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We demonstrated an economical way of fabricating gel—film-based devices by combining
nanoimprint lithographyNIL) and a sol—gel technique. A novel imprinting procedure, new mold
surface passivation, and an effective surfactant added to sol were developed. Gratings with 300 nm
pitch and 80 nm linewidth and waveguide gratings with varying periods were imprinted in a single
step and with excellent uniformity into the gel films coated on a quarter of 4 in. wafers, respectively.
Surface roughness measurements of waveguide gratings by atomic force microscope showed
smooth profiles with root mean square roughness less than 6 nm. NIL is an excellent patterning
technology for gel—film-based optical devices. Z003 American Vacuum Society.
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[. INTRODUCTION patterned on the first mold by interference lithograpisy,
glnd waveguide gratings with varying perio@sum, 6 um,
and 10um) were patterned on the second mold by contact
ptical lithography. After exposure, development, electron-
eam evaporation of chromiurtCr), and lift off in warm
acetone, resist gratings on both molds were transferred to
chromium. With chromium serving as an etch mask, metal
gratings were transferred to the underlying oxide by reactive
ion etching with CHR/O, gas chemistry. The chromium
was then stripped off in chromium etcha@R-7), and both
molds were passivated by 4 nm thick fluoroalkylsilane. The
protrusions on the molds are 210 nm high.

Sol—gel techniques have been known as an economic
and quick way to obtain artificial ceramics with engineered
properties. Their low-temperature characteristics and goo
film quality have attracted much interest. Silica films, pre-
pared by sol—gel technique, possess low optical 18sand
adjustable refractive index. Sol—gel derived silica films func-
tioned as antireflective coatingswaveguides;*~1° power
splitters!®! optical filters!? distributed Bragg reflectdr,
resonator® diffraction gratings:**® and fiber-optic gas
sensors® Also reported were a dye-doped sol—gel silica
lasef*"~2%and erbium-doped sol—gel planar wavegatder
optical amplifiers. Gel—film-based devices are, therefore,
very promising for all-optical telecommunications. B. Preparation of solution

Patterning gel—film-based optical devices usually requires First, tetraethoxysilane (TEOS was mixed with
at least one lithographic step and one etching step. AS 8 5004 to a molar ratio of 1:3 and stirred at 60 °C for 15
comparison, direct patterning of gel films shows great adva”r'nin. Then, a catalyst, 0.15 M hydrochloric acid, was added
tages for cost-effective mass productions. Many researc{b the mixture to make TEOS#® with molar ratio 1:2.
efforts’~*° have been directed toward this direction. HOW- socond. a mixture of titanium  tetrabutoxide and 2 4-
ever, direct patterning of gel films over a_large area and th entanédione in a molar ratio of 1:2 was stirred at roé)m
surfac_e smqothness of patterned Wavegwdg d_eymes have g}nperature for 20 min. The titanium tetrabutoxide solution
been investigated yet, although they are significant for S“b\7vas then mixed with the TEOS solution. By varying the
wavelength optical elements and performance of optical deg, ¢ ratio of TEOS and titanium tetrabutoxide. the refrac-
vices. In this article, we report direct nanoimprinii®f o index of the derived film varies between'1.4|6ure
SI0,—TIO, gratings with 300 nm pitch and 80 nm linewidth g2 and 2 20(pure titanium oxidi The solution(sol) con-
and SiQ-TiO, waveguide gratings with varying periods. sins'0.1 mol TEOS and 0.15 mol titanium tetrabutoxide. The
E>§cellent uniformity and s.mooth pattern profiles were Ob'sol was left to react for four days, and then diluted in
tained over a quarter of 4 in. wafers. 2-proponal to a volume ratio of 1:1. For successful direct

imprinting over a large area, we found it essential to modify
Il. FABRICATION DETAILS the sof® by adding a small amount of perfluoroalkyl surfac-

tant.
A. Mold fabrication

The two molds used in our experiments are both a quartet. imprint wet gel film

of a 4 in. wafer in size. Gratings with 300 nm pitch were _ . _ .
g P Prior to spin coating of the sol100) silicon substrates

dNow with NanoOpto Corporation, 1600 Cottontail Lane, Somerset, NJWere soaked in mChloroethylene for 5 min, rinsed _by ac-
08873. etone, methanol, 2-proponal, and blown to dry by nitrogen.
YElectronic mail: chou@ee.princeton.edu The silicon substrates were then baked at 200 °C on a hot-

