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Abstract—This paper describes a simple procedure for patterning Si substrate using a combination of surface func-
tionalization and microcontact printing@P). The Si/Si@Qsurfaces were chemically modified to present self-as-
sembled monolayers (SAMs) of siloxanes terminating in reactive carboxylic anhydride groups and then patterned with
poly(ethylene imine) (PEI) byCP. We used the patterned thin films of PEI as etch resists on Si surfaces.
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INTRODUCTION 1998] and surface functionalization based on reactive self-assem-
bled monolayers (SAMs) [Yan et al., 1997]. Our approach consists
This paper describes a convenient procedure for patterning Sif a sequence of reactions (Fig. 1): (i) preparation of vinyl-termi-
substrate by printing thin films of poly(ethylene imine) (PEI) using nated SAMs of siloxanes; (ii) oxidation of the terminal vinyl groups
a combination of microcontact printing@GP) [Xia and Whitesides, to carboxylic acid groups; (iii) formation of reactive SAMs that pres-
ent interchain carboxylic anhydride groups; and (iv) pattern deliv-
ery to the reactive SAMs using_P. This method, the formation
SAMs terminating in of interchain anhydrides, is compatible with a wide range of organ-
- g’i’gz' groups ic functionalities and does not require separate synthesis of each
compound that is to be patterned.

3;02 kMO, NalOs, and KoCOs Research opCP and wet etching to generate micro- and nano-
Py ¢ o patterns on surfaces has been reported in pattern generations of met-
FN S B ~&— sAVs terminatingin al films (gold, silver, copper, and palladium) [Xia et al., 1995, 1996;
— si carboxylic groups Love et al., 2002] and of metal oxides [SISI&/AI ,O;, Ti/TiO,,
o0 and indium tin oxide (ITO) or indium zinc oxide (1IZO)] [St. John and
0 040 ¢(CF3C°)2° and EigN Craighead, 1996; Finnie et al., 2000; Breen et al., 2002]. Alkaneth-
f f C o _ iolates (for metals) and organosilanes (for metal oxides) were directly
g Catborylc anhycide groupe. printed onto the substrates and the resulting patterns of, the SAMs

were used as etch resists. Although SAMs are only one molecule
thick (~2-nm-thick-monolayer), they could act as an etch resist. The
ideal SAM-based resist with high order and no defects would pre-
vent etchants from dissolving the substrate below. In practice, SAMs
L-H_'H-I & Thinlayerof PEI adsorbed from solution or patterned on a substrate are, however, not
perfect but have flaws such as molecular defects or domain bound-
aries. Defects in the SAMs (disordered regions or missing mole-
¢ cules) may open a path to the substrate for etchants [Zhao et al.,
E o PattemedPEI 1.996]. The roughness and the presence of gontaminations or impuri-
- ties on the substrate also add defects, which would deteriorate the
etch-barrier properties of monolayers [Geissler et al., 2002]. These
problems are responsible for the limited contrast and the small pro-
cess window when monolayers are used as a resist, and have pre-
vented a widespread use of SAMs as wet-etch barriers despite the

KOH
A/ Patterned Si

&l unique opportunities they could offer.
Fig. 1. Schematic representation of the procedure for patterning Herein we demonstrate a procedure for patterning Si substrate
PEI on Si/SiO, surface. with an amine-presenting polymer, poly(ethylene imine) (PEI), by
UCP and using the patterned PEI as etch resists. The reaction of
*To whom correspondence should be addressed. amines with interchain carboxylic anhydride groups on the surface
E-mail: ischoi@kaist.ac.kr is a rapid and high-yield reaction. We used a commercially avail-
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able PEI, which is highly branched, with an 1:2:1 ratio of primary, sec- After the formation of the polymer (PEI) patterns, the substrate
ondary, and tertiary amines [Yan et al., 1999]. Thus, these polymewas immersed in an aqueous solution of KOH aCAfer 3 min.

