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Abstract. Photographic media can be exposed by two-photon absorp-
tion, rather than the more usual one-photon absorption. This leads to the
question of whether the simultaneous absorption of a pair of photons
could be accompanied by a twofold spatial-resolution enhancement. We
find that ordinary two-photon absorption merely enhances the photo-
graphic contrast, or gamma. While this improves the spatial resolution
somewhat, it does so at the expense of requiring tighter control over the
incident light intensity. Instead, we introduce a new type of exposure
arrangement employing a multiplicity of two-photon excitation frequen-
cies, which interfere with one another to produce a stationary image that
exhibits a true doubling of the spatial resolution. © 1999 Society of Photo-
Optical Instrumentation Engineers. [S0091-3286(99)00402-X]
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The simultaneous absorption of a pair of photons has b
studied experimentally1 since high-power lasers becam
available in the 1960s. Two-photon absorption can occu
all media, with or without inversion symmetry. It is derive
from a third-order susceptibility, and is distinct from
second-harmonic generation, which originates from
second-order susceptibility.2

Since the total absorption is proportional to the square
the optical intensity, the peak optical power is very impo
tant. The recent developments in 10213-s laser pulse tech
nology have made two-photon absorption into a more pr
tical tool. For a long time, it has been possible to att
peak intensities'1013 W/cm2, but now this can be done a
a fluence of less than 1 J/cm2, safely below the damag
threshold of many transparent materials. Thereby we
have a high probability of two-photon exposure in pho
resist, without burning or damaging the photopolymer.

Thus, in recent years, two-photon absorption has co
menced to be used for exposing3,4 photoresists.~The
square-law intensity dependence restricts the exposur
the focal plane only. Multiple exposures allow the creati
of three-dimensional structures.! It is natural to ask, then
what is the spatial resolution of two-photon lithograph
There has already been some discussion of resolution li
in two-photon, scanning5,6 confocal fluorescence micros
copy. We will find that ordinary two-photon exposu
of photoresist merely enhances the photographic cont
or gamma. While this improves the spatial resolution som
what, it does so at the expense of a requirement for tig
control over the incident light intensity. Instead, w
introduce a new type of exposure system employing a m
tiplicity of two-photon excitation frequencies, which inte
fere with one another to produce a superresolution stat
ary image, exhibiting a true doubling of the spat
resolution.

We can examine the resolution limits by studying t
fringe pattern produced by two rays converging from opp
334 Opt. Eng. 38(2) 334–338 (February 1999) 0091-3286/99/$10
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site edges of a lens as illustrated in Fig. 1~a!. Such a fringe
pattern is an indication of the resolution limits. Figure 2~a!
shows the intensity fringe pattern in the focal plane th
results from two rays of individual wave vectork converg-
ing at an angleu. The spatial period of the fringes is dete
mined by an in-plane wave vector of magnitudeK
52ukusinu. The distribution of intensity,I (x), in the focal
plane is simplyI (x)5(11cosKx).

Since two-photon absorption is proportional to t
square of intensity, the two-photon exposure will be p
portional to

~11cosKx!25~ 3
2 12 cosKx1 1

2 cos 2Kx!, ~1!

a functional dependence that is plotted in Fig. 2~b!. We can
see that the fringe pattern of two-photon absorption in E
~1! and Fig. 2~b! is a mixture of a normal-resolution imag
represented by the cosKx term and a superresolution imag
represented by cos2Kx. The superresolution image a
cos2Kx consists of spatial harmonics at the wave-vec
2K, and would represent a doubling of the spatial reso
tion over ordinary one-photon lithography. Unfortunate
the image is a mixture of both resolutions. Our goal in th
paper is to show how to enhance the superresolution im
and to suppress the normal-resolution image, to the grea
degree possible.

The exposure of photoresist is usually7 represented in a
graph of fractional resist thickness after development (t/t0)
versus light intensity exposure as in Fig. 3~a!. A figure of
merit for the photoresist is the photographic contrast
gamma:

g1[
d~ t/t0!

d log10 I
'

1

log10~ I c /I 0!
. ~2!
.00 © 1999 Society of Photo-Optical Instrumentation Engineers



o-
sity
Eq

ast
-
ma
n
ly,
m-
site

to
al-
-

on
e

uld
ev-
nd

u-

ear
ern

to
e-

re
f

nd.
that
e
ash

Yablonovitch and Vrijen: Optical projection lithography . . .
High contrast is a useful property for a photoresist. In tw
photon exposure, the response is proportional to inten
squared. Therefore the argument of the denominator of
~2! is squared and the effective two-photon contr
doubles:g2→2g1 , which is good. Thus two-photon expo
sure merely improves the photographic contrast gam
but, as illustrated in Fig. 3~a!, it can never be better tha
infinite gamma, or an infinitely sharp threshold. Ultimate
even infinite gamma is a poor substitute for actually i
proving the spatial resolution, because it requires exqui
control over the absolute intensity.

