Imaging the irradiance distribution in the optical near field
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This letter describes the use of a sensitive photoresist for direct imaging of optical intensity profiles
in near-field photolithographic experiments. A comparison between experimental patterns in
exposed, developed photoresist and calculated profiles of intensity shows that this procedure
provides a reliable semiquantitative image of the irradiance distribution in the near field; experiment
and theory correlate adequately. A potential use of the superficial diffraction contrast recorded in
photoresist as the basis for a new method of the fabrication of nanostructures is discus4€97 ©
American Institute of Physic§S0003-695(97)02052-4

Near-field ultraviolet(UV) photolithography provides a the pattern in a photoresist film formed after exposure
promising approach to the fabrication of sub-100 nmthrough an elastomeric phase niagkat had a relief struc-
features:™ In order to develop and optimize lithographic ture of 2um lines spaced by zm. The correlation between
methods that operate in the near field, an understanding éhe topology of the resist surface and calculated profiles of
the near-field intensity profiles is required. These profiles caintensity establishes that this procedure successfully images
be simulated, but the models are necessarily approximate aride intensity distribution in the near field.
are often difficult to verify*~" In this letter, we describe a A more thorough relative analysis of both profiles pro-
convenient experimenta| method for recording the intensitWideS additional information about the deviations of the ac-
profiles of light in lithographic experiments, using a sensitivetual irradiance distribution from the simple theoretical
photoresist. Photosensitive materials have been previousfjpodel. Profile measurements using ARRig. 2(c)] show
described as recording media for hologrdind. They have that the photoresist fil.m is Fhinner in the areas r_:orrespo_nding
also been used to characterize the optical probe in near-fief@ the noncontact regions in the photomask relief than in the
microscopy'! We have used a negative tone photore@idt contact areas, Wh|le t.he calculat_ed |_nten5|ty pa@terrjs predict
5206, Hoechstthat allows the intensity of light to be imaged that they be identical in both regiopsig. 2(@]. This differ-
directly: that is, the thickness of resist remaining following €1¢€ implies losses in intensity in the noncontact regions
exposure and development is thickest where irradiance is
highest*? In order to demonstrate the utility of our approach,
we performed a detailed study of the irradiance distribution Lo —————— 100
in the optical near field for contact-mode photolithography (a) 25
using elastomeric phase madks. This recently described 0
lithographic procedure combines the advantages of
conformal-contact  photolithography using amplitude
mask$?” and phase-shift lithography;® and is capable
of generating ~90 nm wide features with broadband (b)
(A=330-460 nm), incoherent light.

Figure 1 shows the theoretical profiles of intensity cal-
culated using a simple scalar anal§sfs!’ for a one-
dimensional grating test pattern and the expected patterns in Ii00
photoresist for different exposure conditions. The exposure ©
characteristics were chosen experimentally to correspond to
thel <I <l gginterval[Fig. 1(b)], wherel, is the integrated
dose of radiation below which the photoresist film is fully
developable, and g is the integrated dose of radiation

above which the phOtOfESISt film remains untouched by deI-:IG. 1. Relationship between intensity profildsft), patterns in image re-

velop.m.ent. .In this mteryal, the percentage of exposed filMersal photoresigright), and exposure time. The intensity profile of a phase
remaining is almost linearly related to the integratedmask in conformal contact with the photoresist is taken as an input.

radiation,lz so that information about small differences in (@ Underexposure. The whole profile of the intensity falls below the level of

. . . No pattern in the photoresist is formedh) Most of the intensity falls
energy can be inferred from the thickness of the develOptho the interval between, and|,o. The resulting profile in the resist

photoresist. reproduces the actual irradiation distribution in the near field, so that the
Figure 2 shows an atomic force micrographFM) of latter can be inferred from an analysis of the photoresist topography.

(c) Overexposure. Most of the intensity exceeds the level,gf. Under

these conditions, the photoresist is insensitive to the small variations in

Integrated irradiance

Thickness of remaining photoresist (%)

Io

Position

@Electronic mail: jaizenberg@gmwgroup.harvard.edu intensity at the top of the film. In the overexposed regions, 100% of the
PElectronic mail: gwhitesides@gmwgroup.harvard.edu photoresist film remains intact following the development.
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(a)
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FIG. 3. Near-field irradiance distribution in contact-mode photolithography

300 ] \ using elastomeric phase masks with different test patte@isScanning

electron micrograph6SEM) of the images of the field recorded in photore-
sist. (b) Simulation of the profiles of intensity corrected for sagging and
l L \ reflective losses at the noncontact regions. The relief structures in the elas-

Z data (nm)

tomeric masks were composed of a grating pattern withu®ndines spaced

by 0.8 um (1); grating pattern with 2um lines spaced by 2m (2); grating

0 2 4 6 8 10 pattern as in2) exposed consecutively in two perpendicular directi(8)s
Distance (um) and raised cylindergs).

