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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 (µCP). The Si/SiO2 surfaces 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) by µCP. We used the patterned thin films of PEI as etch resists on Si surfaces.
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INTRODUCTION

This paper describes a convenient procedure for patterning Si
substrate by printing thin films of poly(ethylene imine) (PEI) using
a combination of microcontact printing (µCP) [Xia and Whitesides,

1998] and surface functionalization based on reactive self-ass
bled monolayers (SAMs) [Yan et al., 1997]. Our approach cons
of a sequence of reactions (Fig. 1): (i) preparation of vinyl-term
nated SAMs of siloxanes; (ii) oxidation of the terminal vinyl grou
to carboxylic acid groups; (iii) formation of reactive SAMs that pre
ent interchain carboxylic anhydride groups; and (iv) pattern de
ery to the reactive SAMs using µCP. This method, the formation
of interchain anhydrides, is compatible with a wide range of org
ic functionalities and does not require separate synthesis of 
compound that is to be patterned.

Research on µCP and wet etching to generate micro- and nan
patterns on surfaces has been reported in pattern generations o
al films (gold, silver, copper, and palladium) [Xia et al., 1995, 199
Love et al., 2002] and of metal oxides [Si/SiO2, Al/Al 2O3, Ti/TiO2,
and indium tin oxide (ITO) or indium zinc oxide (IZO)] [St. John an
Craighead, 1996; Finnie et al., 2000; Breen et al., 2002]. Alkan
iolates (for metals) and organosilanes (for metal oxides) were dire
printed onto the substrates and the resulting patterns of, the S
were used as etch resists. Although SAMs are only one mole
thick (~2-nm-thick-monolayer), they could act as an etch resist. 
ideal SAM-based resist with high order and no defects would p
vent etchants from dissolving the substrate below. In practice, SA
adsorbed from solution or patterned on a substrate are, howeve
perfect but have flaws such as molecular defects or domain bo
aries. Defects in the SAMs (disordered regions or missing m
cules) may open a path to the substrate for etchants [Zhao e
1996]. The roughness and the presence of contaminations or im
ties on the substrate also add defects, which would deteriorate
etch-barrier properties of monolayers [Geissler et al., 2002]. Th
problems are responsible for the limited contrast and the small 
cess window when monolayers are used as a resist, and hav
vented a widespread use of SAMs as wet-etch barriers despit
unique opportunities they could offer.

Herein we demonstrate a procedure for patterning Si subs
with an amine-presenting polymer, poly(ethylene imine) (PEI), 
µCP and using the patterned PEI as etch resists. The reactio
amines with interchain carboxylic anhydride groups on the surf
is a rapid and high-yield reaction. We used a commercially av

Fig. 1. Schematic representation of the procedure for patterning
PEI on Si/SiO2 surface.
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able PEI, which is highly branched, with an 1:2:1 ratio of primary, sec-
ondary, and tertiary amines [Yan et al., 1999]. Thus, these polymer
films (resists) are highly cross-linked and firmly attached to the sur-
face. Our main interest in these polymer films is to improve the etch
resistance compared withe the etch resistance of a single layer of
SAMs.

EXPERIMENTAL

1. Materials
Chemicals were purchased from Aldrich, Junsei, and Duksan

Chemical Co. Si<100> wafers were purchased from Silicon Sense
Inc. Sylgard 184 (PDMS oligomer) was purchased from Dow Corn-
ing Co. Poly(ethylene imine) (PEI, Mw 750000, 50 wt% in water,
Aldrich) was dissolved in 2-propanol and passed through a 0.2-µm
filter prior to use. 6-Hex-1-enyltrichlorosilane (HTS) and (trideca-
fluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane were purchased from
Gelest, Inc.
2. Preparation of Reactive SAMs Presenting Interchain Anhy-
drides
2-1. HTS SAMs

Plasma-cleaned silicon wafer having a thin layer of native silicon
oxide (SiO2) (~20 Å) was immersed in a hexane solution of HTS
(2 mM). After the formation of SAMs, the samples were rinsed with
toluene and dried under a stream of argon.
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 an
aqueous solution of 0.5 mM of KMnO4, 14.7 mM of NaIO4, and
3 mM of K2CO3 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-
pared solution of 0.1M trifluoroacetic anhydride (TFAA) and 0.2 M
triethylamine in anhydrous DMF without stirring for 20 min at room
temperature, rinsed with CH2Cl2, and dried in a stream of argon.
The substrates presenting the interchain anhydrides were used im-
mediately.
3. Microcontact Printing (µµµµCP) of PEI

PDMS stamps were prepared according to the literature method
by using Sylgard 184 silicone elastomer [Lee et al., 2003]. A cleaned
silicon wafer was spin-coated with a negative photoresist (SU8-50,
MicroChem Co.) and processed by photolithography to develop
patterns on the wafer surface. Subsequently, the master was silanized
with (tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane under
vacuum for 2 h. To cast the PDMS stamp, the master was covered
in a Petri dish with PDMS oligomers. After curing for 6 h at 60oC,
the PDMS stamp was peeled off from the master. Before being used,
the PDMS stamp was oxidized by an oxygen plasma cleaner (Har-
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
by contacting the PDMS stamp with the interchain anhydride-ac-
tivated Si/SiO2 for 60 sec. The stamp was carefully peeled off, and
the substrate was washed with distilled water and ethanol and dried
in a stream of argon.
4. Etching of Si/SiO2