660 J. Vac. Sci. Technol. B 21 (2), Mar/Apr 2003 1071-1023/2003/21(2)/660/4/$19.00 ©2003 American Vacuum Society 660



661 Li et al.: Large area direct nanoimprinting of Si0  ,—TiO, 661

* Spin Sol

* Imprint Wet Gel
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* Mold Separation

* Heat Treatment (at 400°C)

Fic. 1. Schematic of patterning of SjOTIO, gel film using nanoimprint
lithography:(1) Spin sol onto a silicon wafef2) ramp up temperature after
gel film is patterned by a mold3) separate the mold from the patterned gel
film; and (4) transform the patterned gel to ceramic by heat treatment.

plate in atmosphere for 10 min to make their surfaces hydroFic. 3. (a) Directly imprinted 300 nm pitch and 70 nm deep $iJiO,
philic. Sol was spun at 3000 rpm for 30 s, and about 635 nng_rgtings(after heat treatmeht_(b) A detailed view of(a) under high mag-
thick wet gel film was left on silicon wafers due to solvent "fication: The average linewidth is 80 nm.

evaporation during spinning. Imprints were immediately car-
ried out, using the two grating molds, respectively. The pro-
cess of patterning Si>-TiO, gel by nanoimprint lithography lll. RESULTS AND DISCUSSION

(NIL) is schematically depicted in Fig. 1. With an applied For a planar gel film, the refractive indgat 633.2 nm
pressure of 645 psi, the mold and patterned wet gel wereavelength increased from 1.50 to 1.71 after heat treat-
heated up from 17 °@Qroom temperatudeto 200°C at 9°C ments, and the thickness decreased from 635 to 247 nm,
per minute. During the ramp-up procedure, the temperatureesulting in a 61% shrinkage in the film thickness. Figure 2
was kept at 100 °C, 150 °C, and 200 °C for 7 min, respecshows optical pictures of the planar gel film spin coated on
tively. Pressure was then released, and the mold was sepd00) silicon wafer[Fig. 2(a)] before andFig. 2(b)] after
rated from the imprinted wafers. The patterned gel was furheat treatments, respectively. No cracking of the film was
ther heat treated on a hotplate at 400 °C in atmosphere for 1&bserved over a quartef a 4 in. wafer.

min, reaching the end point of the quick-shrinkage pHase. Excellent uniformity was obtained in gel patterning over a

Fic. 2. Optical pictures of the planar Sj©TiO, gel
film on a silicon substratéa) before andb) after heat
treatment. The film thickness shrank from 635 to 247
nm. No cracking was observed over a quartea d in.
wafer.
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shrinkage of gel films in the vertical direction. Meanwhile,
the addition of organics into an inorganic matfix’ reduces
shrinkage and increases its cracking resistance.

Three factors are crucial to large area single-step duplica-
tions of micro- and nanostructures in wet gel. First, our mold
surfaces were uniformly passivated with nanometers thick
surfactant, which greatly reduces their surface energy, and
thus preventing monomersuch as TEOSin the gel from
bonding to the mold surfaces. Second, the surfactant added
to the sol further helps to release our molds from the pat-
terned gel films, and simultaneously delays aging of the wet
gel. Third, heat-accelerated gelation during imprint keeps du-
plicated structures from being distorted when we separated
Fic. 4. Directly imprinted 70 nm deep SIOTIO, waveguide gratingéafter ~ the molds from the imprinted wafers.
heat treatmentwere inspected by AFM. Root mean square of less than 6 nm
was obtained in roughness measurements. From the left- to right-hand side,
the grating period varies from 4 to 1@m. IV. CONCLUSION

We directly imprinted gratings with 300 nm pitch and 80
nm linewidth and waveguide gratings with varying periods

quarter of 4 in. wafers. Figure 3 shows scanning electroin SiO,—TiO, gel films with excellent uniformity and
micrographs of SiQ-TiO, gratings with 300 nm pitch and Smoothness over a quarter of 4 in. wafers. A new patterning
80 nm linewidth. The depth of the trenches is about 70 nmprocedure along with good mold surface passivation and the
The minor variations in linewidth come from the mold made surfactant added to sol was developed. NIL is an excellent
by interference lithography. It is the size of the mold thatpatterning technology for gel—film-based optical devices.
limits the patterning area, and we do not see any difficulty in
scaling up the patterning of gel film to 4 in. wafer level.  ACKNOWLEDGMENTS
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