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Contact Area Lithography (CAL): A New of topographic structure$:** However, NSL additionally
Approach to Direct Formation of Nanometric requires a surface modification step such as the formation
Chemical Patterns of self-assembled monolayers (SAMs) onto the physical

patterns to render chemical contrasts on them. Here we
describe a novel (see two other contributiols¥ direct
method, termed contact area lithography (CAL), that directly
School of Adanced Materials Engineering,  generates periodic surface chemical patterns (PSCPs) at the
Kookmin Unbersity, Seoul 136-702, Korea  gyh.100 nm scale. In addition, we demonstrate that this
strategy makes possible both the fabrication of isolated TiO
nanodisc arrays and the fabrication of Sianocavity arrays
School of Adanced Materials Engineering, ~ using PSCPs on octadecyltrichlorosilane (OTS) SAMs. That
Yonsei Undersity, Seoul 120-749, Korea is, a selective atomic layer deposition (ALD) as well as a
selective chemical etching process can be applied to the
Myung M. Sung PSCPs produced by CAL, where the patterned SAM layer
Department of Chemistry, Kookmin Wefsity, fun_ctions as su_perior che_:mical patte_rns. Finally, we propose
Seoul 136-702, Korea @ simple equation to estimate the sizes of resulting patterns
from such lithography and discuss the role of the capillary
Receied September 16, 2005 meniscus on the determination of pattern size.
Revised Manuscript Recegd January 2, 2006 The patterning began by dispersing monodisperse silica
Nanometric chemical patterns have received increasingparticles of 206-500 nm in diameter prepared by the'[5to
attention because of their chemical contrast, biologically €t al. metho# in aqueous solutions. A droplet of the
relevant size, and high areal density. Immobilized biomol- suspension was placed on the center of a cylindrical drying
ecules on such chemical patterns not only provide us with cell, which is glued to the substrate, by using a micropipet.
an integrated understanding of biomolecular functions in In the drying cell, the suspension was geometrically confined
biological systemis? but are also important for highly —for the drying-mediated self-assembBfyThe quantity of
sensitive detection with minimal sample consumption in dropped silica particles, which is the;& dispersion with
medical diagnostic* Very recently, chemical patterns with ~ typical concentration of 0.5 wt % of the particles, was
dimensions below 100 nm have been reported for biological calculated to cover the area of the drying cell with a
app|icati0n§—7 A procedure based on scanning probe monolayer of particles. In the cell, the dropped dispersion
achieves arrays of biomolecules with well-defined feature Was wetted on the surface of the substrate, resulting in a
sizes below 100 nm and controlled positfeH, but the meniscus of slightly concave shape. As the solvent evapo-
writing speed under these methods are presumably quite low.rated, nucleation of the silica particles started near the three-
Another candidate, which does not have this shortcoming, Phase-contact line at the center of the cell. Subsequently,
is the method that uses monodispersed spherical cofloids. crystal growth propagated outward by lateral capillary forces
Since the introduction of the feasibility of lithography by between the particles. At the same time, the particles moved
utilizing colloidal particles by Deckman et &lthe group of toward the contact line by convective transport flow, as had
Van Duyne has extended the lithography with 2D close- Previously been reported by other researcheRollowing
packed particles and named it nanosphere lithographysuch a series of self-ordering processes, well-ordered two-
(NSL).2° In NSL, the ordered arrays of interstices between dimensional (2D) arrays with polydomains were formed, and
the assembled particles are used as a site of either materigach domain was of an area of a few hundred square

deposition or ion/plasma etching forming the periodic arrays micrometers (Figure 1a).
Next, the substrate with the 2D colloidal crystals was
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Figure 1. Schematic illustration of the CAL procedure. (a) 2D crystal-
lization of colloidal spheres on the substrates. (b) Coating the SAMs of
OTS molecules. (c) Removal of the crystallized particles. (d) Selective
deposition by ALD. (e) Selective wet etching by chemical etchant.

was not disassembled at all but intact during the immersion.
The structural integrity of the 2D colloidal crystals could be
explained by two different types of bridges. One is a liquid
bridge, a so-called “capillary bridge,” which contributes to
strong cohesive capillary forcé§This is developed by the
confined liquids at the particlesubstrate and particte
particle contacts. The other one is a solid bridge, which is
formed by reprecipitation of species dissolved from the oxide
surfaces of the colloids. Although the solid bridge is as small

