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Ultrafast patterning of nanostructures in polymers using laser assisted
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We propose and demonstrate a nanopatterning technique, laser-assisted nanoimprint lithography
(LAN), in which the polymer is melted by a single excimer laser pulse and then imprinted by a mold
made of fused quartz. LAN has been used to pattern nanostructures in various polymer films on a
Si or quartz substrate with high fidelity over the entire mold area. Here we show 200 nm pitch
gratings with 100 nm linewidth and 90 nm height. The entire imprint from melting the polymer to
completion of the imprint is less than 500 ns. The mold has been used multiple times without
cleaning between each imprint. LAN not only greatly shortens the imprint processing time, but also
significantly reduces the heating and expansion of the substrate and mold, leading to better overlay
alignment between the two. @003 American Institute of Physics.
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Nanoimprint lithography(NIL) has been demonstrated using traditional thermal-based NIL and reactive ion etching.
as a low cost, high throughput patterning technique withThe quartz wafer was then diced into 1 marh mm pieces
sub-10 nm resolutioh? It has great potential as a candidate with 200 nm period grating$100 nm line/spacing, 90 nm
for next generation lithography. In NIL, either thermal- trench depthover the entire mold. The molds were treated
plastic or UV-curable resists can be usedV—NIL can be  with an antiadhesion coating for better mold release after the
used to avoid heating the resist, but it often needs multiplémprint.
resist layers and multiple etching steps, thus increasing the We have tested LAN on various polymers, for example,
cost. Traditional thermal-based NIL, on the other hand, igolystyrene, polgmethylmethacrylate and nanoimprint re-
good for patterning both two-dimensional and three-sists(NPR series made in housen different substrates. All
dimensional nanostructures with a single resist Idyleow-  resist films were baked at 60—70°C for 30 min to drive out
ever, heating the resist is often slow and creates a thermaésidual solvent.
expansion difference between the mold and substrate that In LAN we have observed that a single laser pulse was
could result in misalignment. Such misalignment has beewufficient to imprint the nanopatterns on the mold into the
avoided by employing a mold and substrate made of thgolymer with high fidelity. For example, with a laser fluence
same material. of at least 0.35 J/cfy uniform gratings of 200 nm period in

In this letter, we describe a nanopattening techniquethe mold [Fig. 1(a)] were transferred completely to a
laser-assisted nanoimprint lithograpkiyAN), which com-  thermal-plastic resist, NPR-69, which has a glass transition
bines the advantages of traditional thermal-based NIL angemperature of about 100°C. The replicated gratings had
laser-assisted direct impriﬁtWe demonstrate that LAN is vertical sidewalls and flat surfaces and bottdig. 1(b)],
capable of producing nanostructures in various polymers ofjentical to those in the mold. Besides NPR-69, excellent
different substrates by using only one excimer laser puls@attern transfer by LAN was also observed in other poly-
and that the entire process from melting the polymer tomers, but at different laser fluences depending on the glass
completion of imprint is less than 500 ns. Furthermore, theransition temperature and laser absorbance of the polymer.
laser melting of polymer reduces the polymer viscosity andjn testing LAN with another NIL polymer, NPR-46 for in-
hence, reduces imprint pressures. Finally, numerical simulastance, a single laser pulse with a fluence of 0.56 Jtvas
tion shows that there is negligible heating of the substratgsed. Examination using an atomic force microscjeM)
and mold. ) . ) revealed that the polymer grating height is the same as the

In our LAN experiments, a single XeCl excimer laser mold trench depth(90 nm), indicating complete pattern
pulse (308 nm wavelength and 20 ns pulse duratipasses  transfer from the mold to the polyméFig. 2). Based on the
through a quartz moldwhich does not absorb the laser en- gayjier resuilts, it can be concluded that even with such a short
ergy because it has a band gap larger than the photon energyaating and imprinting time, LAN has produced high-fidelity
and melts a 200 nm polymer fim on a substrate, duringransfer of nanostructures as good as that in traditional
which time the mold is immediately imprinted into the poly- {hermal-based NIL.

mer. _ _ _ ~ We also tested LAN using different substrates. For
In making quartz molds, 200 nm pitch gratings on a SiNpr-69 on a quartz substrate, we found that at least
master mold were transferred & 2 in. fused quartz wafer ( 5 j/cj |aser fluence was needed for a good imprint, higher
than that on a Si substrateig. 3). The difference in required
dElectronic mail: gqxia@ee.princeton.edu fluence is attributed to the difference in the laser absorbance
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FIG. 3. SEM image of NPR-69 gratings made on a quartz substrate by a
single laser pulse of 0.5 J/ém

We also found that in LAN the molds with antistick
coating could be used repeatedly without loss in the grating
quality [Figs. 4a) and 4b)]. The imprinted area could be as
large as that of the mold and was quite uniform.

