed that the localization of light does not rely
on the periodicity of the pattern on the mask, therefore it is
possible to transfer arbitrary patterns for nanolithography.

The 80 nm thick titanium shield was thick enough to
absorb the light as it reached the silicon subst(tte pen-
etration depth of titanium at 355 nm wavelength is about 30
nm). Thus, the optical properties of the substrate are not
important to the lithography results and virtually any sub-
strate can be used. Once the patterns form in the photoresist,
the titanium layer can be used as a metal mask to pattern the
substrate. We believe that one may simply replace the laser
with a UV lamp in this surface-plasmon-assisted nanoscale
photolithography method. The UV light emitted from a mer-
cury lamp peaks at 365 nm, very close to the laser wave-
length we used, and the optical properties of gold and tita-
nium do not vary significantly across the peak UV emission
wavelength range. With the right mask and additional optics,
such as a polarizer, a filter, and an attenuator, we believe that
our surface-plasmon-assisted nanolithography technique will
extend current photolithography down to-~a50 nm scale
using existing lithographic equipment.
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