Communications

Figure 2. Series of AFM topographical images.—e) Resulting patterns

in OTS SAMs of 52+ 4, 79+ 7, and 94+ 5 nm in diameter, respectively,
formed by different sizes of the colloidal particles (200, 350, and 500 nm
in diameter). (a-f) TiO2 nanodiscs fabricated by ALD of 66 7, 85+ 16,

and 128+ 13 nm in diameter, respectively, using the PSPCs in ©TS
SAMs as shown in parts-&. (g—i) SiO, nanocavities fabricated by
chemical wet etching of 64 8, 96+ 9, and 100+ 14 nm in diameter,
respectively, using the PSPCs in OTS SAMs as shown in paits @he
insets show the AFM line-profile images of the nanostructures fabricated
by CAL using 350 nm silica colloids. The red arrows indicate the widths
of the nanostructures, and the green arrows show the heights of the
structures. All scale bars correspond tarh.

colloidal assembly, were observed. The average depth of the
patterned holes in OTS SAMs was2.51 nm (see inset in
Figure 2b), which is in excellent agreement with the thickness

as a few nanometers depending on the degree of oxidation s 5 fully grown OTS SAM layet? The interhole spacing

it can induce a far stronger interparticle bond than the
former?®

readily corresponded to the diameters of the silica particles
measured by dynamic light scattering, which suggests an

Several hours later, the OTS grown substrate was takengrea| density or spacing could, in principle, be controlled
out of the solutions and was immersed in pure water to by using the desired sizes of colloids.

terminate the reaction of active headgroup of remaining OTS
molecules, preventing them from being redeposited onto the

opened holes in OTSSAMs after removal of the assembled

particles. The removal of attached particles was conducted

dried with a stream of nitrogen gas (Figure 1c). Well-defined
PSCPs in OTSSAMs with hexagonal geometry were
observed by a contact-mode atomic force microscopy (AFM)
as shown in Figure 2ac. The diameters of the resulting
holes were 52+ 4, 79+ 7, and 94+ 5 nm in the cases of
using particles of about 200, 350, and 500 nm in diameter,

respectively. No defects were observed in Figure 2b, and

only several point defects were detected in Figure 2a,c,
whereas in the case of the larger area scan witlk 1@ xm

(not shown here), very few defects, which were mostly
domain boundaries owing to the stacking faults during

(17) We estimated the attractive capillary force to 210 MPa per a
colloid in the case of a 350 nm particle, where one particle has seven
interconnections (one partictsubstrate and six partictgarticle
ones), using equations from Kralchevsky, P.; Nagayam®&afticles
at Fluid Interfaces and MembrangeElsevier: Amsterdam, 2001; pp
469-502.

(18) Laarz, E.; Zhmud, B. V.; Bergstmg L. J. Am. Ceram. So200Q 83,
2394.

Upon creation of PSCPs with CAL, a variety of surface
nanostructures were successfully fabricated by chemical
means. First, regular arrays of isolated nanodiscs of, TiO
were fabricated by the selective deposition using ALD

S(Figure 1d). As an OTS molecule has an inert methyl group

in its tail, which is resistant to deposition of materials during
the processes of ALD coating, deposition of Fi@ly took
place onto the opened areas, that is, no coatings of OTS
SAMs, of the substrate. Figure 26 shows the nanodisc
arrays of TiQ with various areal densities, whereas there is
no deposition of TiQon the area covered with OTS SAMs.
Such TiQ arrays on a Si@background are a promising
structure for biological applications as had been reported as
a selective adhesion site in studying attachment of proteins
or cells#820Second, nanocavity arrays in oxide films were
also successfully formed using the PSCPs through a site-
selective chemical etching (Figure 1le). For this process,
PSCPs in OTS SAMs were made on an about 10-nm-thick,

(19) Wang, Y.; Lieberman, MLangmuir2003 19, 1159.

(20) Michel, R.; Lussi, J. W.; Csucs, G.; Reviakine, |.; Danuser, G.;
Ketterer, B.; Hubbell, J. A.; Textor, M.; Spencer, N. Dangmuir
2002 18, 3281.
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thermally grown Si@ film supported by Si substrate
underneath, and then the sample was immersed in bufferec
oxide etch (BOE) solution®. Here the SAM layer of OTS

functioned as a resistive layer during the etching, and only
the opened areas of Si@ilm dissolved, leaving the regular

arrays of nanocavities. The SAM layer remains stable &
throughout this process as a result of the continuity of the
layer formed by van der Waals forces that exist between
carbon chains of OTS molecules. The average depth of thej & WAL,
cavities was~10 nm, and as etching time increases the © 1 2 3 4 S
enlargement of the cavities was observed as a result of “Uncle/EESSES=S-=I - EEEE———
cut” as in conventional wet etching. These freshly etched

: f Figure 3. AFM topographical image (a) and the corresponding friction
metal oxide holes and the surrounding OTS layers revea‘Iedforce image (b) of the chemical patterns in GTSAMs with the size of

superior patterns with high chemical contrets. 60+ 8 nm after acetone treatment, which is close to the expected value by
Upon the experimental affirmation that CAL successfully the geometrical consideration wher850 nm particles are used.