The LAN process has several advantages over conven-
tional thermal imprint. One is a much shorter processing
time (hundreds of nanosecond3he other is that the heating
of the substrate is greatly reduced, hence, avoiding misalign-
ments due to the thermal expansion mismatch of the mold
- el ) M e 2 and the substrate, which is a problem for multilevel elec-
pe%o g 'gﬁz)ti%C?T:‘glggnggt;f’g‘m”;ﬁgtsg‘fpR“f'gsg;rg?ggngs he . OS? . tronic device fabricatiol For quartz substrates, the substrate
strate produced by LAN with a single laser pulse of 0.4 JicTine gratings ~ t€Mperature remains nearly unchanged during LAN, because
have a linewidth of 100 nm and height of 90 nm. there is no direct absorption of the laser energy and poor heat

of polymer on different substrates. Using a simple multi-

interface reflection modélye found that for a 200-nm-thick

polymer (NPR-69 with an absorption coefficient of about

8x10 % nm™1, the fractional absorption is about 21.4% on [
a Si substrate, and 14.3% on a quartz substrate. In these

calculations, the refractive indices for Si and quartz at 308

nm wavelength were taken from a handb8alnd the refrac-

tive index of the polymer was measured using an ellipsom-

eter. The difference in polymer absorption is due to larger

reflectivity at the Si-polymer interface than at the quartz-

polymer interface. The other possible reason for the different

fluences is that the quartz substrate does not absorb the 30 /

nm laser pulse, but a Si substrate does and transfers the hea
\

to the polymer on it. Hence, incident energy was used more \)
efficiently for polymer on a Si substrate. g 3
500nm &

FIG. 2. AFM image of NPR-46 gratings produced on a Si substrate. TheFIG. 4. SEM images of 200 nm NPR-46 period gratings produced on a Si
height of the gratings is 90 nm, which corresponds exactly to the depth ofubstrate by a single laser pulse (0.56 F)cmsing the same molda)
the trench in the mold. A single laser pulse with a fluence of 0.562)cas Imprint result after mold is used for the first time afil after the third time.

used. There is no obvious difference in grating quality in the two pictures.
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L B S B B e B B B B ing the imprint process, with a room temperature substrate
laser pulse - beneath the surface layer, the lateral thermal expansion in
LA B

250 . that layer can be efficiently constrained, which is promising
olymer :
poly i for good overlay alignment.

) 200 silicon It should be pointed out here that the heating of the Si
°\®/ substrate could be further reduced by simply tailoring the
5 polymer chemical composition to increase laser absorbance
® 150 of the polymer. For example, according to our mofdgr a
o 200 nm polymer film on quartz, an increase of polymer ab-
£ 100 sorption coefficient from X104 nm ! to 1x10 % nm™?

would result in an increase of fractional absorption from
7.5% to 18.3%.

Finally, light sources other than an excimer laser can be

3| MNP PPN PP PR used in LAN, which may open up opportunities for large
0 500 1000 1500 2000 area ultrafast thermal-based NIL.

In summary, LAN is an ultrafast nanopatterning technol-
ogy which will significantly reduce misalignment between
FIG. 5. Simulation results of temperature evolution in the surface layer of 4h€ mold and substrate during NIL. In LAN, the imprint time
Si substrate after the incidence of a single laser pulse (0.4)/dBach  can be as short as 500 ns and the mold can be used multiple
curve repre_sents the tempgrature as a function of time at diﬁe_rent d_istancqﬁneS without cleaning between each imprint. This method
ggg;r;heeasz'o%u:icgbI;Pnir'?"s;t Osnhgv‘ésﬂé?esgﬂggrgt?mew In which We.uld be scaled to full wafers provided that large area light
sources are available. LAN can also be used in fabricating
some organic electronic and optical devices.

time (ns)
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