After the formation of the polymer (PEI) patterns, the substr
was immersed in an aqueous solution of KOH at 45oC for 3 min.
After the etching, the substrate was taken from the solution, rin
with distilled water and ethanol, and dried under a stream of arg

RESULTS AND DISCUSSION

Fig. 1 shows a schematic representation of the procedure for
terning the amine-terminated polymer (PEI in this study) on the 
face of Si/SiO2. Interchain anhydride-terminated SAMs were pr
pared from vinly-terminated SAMs via a two-step surface react
[Yan et al., 1997]. Vinyl-terminated SAMs were assembled by i
mersing a silicon wafer having a thin layer of native silicon oxi
(SiO2) in a freshly-prepared hexane solution of 6-hex-1-enyltrich
rosilane (Fig. 1a). The terminal vinyl groups were then oxidiz
(under Lemieux condition) to carboxylic acid groups on the surf
(Fig. 1b). Reaction of the carboxylic acid groups with TFAA an
triethylamine in DMF gave SAMs of siloxanes that presented in
chain carboxylic anhydride groups on the surface (Fig. 1c). Prio
inking, the PDMS stamp was oxidized in an oxygen plasma. 
have found it critical for the printing of hydrophilic PEI on a su
strate with high fidelity to make the surface of the stamp hyd
philic by oxidation. The oxidized PDMS stamp was immediate
inked by spin-casting with an 1 wt% solution of PEI in 2-propan
and placed in contact with the substrate (Fig. 1d). The amine groups

Fig. 2. Characterizations of the patterned thin films of PEI using
SEM (a-c) and optical microscopy (d-f). The dark areas in
the SEM images (a-c) were the films of PEI. The concen-
trations of PEI in 2-propanol were 1 wt% (a-d), 5 wt% (e),
and 10 wt% (f), respectively. The same stamp (10-µµµµm-lines
separated by 40µµµµm) was used.
Korean J. Chem. Eng.(Vol. 20, No. 5)
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of the PEI polymer reacted with the interchain anhydride groups
on the surface leading to the formation of amide bonds (Fig. 1e).
Finally, we generated the line patterns of PEI (10µm in width sep-
arated by 40µm).

We used optical microscopy and scanning electron microscopy
(SEM) to characterize the patterned films of PEI on Si/SiO2 before
etching. Fig. 2a-c show SEM images of the patterned thin films of
PEI. We used a 2-propanol solution of PEI (1 wt%) for printing.
The resulting thin films of PEI were nearly continuous. We also in-

vestigated effects of the concentration of PEI in 2-propanol on
morphology of printed films of PEI. The optical images (Figs.2e a
f) show that the solutions having concentration higher than 1 w
did not yield well-defined thin films of PEI (2e; 5 wt%, 2f; 10 wt%)

The density of defects in patterns that are fabricated by us
SAMs is too high. The defects probably originate from the dom
structure of the SAMs or from intrinsic defects (pinholes) in t
SAMs [Xia et al., 1995; Zhao et al., 1996]. A layer of polymer
much thicker than a layer of SAMs. Thus, we hoped that the d
sity of defects would be lower in a layer of polymers, and that 
polymer layer would be more stable under etching condition tha
single layer of SAMs. Fig. 3 shows SEM images of patterned silic
lines after etching. The polymer layer is an effective etch resist (
3a and 3b). The images show that the areas patterned with a
of PEI polymer acted as a temporary protection layer agains
KOH solution. Fig. 3c shows that the edge roughness of the 
tern (etch depth: ~130 nm) is less than 100 nm, which is simila
that of microcontact-printed n-hexadecylamine on gold surface [Ya
et al., 1998]. Unfortunately, however, the surface of the area 
had been protected with PEI became rough after etching, w
may suggest that the printed PEI films did not have uniform thi
ness. The roughness of the area may be caused by the destr
from the etching solution, the surface topology of Si/SiO2, and the
presence of gel or dust particles in the PEI. The layers of PEI 
SiO2 were etched away by KOH solution leading to the Si patte
To improve the etch-barrier property of polymer layers, Whitesid
and collaborators patterned a gold surface with a PEI layer an
lowed the amine-terminated surface to react with poly(octadec
alt-maleic anhydride) (POMA) or poly(styrene-alt-maleic anhydride)
(PSMA) polymers. The coupling procedure (alternating reactio
with PEI and POMA/PSMA) was repeated, and the resulting po
meric multilayers were used as an etch resist [Huck et al., 19
They showed that increasing the number of polymer layers el
nated almost all the defects in the patterned polymer layers. 
approach can also be applied to the system studied in this pap
improve the etch-barrier property.