films (resists) are highly cross-linked and firmly attached to the sur-After the etching, the substrate was taken from the solution, rinsed
face. Our main interest in these polymer films is to improve the etctwith distilled water and ethanol, and dried under a stream of argon.
resistance compared withe the etch resistance of a single layer of

SAMSs. RESULTS AND DISCUSSION
EXPERIMENTAL Fig. 1 shows a schematic representation of the procedure for pat-
terning the amine-terminated polymer (PEI in this study) on the sur-
1. Materials face of Si/SiQ Interchain anhydride-terminated SAMs were pre-

Chemicals were purchased from Aldrich, Junsei, and Duksarpared from vinly-terminated SAMs via a two-step surface reaction
Chemical Co. Si<100> wafers were purchased from Silicon SensgYan et al., 1997]. Vinyl-terminated SAMs were assembled by im-
Inc. Sylgard 184 (PDMS oligomer) was purchased from Dow Corn-mersing a silicon wafer having a thin layer of native silicon oxide
ing Co. Poly(ethylene imine) (PEI, M'50000, 50 wt% in water,  (SiQ,) in a freshly-prepared hexane solution of 6-hex-1-enyltrichlo-
Aldrich) was dissolved in 2-propanol and passed throughja®.2- rosilane (Fig. 1a). The terminal vinyl groups were then oxidized
filter prior to use. 6-Hex-1-enyltrichlorosilane (HTS) and (trideca- (under Lemieux condition) to carboxylic acid groups on the surface
fluoro-1,1,2,2 -tetrahydrooctyl)-1-trichlorosilane were purchased from(Fig. 1b). Reaction of the carboxylic acid groups with TFAA and

Gelest, Inc. triethylamine in DMF gave SAMs of siloxanes that presented inter-
2. Preparation of Reactive SAMs Presenting Interchain Anhy-  chain carboxylic anhydride groups on the surface (Fig. 1c). Prior to
drides inking, the PDMS stamp was oxidized in an oxygen plasma. We
2-1. HTS SAMs have found it critical for the printing of hydrophilic PEI on a sub-

Plasma-cleaned silicon wafer having a thin layer of native siliconstrate with high fidelity to make the surface of the stamp hydro-
oxide (SiQ) (~20 A) was immersed in a hexane solution of HTS philic by oxidation. The oxidized PDMS stamp was immediately
(2 mM). Atfter the formation of SAMs, the samples were rinsed with inked by spin-casting with an 1 wt% solution of PEI in 2-propanol
toluene and dried under a stream of argon. and placed in contact with the substrate (Fig. 1d). The andopgr
2-2. Oxidation of HTS SAMs

The oxidation was performed under Lemieux condition [Wasser-
man et al., 1989]. The HTS-coated substrate was immersed in ¢
aqueous solution of 0.5 mM of KMnQ14.7 mM of NalQ and
3 mM of K,CO, for 24 h, and rinsed with pure water. The resulting
COOH surfaces were completely wetted by water and the sub
strate was blown dry in a stream of argon. |
2-3. Preparation of Interchain Anhydrides |

The COOH-terminated substrate was placed in a freshly pre i
pared solution of 0.1 M trifluoroacetic anhydride (TFAA) and 0.2 M
triethylamine in anhydrous DMF without stirring for 20 min at room
temperature, rinsed with GEl,, and dried in a stream of argon.
The substrates presenting the interchain anhydrides were used ir |
mediately.

3. Microcontact Printing (uCP) of PEI

PDMS stamps were prepared according to the literature metho
by using Sylgard 184 silicone elastomer [Lee et al., 2003]. A cleanel
silicon wafer was spin-coated with a negative photoresist (SU8-50
MicroChem Co.) and processed by photolithography to develog
patterns on the wafer surface. Subsequently, the master was silaniz
with (tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane under
vacuum for 2 h. To cast the PDMS stamp, the master was covere
in a Petri dish with PDMS oligomers. After curing for 6 h at@0
the PDMS stamp was peeled off from the master. Before being use
the PDMS stamp was oxidized by an oxygen plasma cleaner (Hau
rick PDC-002 at medium setting) for 1 min. The PDMS stamp was|
inked by spin-casting with a solution of PEI, and PEI was printed
o e e o™ iy o) and ol o (09, T dark s

: - 2 » A the SEM images (a-c) were the films of PEI. The concen-
the substrate was washed with distilled water and ethanol and dried  ations of PEI in 2-propanol were 1 wit% (a-d), 5wi% (&),

in a stream of argon. and 10 wt% (f), respectively. The same stamp (@m-lines
4. Etching of Si/SiQ separated by 4Qum) was used.

