Twofold spatial resolution enhancement by
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Computers have been major driving forces of technical +2 coskx+1/2 cos Xx [see Fig. 1c)]. The interference
revolution. Tremendous progress has been achieved inpattern consists of spatial harmonics with béthand 2K
building faster integrated circuits with increasingly greater spatial frequencies. The resulting curve has narrower fea-
density of their elements. The primary tool for transferring tures than in the classical single-photon case, but the spac-
circuit images from masks onto substrates is optical lithog- ing between maxima stays essentially the saxié2 siné).
raphy. The minimum possible pitdspacing between ele- Recently, Yablonovitch and Vrijérhave proposed a new
ments is set by the wave nature of light. Particularly, in type of exposure arrangement to eliminate the middle term
interferometric lithography,when two beams are made to (2 codx) and achieve a true doubling of the spatial reso-
converge at an anglesdsee Fig. 18], interference effects  |ytion. The idea was to destroy the stationary interference
form a set of fringes with a spacirg=\/(2 sind). When  pattern corresponding to the linear image, while maintain-

6— /2, the minimum possible pitch goes d2—the so- ing the one for the superresolution image. One of the con-
called Rayleigh dlffra_cnon I|m|t_. Thls_ is the minimum pitch  verging beams has to consist of optical frequengyalone,
that can_ be achieved with linear(single-photon and the second beam, of frequenciesand w, such that

absorption' Hence, sources with ever shorter wavelength wi=wo+ 8 and w,=wo— 8, SO 2wy=w,+ w, [See Fig.

are used to fabricate integrated g:ircuits with smaller_ fea- 2(a)]. Fringes resulting from the interference of and w,
tures. Current technology employing 248-nm KrF excimer qgjjate rapidly at the difference frequendy and they
lasers is able to produce 180-nm features; Cha"‘.g'ﬂg ©\yash away, averaging to a uniform background. Thus the
shorter-wavelengttl 93-nm ArF lasers will lower the limit 4| resolution image disappears. Provided that the fre-

to 130 nm. guencieswg, w;, andw, are coherently related, the super-

tos‘gﬁgﬁ&?&iﬁg&ggﬁ ntﬁ 0?2 révgg;p:r?éonh?t(gors; rﬁi CO %mo' resolution fringes are stationary and do not wash away.
P P grap More extensive theoretical considerations can be found in

4
have bgen performéfd.’ One may ask whether tV\_/o-phc_Jtor] Ref. 5. The actual fringe pattern from that article is also
absorption can be used to overcome the Rayleigh criterion P ; . e
and improve the optical resolution. Consider the fringe pat- shown in Fig. 2b). A slightly d|fferent approach utilizing
tern produced by two coherent t;eams of wave vektor entanglgd photons, suggested in Ref. 6, also could double
K=2m/\ : i le] Fig.12)]. The dis- the spatial resolut_lon. _ _ _
(, - ). converging at angle see F1g.1a)J. 1he dis The goal of this paper is to experimentally verify the
tribution of intensity is given byl(x)=1+cosKx, where  concept initially proposed in Ref. 5. Our choice of two-
K=2ksin. For the case of one-photon absorption the ex- photon sensitive medium was Kodak commercial film
posure doseA is proportional to the intensity, that is, (Catalog No. 198 78741t is a blue-sensitive materiatie-
A(x)=1+cosKx. This is a classical case of two-beam in- signed for one-photon absorption between 350 and 480
terference see Fig. 1b)]. When the absorption mechanism nm).” A typical size of a single grain is 5 to 1@m. Two-
is a two-photon one, the exposuteis proportional to the  photon exposure of that type of medium has been exten-
square of the intensity: AX)=(1+cosKx)?=3/2 sively investigated elsewhefelhe radiation source in our
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Fig. 1 (a) Classical two-beam interference. (b) One-photon fringe
pattern. (c) Two-photon fringe pattern.