CONCLUSION

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

ACKNOWLEDGMENTS

This work was supported by the Kyungnam University Resea
Fund (2002). We thank the Korea Basic Science Institute (KB
for optical microscopy.

REFERENCES

Fig. 3. SEM images of the patterned silicon after etching. The SiO2

layer was etched by immersing the substrate in an aque-
ous solution of KOH at 45oC for 3 min. The arrow in the
figures indicates the area that has been protected with PEI.
September, 2003



Patterning Si by Using Surface Functionalization and Microcontact Printing with a Polymeric Ink 959

l-

t
i-

h-
 of

n-
g

n
lf-

ed,

e
lf-
Breen, T. L., Fryer, P. M., Nunes, R. W. and Rothwell, M. E., “Pattern-
ing Indium Tin Oxide and Indium Zinc Oxide Using Microcontact
Printing and Wet Etching,” Langmuir, 18, 194 (2002).

Finnie, K. R., Haatsch, R. and Nuzzo, R. G., “Formation and Patterning
of Self-Assembled Monolayers Derived from Long-Chain Organo-
silicon Amphiphiles and Their Use as Templates in Materials Micro-
fabrication,” Langmuir, 16, 6968 (2000).

Geissler, M., Schmid, H., Bietsch, A., Michel, B. and Delamarche, E.,
“Defect-Tolerant and Directional Wet-Etch Systems for Using Mono-
layers as Resists,” Langmuir, 18, 2374 (2002).

Huck, W. T. S., Yan, L., Stroock, A., Haag, R. and Whitesides, G. M.,
“Patterned Polymer Multilayers as Etch Resists,” Langmuir, 15, 6862
(1999).

Lee, K.-B., Kim, Y. and Choi, I. S., “Pattern Generation of Cells on a
Polymeric Surface Using Surface Functionalization and Microcon-
tact Printing,” Bull. Korean Chem. Soc., 24, 161 (2003).

Love, J. C., Wolfe, D. B., Chabinyc, M. L., Paul, K. E. and Whitesides,
G. M., “Self-Assembled Monolayers of Alkanethiolates on Palla-
dium are Good Etch Resists,” J. Am. Chem. Soc., 124, 1576 (2002).

St. John, P. M. and Craighead, H. G., “Microcontact Printing and Pat-
tern Transfer Using Trichlorosilanes on Oxide Substrates,” Appl. Phys.
Lett., 68, 1022 (1996).

Wasserman, S.R., Tao, Y.-T. and Whitesides, G. M., “Structure and Re-

activity of Alkylsiloxane Monolayers Formed by Reaction of A
kyltrichlorosilanes on Silicon Substrates,” Langmuir, 5, 1074 (1989).

Xia, Y. and Whitesides, G. M., “Soft Lithography,” Angew. Chem. Int.
Ed., 37, 550 (1998).

Xia, Y., Kim, E., Mrksich, M. and Whitesides, G. M., “Microcontac
Printing of Akanethiols on Copper and Application in Microfabr
cation,” Chem. Mater., 8, 601 (1996).

Xia, Y., Zhao, X.-M., Kim, E. and Whitesides, G.M., “A Selective Etc
ing Solution for Use with Patterned Self-Assembled Monolayers
Alkanethiolates on Gold,” Chem. Mater., 7, 2332 (1995).

Yan, L., Huck, W. T. S., Zhao, X.-M. and Whitesides, G. M., “Patter
ing Thin Films of Poly(ethylene imine) on a Reactive SAM Usin
Microcontact Printing,” Langmuir, 15, 1208 (1999).

Yan, L., Marzolin, C., Terfort, A. and Whitesides, G. M., “Formatio
and Reaction of Interchain Carboxylic Anhydride Groups on Se
Assembled Monolayers on Gold,” Langmuir, 13, 6704 (1997).

Yan, L., Zhao, X.-M. and Whitesides, G. M., “Patterning a Preform
Reactive SAM Using Microcontact Printing,” J. Am. Chem. Soc.,
120, 6179 (1998).

Zaho, X.-M., Wilbur, J. L. and Whitesides, G. M., “Using Two-Stag
Chemical Amplification to Determine the Density of Defects in Se
Assembled Monolayers of Alkanethiolates on Gold,” Langmuir,
12, 3257 (1996).
Korean J. Chem. Eng.(Vol. 20, No. 5)


	Patterning Si by Using Surface Functionalization and Microcontact Printing with a Polymeric Ink
	Kyung-Bok Lee, Dong Jin Kim, Kuk Ro Yoon, Yongseong Kim* and Insung S. Choi†
	Department of Chemistry, Korea Advanced Institute of Science and Technology (KAIST), Daejeon 305-...
	Abstract�-�This paper describes a simple procedure for patterning Si substrate using a combinatio...
	Key words:�Pattern Generation, Microcontact Printing (mCP), Self-assembled Monolayers (SAMs), Si ...
	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCLUSION
	ACKNOWLEDGMENTS
	REFERENCES