produces the dgsired patterns or feature;, we investigatedof water and ethanol, and acetone, which are in descending
the theoretical sizes of the holes in chemical patterns from order in terms of their surface tensidiWhen the substrate

a simple geometrical consideration of the contact area \as treated with the piranha solution, which has the highest

between the spherical particle and the substrate. Sizes of thqension among the three, the sizes of the resulting holes were
individual holes in PSCPs with SAMs were calculated as 150-200 nm, much larger than those in our original

follows:

experiments. It indicates that thicker capillary bridges were
built up, causing the larger size of the patterns. In the case
2 (1) of the mixture of water and ethanol, which was the same
solvent as the one used for dispersing the silica colloids, the
same size as the case without solvent exchange was achieved
(79 &+ 7 nm). In comparison with the first two solvents, we
achieved the pattern size of 88 nm, which is very close
to the calculated value (i.e., 59 nm) by using acetone.
Acetone has a lower surface tension than the other two; thus,
it successfully induced much thinner capillary liquid bridges
\ ¢ ielding the smaller size of PSCPs. These results strongly
are used, respectively. As the experimental results presente<iupport our argument that not only the geometry but also

earlier, there were noticeable differences of about2® e jiquid condensation contribute to the resulting hole sizes.
nm between thg calculated_ and the observed sizes. That ISNote that AFM could not resolve the topographical image
the observed sizes were bigger than the calculated ones. ¢ ihe PscPs clearly when the substrate was treated with
Differences between the two can be attributed to the liquid the jiquid of lower surface tension such as acetone, although
condensed in the meniscus between the colloids and thee friction force micrograph clearly reveals the distinct
substrate. We believe that the liquid “capillary bridge”, which patterns as shown in Figure 3a,b. This is because washing
was discusse_d above in relation to a strong struc_tural integ_;ritythe substrate with such liquid not only affects the resulting
of the colloidal crystals, also plays a crucial role in gjze of the PSCPs but also causes the incomplete growth of
determining the size of the resulting PSCPs in SAMs. We oTg SAMs;, as it eliminates the water film on the hydrophilic
note that there are bridges of solid precipitates in addition gyijde surfaces. In accordance with the growth mechanisms
to the liquid bridges. Considering their size in capillary of 0TS SAMs, OTS molecules need both hydroxyl groups
compared with the liquid bridges, however, their contribution jn oxide surfaces and the water film of one or several
to the enlargement of the resulting holes can be ignored. Wemglecular layers to grow into complete monolajfehe
argue that the water molecules in the capillary could be & |ack of water molecules on the surface of the substrate, after
source for hydrolysis and polymerization of OTS molecules, washing it with acetone, prevents the complete growth of
enlarging the resulting sizes. In fact, the polymerized OTS TS molecules. The measured thickness of OTS SAMs,
molecules were often found around the holes when observedynich was approximately 0.5 nm, indicates imperfect cover-
the patterns without a cleaning procedure after the removal age or growth of the SAMs layéf.We acknowledge that
step of colloids. We tried to remove the condensed liquid tnere is a tradeoff between achievement of the PSCPs of
by replacing it with other solvents. Three different solvents gjculated size with the use of solvent with lower surface
were used in this study: a piranha solution, a 1:1 mixture energy and the complete growth of a SAM layer with the
use of aqueous solutions. Thus, a modified equation that

(21) BOE is known to provide a constant etch rate as a result of the presencefactors in the impact of capillary bridges and, hence, can
of NH4F and also suite organic resist because commercial hydrofluidic
acid solution can penetrate the organic resist materials.

(22) We were not able to directly measure the contact angle with this (23) Surface tensions (mNTH at 20°C) of ingredients used in each solvent
pattern. We obtained the static contact angle of water in difference to are as follows: HSO, (72—75), HO; (75), HO (72.8), GHsOH
be~11C from two samples of a freshly etched Sifdm and a fully (22.1), and CHCOCH; (25.2).
grown OTS-SAM layer independently. (24) Schreiber, FProg. Surf. Sci200Q 65, 151.

_ /ByZ_|,_D
=3 ‘t 2

whered is the diameter of the resulting hole in the SAMs,
D is the diameter of the spherical colloids (assuming an ideal
solid sphere) used, arids the thickness of the SAM layer.
Typically, taking the thickness of OTS SAMs of 2.5 nm,
we could expect hole diameter,to be 44, 59, and 71 nm
when the silica colloids of 200, 350, and 500 nm in diameter
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correctly estimate an exact pattern size of PSCPs in SAMs99.9%, Aldrich), ethanol (99.9%, Aldrich), NJ@H (28%
when aqueous solutions are used is under study. NHs in water, Aldrich), and DI water as starting materials.