experiments was a Ti:sapphire laser systé8pectra-
Physics Tsunamipumped by 10 W of 532-nm radiation
from a Millennia X laser. The output parameters of the
Ti:sapphire laser were: 80-fs single pulse duration, 82-MHz
repetition rate, 0.6-W average output power, 790-nm cen-
tral wavelength. To make sure that only 790-nm radiation

was present in the output beam and to cut off possible blue
and green light, a RG color filter was placed near the laser
output. Single-pulse parameters at the output of the system

were ~7-nJ energy and 90-kW peak power. The total ex-
posure time was controlled by a combination of an electro-
optic (Pockels cell and a mechanical shutter. The electro-
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Fig. 2 (a) Multifrequency interference. (b) Fringe pattern for multi-
frequency interference (from Ref. 5).

Due to group velocity dispersiofGVD) inside the
Pockels cell, the initial 80-fs pulses were stretched to
~600 fs. These broadened pulses were recompressed to the
original 80 fs by a conventional prism-pair compressor.
Then the output beanfaverage poweP,,=0.6 W, peak
power Pyeq=90 KW) was focused onto a 400250 um
spot(areaS=10"3 cn?) by 1-m lens, and calibrated expo-
sures were made. It turned out that the film saturation oc-
curred at a total exposure time greater tharu®0Then we
intentionally destroyed the mode-locked mode of operation
of the Ti:sapphire system, making it clat the same aver-
age output powerand repeated the measurements. There-
upon the saturation occurred only after 109 of total ex-
posure time.

For one-photon absorption the probabilitpp*)
oMl m, whereo® is the cross section of one-photon
absorption] the peak intensityr the pulse duration, anal

optic shutter made it possible to achieve nanosecondthel3 numlber of absorbed pulses. This can be rewritten as
switching times; however, its contrast ratio was limited to P~ oM E, where Etorar 1S the density of total ab-
1:200. To make sure that no undesirable radiation was sorbed energy. In saturatioR®)— 1, andE, reaches its

leaking from the laser, an electromechanical shui@ems

saturation value Eﬁtota,)gg. In our case the total absorbed

minimum WindOV\) was placed after the Pockels cell. The energy at exposure time—expzlooﬂs was PavTexp/S

two shutters were synchronized with a Stanford Research _

digital delay generatofmodel DG53%. All experiments
were performed in a darkened room. An additional small
chamber (2& 20X 20 cm) protected the film from stray
light. The e?%)osed film was processed according to Kodak
specification.

The experiment can be divided into two parts. In first we

(Erora) )= 60 mJ/cri. For comparison, at the peak of the
absorption curvé350 n) the one-photon sensitivity of the
film is ~1 uJ/cnt.? For the case of two-photon absorption
its probability is P~ ¢®12n, wheres(® is the cross
section for two-photon absorption. This expression also can
be simplified, toP®)=¢(?IE . In that case the satura-

measured the one- and two-photon absorption parameterdion parameter is the product of total absorbed enéigy,

of the film. Also we made sure that the radiation intensity

of our laser system was strong enough to induce predomi-

nantly two-photon exposure of the medium, so we could

and the peak intensity of the single pulse. In our experi-
ment it WasP pealP ayTexp/S = Eroral = 1.1x 10° IW/enf.
Our next step was to build a multifrequency interferom-

proceed to the second part—to produce a multifrequency eter. The experimental setup is shown in Fig. 3. The back-

interference pattern.

1730 Optical Engineering, Vol. 41 No. 7, July 2002

bone of the system is a dispersion-free pulse-shaping



Korobkin and Yablonovitch: Twofold spatial resolution . . .