Si/Si0, PEI Si/Si0, PEI

ioum

500 nm

Fig. 2. Characterizations of the patterned thin films of PEI using
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of the PEI polymer reacted with the interchain anhydride groupsvestigated effects of the concentration of PEI in 2-propanol on the
on the surface leading to the formation of amide bonds (Fig. 1e)morphology of printed films of PEI. The optical images (Figs. 2e and
Finally, we generated the line patterns of PEI{0n width sep-  f) show that the solutions having concentration higher than 1 wt%
arated by 4Qum). did not yield well-defined thin films of PEI (2e; 5 wt%, 2f;, 10 wt%).
We usedbptical microscopy and scanning electron microscopy The density of defects in patterns that are fabricated by using
(SEM) to characterize the patterned films of PEI on Sj/G#fbre SAMs is too high. The defects probably originate from the domain
etching. Fig. 2a-c show SEM images of the patterned thin films ofstructure of the SAMs or from intrinsic defects (pinholes) in the
PEI. We used a 2-propanol solution of PEI (1 wt%) for printing. SAMs [Xia et al., 1995; Zhao et al., 1996]. A layer of polymer is
The resulting thin films of PEI were nearly continuous. We also in- much thicker than a layer of SAMs. Thus, we hoped that the den-
sity of defects would be lower in a layer of polymers, and that the
polymer layer would be more stable under etching condition than a
* single layer of SAMs. Fig. 3 shows SEM images of patterned silicon
lines after etching. The polymer layer is an effective etch resist (Fig.
3a and 3b). The images show that the areas patterned with a layer
of PEI polymer acted as a temporary protection layer against the
KOH solution. Fig. 3c shows that the edge roughness of the pat-
tern (etch depth: ~130 nm) is less than 100 nm, which is similar to
that of microcontact-printagthexadecylamine on gold surface [Yan
et al., 1998]. Unfortunately, however, the surface of the area that
had been protected with PEI became rough after etching, which
may suggest that the printed PEI films did not have uniform thick-
ness. The roughness of the area may be caused by the destruction
from the etching solution, the surface topology of SySiAd the
presence of gel or dust particles in the PEI. The layers of PEI and
SiO, were etched away by KOH solution leading to the Si pattern.
To improve the etch-barrier property of polymer layers, Whitesides
and collaborators patterned a gold surface with a PEI layer and al-
lowed the amine-terminated surface to react with poly(octadecene-
alt-maleic anhydride) (POMA) or poly(styreatt-maleic anhydride)
(PSMA) polymers. The coupling procedure (alternating reactions
with PEI and POMA/PSMA) was repeated, and the resulting poly-
meric multilayers were used as an etch resist [Huck et al., 1999].
They showed that increasing the number of polymer layers elimi-
nated almost all the defects in the patterned polymer layers. This
approach can also be applied to the system studied in this paper to
improve the etch-barrier property.

CONCLUSION

We have demonstrated a pattern generation of Si substrate with
a combination of surface functionalization and microcontact print-
ing. The method demonstrated here could be applicable to a wide
variety of surfaces of metal oxides that are amenable to surface mod-
ification. The advantages of using polymers compared with a single
layer of SAMs are: (1) it is possible to make a thicker layer of etch
resists than a single layer of single SAMs, which is technologically
important in chemical etching processes, and (2) because the printed
polymers contain chemically reactive functionality, we have a chance
to further modify the surfaces.
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