The limited benefits of two-photon exposure are due
the fact that the two-photon image includes both norm
resolution spatial harmonics atK and superresolution spa
tial harmonics at 2K, as indicated in Eq.~1!. We want the
image to contain only the superresolution image at 2K. If
we could somehow eliminate the normal resoluti
image,8,9 we would be left with the superresolution imag
only:

exposure}S 3

2
12 cosKx

50
1

1

2
cos 2KxD , ~3!

which is plotted as Fig. 2~c!. Thus by eliminating the
normal-resolution image, the superresolution image wo
be present on a 50% background, which is tolerable. N
ertheless, we will show in this paper that the backgrou
can be entirely eliminated.

Fig. 1 (a) The intensity fringe pattern produced by rays converging
from opposite edges of a lens. (b) The fringe pattern produced by
two-photon excitation of a photoresist, in which the incident rays on
opposite sides of the lens are separated into distinct frequency
groupings. The frequency differences cause normal-resolution
fringes to oscillate rapidly in time, and they get washed out.
.

,

The method, or trick, for eliminating the normal resol
tion image is indicated in Fig. 1~b!. The idea is to destroy
stationary interference patterns corresponding to the lin
image, while maintaining a stationary interference patt
for the superresolution image. Arrange the incident rays
consist ofv0 on one edge of the lens, and two other fr
quencies slightly above and belowv0 ~i.e., v15v01d,
and v25v02d! on the other edge of the lens, whe
2v05v11v2 . Fringes resulting from the interference o
v0 and v1 oscillate rapidly at the difference frequencyd,
and they wash away, averaging to a uniform backgrou
Thus the normal-resolution image disappears. Provided
the frequencies 2v0 andv11v2 are coherently related, th
superresolution fringes are stationary and they do not w

Fig. 2 (a) The ordinary intensity fringe pattern produced by con-
verging rays as in Fig. 1(a), where K52k sin u. (b) The intensity-
squared fringe pattern, which consists of a normal-resolution spatial
harmonic at K, a superresolution spatial harmonic at 2K, and a
constant term. (c) The effect of canceling the normal-resolution spa-
tial harmonic at K. The superresolution component at 2K remains,
on a constant background. (d) Using the frequency combinations of
Fig. 1(b) actually eliminates the normal-resolution component. (e)
By employing a photoresist with a sharp atomic transition at 2\v0 ,
the constant background is also eliminated, leaving a pure super-
resolution image.
335Optical Engineering, Vol. 38 No. 2, February 1999
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Yablonovitch and Vrijen: Optical projection lithography . . .
away. This produces the result indicated in Eq.~3! and in
Fig. 2~c!.

In a more exact derivation, the two-photon exposure
proportional to the intensity squared of the optical elec
field raised to the fourth power,ueu4, where

e5e0 exp@ i ~k0•x2v0t !#1e1 exp@ i ~k1•x2v1t !#

1e2 exp@ i ~k2•x2v2t !# ~4!

with k0 , k1 , andk2 the wave vectors of the incident beam
When Eq. ~4! is raised to the fourth power, the lowe
resolution image with fringes atK5k02k1 oscillates in
time at a frequencyd. Thus the normal-resolution imag
washes out. The superresolution image, with fringes
2K52k02k12k2 , is stationary in time, since 2v05v1

1v2 ~subject however to the requirement for coheren
between 2v0 and v11v2!. Dropping the rapidly oscillat-
ing components of the fringe pattern, the stationary ima
has spatial frequency components only at 2K. A more ex-
act version of Fig. 2~c! is plotted as Fig. 2~d!, showing that
the peak-to-valley ratio of the fringes is 1.9 rather than
Thus the spatial resolution has actually doubled, but
image sits on a background.

If the photoresist contrast gamma is.1/log10(1.9)
'3.6, the background may be tolerable, but the backgro
can be eliminated in any case, as will be shown later. T
background in Fig. 1~b! is due to two-photon interferenc
terms at frequency combinationsv01v1 , v01v2 , 2v1 ,
and 2v2 . None of these interference terms produces a
tionary fringe pattern, but they do contribute to the featu
less background. Only 2v0 spatially interferes withv1

1v2 to produce a stationary image, which happily occu
at superresolution.

A possible exposure system is shown in Fig. 4. Ve
short pulses of high peak power are needed to produ
damage-free two-photon exposure in the photoresist. Fo
nately such pulses contain a wide spectrum of frequen
that can be used to obtain the different frequency comb

Fig. 3 (a) The fraction of positive photoresist remaining after devel-
opment under one-photon exposure, contrast[gamma
[1/log10(Ic /I0). (b) Under two-photon exposure the contrast can be
twice as steep, but it can never be better than an infinitely sharp
exposure threshold.
336 Optical Engineering, Vol. 38 No. 2, February 1999
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tions. The positive dispersion that will likely occur in th
thick lens system needed for high-resolution lithograp
can be precompensated for by negatively dispersing
pulses before sending them through the system. If ad
tional bandwidth is required, the short pulses can be rea
frequency converted to provide new optical frequencies,
example by four-wave mixing as shown in Fig. 4. Such
nonlinear process is relatively efficient due to the high
tensity of the short pulses. The various frequencies can
luminate a mask, even a phase mask,10 as in conventional
photolithography, but near the lens the various frequenc
become spatially separated by spectral filters. The lens
be divided into zones, some of which pass certain f
quency combinations, and some which pass other comb
tions. For example, in Fig. 4 the lens is divided into tw
zones, as illustrated in Fig. 5~a! and by the spectral filter
function of Fig. 5~b!. The frequencyv0 passes through on
zone, and the frequenciesv1 andv2 pass through the othe
zone. Variations on the optical layout in Fig. 4 are possib
including the insertion of optical gain, various ways of ge
eratingv0 , v1 , andv2 , etc. The spectral filters that nee
to be inserted into the lens system could be thin-film Fab
Perot filters taking up negligible amounts of space.