CAL has several significant improvements in fabricating TEOS was hydrolyzed by a small amount of water in
nanometric chemical patterns. (1) CAL directly generates ethanolic solutions with ammonia. The reagents were mixed
the chemical patterns without any additional surface modi- and stirred in a water bath (Fisher isotemp heating circulator
fication processes. (2) It provides excellent isolation of the model no. 2013P) at 50C for 50-100 min, under a N
various inorganics resulting in nanostructures. In NSL, the atmosphere. The sol was purified by several cycles of
defect structures of the colloidal films such as stacking faults centrifugation, decantation, and resuspension in absolute
and point defects as well as microcracks due to the shrinkageethanol to remove undesirable particles and to prevent
of the films in a vacuum chamber can result in the particles continuous reaction, followed by drying in a vacuum oven
with overlapped feature. In contrast, the isolation of the at 100°C. The particle populations used in this study had
features obtained from CAL is not influenced by the presence diameters of about 200, 350, and 500 nm. Measurement of
of these kinds of defects. (3) CAL can generate a smaller the mean size and size distribution of the prepared, SiO
size of patterns than those created by traditional NSL when colloidal particles was conducted by a light scattering system
the colloids of the same size are used (with the exception of (Microtrac UPA-150).
modified NSL techniques such as angle-resolved NSLChe OTS SAMs were grown by immersing the samples in
only exception to this is when particles smaller thah00 anhydrous toluene solutions containing 0.1 vol % OTS for
nm are involved. However, note that the 2D close-packed 5 h under ambient conditions. The wafers were rinsed with
arrays of the particles of such size are, in practice, very DI water to terminate the reaction of the active headgroup
difficult to achieve without either using surfactant on the of the remaining OTS molecules. The assembled particles
surface of the particles or using an apparatus that could lowerwere detached through ultrasonication for 3 min in DI water.
thermal energykT, in a self-assembling system. (4) Finally, The OTS molecules physisorbed upon the OTS SAM layer
CAL does not require any vapor deposition equipment in were removed by sonicating the sample with DI water and
fabricating the chemical patterns, as it is a chemical process.pure toluene solution for 3 min, respectively. The surface
In conclusion, this strategy can be applied in creating a of the sample was repeatedly rubbed with Q-tips smeared
variety of combinations of surface chemical contrasts that with toluene.
can be served in biological applications, surface chemistry, The ALD system of Cyclic 4000 (Genitech) was used to
and light harvesting structures. deposit TiQ onto the patterned hole of the OTS SAMs. The

The experimental details are as follows. OTS (95%, TiO, was deposited only onto the holes and not on the
Aldrich), toluene (99.8%, anhydrous, Aldrich), ethanol surfaces of the OTS SAMs at a temperature of 280
(anhydrous, Carlo Erba), and acetone (99.5%, Aldrich) were Titanium iso-propoxide [Ti(OCH(CEJ,)4] was used as the
commercially available and used as received. Deionized (DI) source of Ti. Water vapor with the flow rate of 5 sccm was
water, 15 M2 cm milli-Q water, concentrated sulfuric acid used as an oxidant.J\vas used as a carrier gas, and Ar gas
(Duksan), HO; (38%, Duksan), and BOE (6:1, J. T. Baker) was used for purging. The cycle consisté@ @ of exposure
were used as obtained. Highly N-doped single side polishedto the Ti source5 s of Arpurge 2 s ofexposure to water,

Si wafer of [100] orientation was cut intot 1 cm pieces and 5 s of Arpurge. The total flow rate of the Nwvas 20
with a diamond glass cutter before cleaning. sccm. The thin films were grown under 2 Torr.

Wafers were first cleaned with a Branson 1510 ultrasonic PSCPs in OTS SAMs, as-prepared Tiganodiscs, and
cleaner and sonicated in acetone and ethanol. The wafersSiO, nanocavities were imaged by contact-mode AFM (SPA-
were then rinsed with DI water and dried with a stream of 400, Seiko Instruments, Japan) using silicon nitride AFM
N.. The cleaned wafers were soaked in a 10:1 DI water/ tips with a small spring constant (SN-AF01, Olympus). Every
hydrofluidic acid solution for 1 min to remove the original average diameter and the size distribution were obtained by
native silicon oxide. After that, the wafers were blown dry line-profiling the sizes of at least 100 features in the images,
with a stream of M A piranha solution (70% v/v concen- as determined by the full widths at half-maxima.
trated HSQy, 30% v/v HO,) was prepared in a clean beaker,
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