FIG. 2. Calculated profile of intensity and corresponding pattern in photo- .
resist for the near-field photolithographic experiment, using an elastomeric ~ WWe were able to correct the theoretical model to account

contact phase mask with a grating test pattern qir lines spaced by  for shadowing from reflective losses and sagging; these cor-

2 um. The masks were prepared as described previogsly Ref. 4 by - : . . . . fatrila
casting and curing poldimethylsiloxane (PDMS, Sylgard 184, Dow Corn- ' €€iONS improved the simulations of the irradiance distribu

ing) against patterned rigid masters. The depth of the surface relief of théion in the optical near field. Figure 3 shows the recon-
phase masks was 0&m (~ phase shift for wavelengths emitted by a structed calculated profiles of intensity produced in the

mercury lamp. (a) Theoretical profiles of intensity calculated using a simple ; . ; ; ;
scalar analysigsee Ref. 4 (b) Atomic force micrographAFM) of the optical near field by the elastomeric phase masks with simple

topography of the pattern in image reversal photoresist. The pattern shows@d complex relief patterns, and the corresponding patterns
higher influence of diffraction in the regions that were in contact with therecorded in photoresist. It is clear that the images in

stamp than in those that were n@t) Height profile of the sample shown hotoresist provide detailed information about the three-
in (b). Note that heights of the noncontact regions are always Iowerp

than those of the contact regions, implying that photoresist accumulates dimensional distribution of intensity of light in the opti-
higher integrated irradiance in the contact regions than in the noncontaatal near field and that they can be reconciled with simple

regions. theory.
The ability to record a variety of complex diffraction and
interference patterns in photoresist raised the possibility of

relative to the contact regions. On the basis of these obse(ra—XpIOItIng the superficial diffraction contrast as an approach

vations, we propose that reflective losses in the air gaps ar@ nanofabrication. Flgure(&? §hoyvs the ex_per_lmental steps
one source of shadowing observed in the regions that corré‘—sed to capture the superficial image relief |n_ low-contrast
spond to the noncontact areas in the mask. In addition, waatterns; this work follows related demonstrations by Mat-
expected most of the distortions to derive from the sadging Sudaet al*® Using this method, we can extract a pattern that
of the noncontact regions when the elastomeric photomaskorresponds to the minima in intensity of light from a
comes in contact with photoresist. The effect of sagging wasoW-contrast photoresist profile. Figureb} shows a grid
demonstrated using elastomeric masks of different stiffnesgattern and an array of the 100-150 nm wide con-
or of different thicknesses. Stiffer or thinner masks on a rigidcentric rings spaced by 150-200 nm as sample structures
support that showed less sagging than thicker ones inducegenerated from the two last profiles presented in Fig. 3. We
the formation of weak diffraction ripples in the noncontactemphasize that producing patterns of the type shown in Fig.
areas. 4 is difficult experimentally, since the quality of the struc-
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not be produced easily by conventional lithographic tech-
nigues.

In conclusion, we believe that the procedure described
here provides a sensitive method for imaging details of the
optical near field. It helps to improve our understanding of
the principles involved in near-field photolithography and
provides means to develop and optimize photolithographic

(a)

Low-contrast pattern

Evaporate silicon technlques. .
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FIG. 4. (a) Schematic illustration of the process used for a superficial image
emphasis(see Refs. 1 and 1%f the low-contrast diffraction patterns. A
~50 nm thick silicon film was evaporated on the photoresist surfaces bea
ing diffraction information. The excess silicon layer above the pattern wa
removed by reactive ion etchin@IE) with a plasma of CE The silicon
islands remaining in the regions of the diffraction minima served as a resist
in RIE with O,. (b) SEM of a grid pattern and an array of concentric rings 13
fabricated from the last two profiles shown in Fig. 3, using the procedurey4
outlined in(a).
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