Incoming laser beam ~a Pockels Cell + 180
Mechanical Shutter 160 A
140 4
; 2
Grating g 120 4
< £ 100 A
s
25 cm lens % 80 4
Selector :: S 60 1
il =
:: = a0 ‘ ‘
i : J —
o0, § _ Mo 2 44 um
-_-_-_-_-_-.-_f 0 . . .
Dl 0 50 100 150 200
Adjustment Position, pm

Fig. 3 Experimental setup. Fig. 5 Intensity profile of ordinary interference pattern.

apparatus.The broadband radiation from the femtosecond delay line was made by inserting a nonlinear crystal at the
Ti:sapphire laser was reflected by a diffraction grating beam intersection and getting a maximum signal of cross-

(1200 lines/mmn through the positive len&25-cm focus, generated second harmonics.

toward a spectral select¢a mirror with a 3.5-mm hole at All optical elements of the system inevitably decrease
the center. The central part of the spectrum passed through the spatial coherence of the radiation, so auxiliary tests to
the hole, then through the second léatso 25-cm focus obtain regular interference fringes were performed. We re-

and finally was recombined into a collimated beam by the placed the spectral selector with an ordinary 50% reflection
second gratingalso 1200 lines/mm The edge portions of  mirror and made calibrated exposurés-called system
the spectrum were reflected back and were recombined intotes). Since no spectral selection was involved, the pulse
a collimated beam by the first grating. The spectral selector duration in those tests was 80 fs. Figure 5 shows the inten-
was slightly tilted, which allowed us to separate the re- sity profile averaged along the fringes over20 grain
flected and incoming beams. The transmitted beam con-sjzes. One can see a set of well-defined interference fringes
sisted of the radiation with frequeney, and the reflected  with 44-um period. The spatial coherence of the beam was
radiation with frequencie®; andw,. The position and the  found to be good enough to create classical interference
diameter of the central hole were chosen such thag 2  fringes with a 50-cm final focusing lens, so we could pro-
=w,+w, and the average power in the two arms was ceed with multifrequency exposures. Also, the absence of
equal. The distance between the gratings and the lenses walal-period features indicated that no second-harmonic ra-
adjusted such a way that the initial pulse chirp induced by diation was generated inside the system. _
the Pockels cell was compensated. An extra delay line was 1he frequency selector was reinstalled, and calibrated
used to match the time delays in the two arms. exposures were taken. Figure 6 shows the intensity profile
The optical spectrum after passage through the system isOf the pattern at g¢s exposure time. The other experimen-
shown in Fig. 4. Since we limited the spectral bandwidth in tal parameters were: total absorbed ener@qs,
both arms, the corresponding pulses were inevitably =2.7 mJ/cnd, peak intensity |peu=3.2X 10" Wicn?,
broader(=~200 fs each The average intensity in each arm | peaEora= 86X 10* Wl/cnf. One can see a set of major
was 100 mW. The two beams were made pargllecm and minor maxima. The distance between major maxima
between themand then focused onto a single spot (250 (44 um) corresponds to the classical interference spacing.
X 150 um) by a 50-cm lens. The initial distance between The presence of the minor maxima indicates the doubling
the interfering beams and the focal length of the final lens
were chosen such a way that the period of the classical

interference pattern would be at least 4 times larger than the 135
typical grain size of the film. The fine adjustment of the 130 -
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Fig. 4 Spectral characteristics of the interferometer. Fig. 6 Intensity profile of multifrequency interference pattern.
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It is more advantageous to use a low-repetition-rate
high-power system similar to one described in Ref. 2. The
total absorbed enerdy,,, could be kept well below satu-
ration level for single-photon absorption, whereas the ex-
posure of the film would be achieved by a single pulse due
to two-photon absorption. One can estimate that for a 1-ps
pulse focused onto a4 1-mm spot, its energy should be in
the range 20 to 5@J to achieve predominant two-photon
exposure. That can be easily provided by a Ti:sapphire am-
plifier.

In conclusion, we have experimentally demonstrated a
doubling of spatial frequency of the interference pattern
using two-photon absorption by Kodak commercial film.
The interference pattern was formed by two multiple-
frequency beams, which interfere with one another to pro-
duce a stationary image with double spatial resolution. In
order to create the multifrequency beams with suitable pa-
rameters, we performed a frequency filtering of broadband
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