Figure 5~c! shows the surface area of the lens divid
into four zones, which would require eight different fre
quencies: v11v25v31v45v61v65v71v8 , subject
to the condition that preferably none of the eight freque

Fig. 4 Layout of a two-photon exposure system. At the top, the
short laser pulses and the required optical frequencies are gener-
ated. These illuminate a lithographic mask. Near the focusing lens,
the different optical frequencies are diverted into different zones on
the lens. This ensures that the normal-resolution image will be
washed away while the superresolution image remains.
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Yablonovitch and Vrijen: Optical projection lithography . . .
cies are equal. Under these circumstances, the indivi
frequencies may produce low-resolution images which
smeared out by the rapidly oscillating fringes while t
superresolution image remains stationary.

If desired, the smeared-out background on which
superresolution image is superimposed can be enti
eliminated. This can be accomplished by arranging fo
sufficiently sharp atomic transition at 2\v0 inside the pho-
toresist. In such a resist the background two-photon tra
tions atv01v1 , v01v2 , 2v1 , and 2v2 in Fig. 1~b! do
not occur, and the smeared-out background vanishes.
results in the pure superresolution fringe pattern of Fig. 2~e!
at a spatial wave vector of 2K with no background, and is
the culmination of two-photon lithography. Although cu
rently available photoresists are not designed to exhib

Fig. 5 (a) A spectral filter separates the various optical frequencies
of Fig. 1(a) into two zones. (b) An example of the spectral filter
function in the two zones. (c) Division of a lens area into four zones.
The boundaries between zones may be fuzzily defined.
l

-

s

sharp transition, such resists are conceivable. One wa
produce such a resist could be to include an alkaline-e
metal, which is excited by the incident light to an autoio
izing state. These transitions are sharp and provide the e
tron that is needed for the chemical transition upon ex
sure.

Discrete rays are considered in Fig. 1~b!. In a realistic
case, however, the incident illumination would cover bro
areas of the lens as in Figs. 4 and 5, rather than the disc
rays of Figs. 1 and 2. Therefore it is important to evalu
the effect of broad-area lens illumination, rather than h
ing individual discrete rays forming the image. Figure
displays various numerically computed images of a narro
sharp spatial line source, as limited by the finite numeri
aperture ~NA! of a lens, treating the problem one
dimensionally. We take in this case NA50.5, expressing
the image size in units of the fundamental wavelengthl
[2pc/v0 .

The lowest-resolution image pattern in Fig. 6 represe
the ordinary one-photon intensity distribution obtained
linear propagation through the lens. The dotted line is
ordinary two-photon image that might be produced
monochromatic illumination, without taking advantage
multiwavelength illumination as presented in this pap
The two-photon image is narrower than the one-photon
age owing to the intensity-squared distribution and the
proved effective contrast or gamma.

The next three cases consider a sharp two-photon t
sition energy, demonstrating the effect of subdividing t
lens into either two, four, or eight zones, with each ind
vidual zone having a separate frequency combinationv i

1v j . The image is marginally improved when more zon
are provided, but the difference in resolution is slight. F
the eight-zone case, the spatial resolution is almost exa
twice that of the linear image, as expected. The main
ference between two zones and eight zones is that the
sidiary exposure tails are slightly more pronounced wh

Fig. 6 The dash-dotted line represents the intensity distribution at
the focus of a lens obtained by linear diffraction through a numerical
aperture of 0.5. The dotted line is the intensity-squared distribution
associated with two-photon absorption from a monochromatic
beam. The other three curves represent multifrequency two-photon
excitation in a photoresist with two, four, and eight zones respec-
tively. Whether for two or eight zones, the resolution is essentially
twice as good as for the dash-dotted ordinary one-photon exposure.
337Optical Engineering, Vol. 38 No. 2, February 1999
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Yablonovitch and Vrijen: Optical projection lithography . . .
there are two zones. In a fully two-dimensional lens
seems likely that four zones would be adequate in pract

The results shown were obtained with a single po
source. In a real projection system an important questio
how faithfully a full pattern is transferred to the image. W
are currently investigating this question in full detail. How
ever, it can already be said that the transition from a sin
point source to a full pattern has to be made cautiou
because of possible cross terms between the fields f
different source points.

We have shown that in a two-photon-pumped photo
sist exposure system, images can be formed at one-hal
normal Rayleigh resolution limit by using a multiplicity o
optical pump frequencies.
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