Polymer inking as a micro- and nanopatterning technique
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A polymer inking technique was developed to form micro- and nanopatterns on a substrate. In this
process, a polymer thin film is spin coated on a patterned mold. After contacting the substrate at a
suitable temperature and pressure, the polymer on the protruded surfaces of the mold is transferred
to the substrate and a positive image of the mold is obtained. A selective surface treatment method
has been developed to improve the edge smoothness of the inked pattern. During selective surface
treatment, the protruded surfaces of the mold are first treated with a flaidpogthylsiloxang

stamp impregnated with a silane that has medium surface energy. The mold is then immersed into
the solution of another silane with very low surface energy to treat the trenches of the mold. Because
the surface energy of the sidewalls is lower than that on the protrusions, polymer dewetting from the
sidewalls is promoted, which makes the polymer film discontinuous along the edges of patterns.
Therefore, inked polymer patterns from the protrusions of the mold show very smooth edges and
smaller dimensions compared to that of the mold. The dimension change of the inked pattern is
dependent on the selection of polymer materials. It was found that patterns inked from
poly(carbonatg showed larger dimension shrinkage 75%) compared to that from pdiyethyl
methacrylatg(~30%). This offers a viable approach to obtain predictable submicrometer features
using a mold with much larger feature sizes. 2003 American Vacuum Society.
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[. INTRODUCTION small molecule inks, a polymer is used as the ink in this

In recent . iqueBrocess, and the polymer ink is transferred to the substrate at
years, a number of new patterning technique ,
have been developed to overcome the resolution limit of" €lévated temperature and pressure. Figure 1 shows the
photolithography. Among these methods, microcontact printldeallzed polymer inking process. A thin polymer film is first
ing («CP)*~2 and nanoimprint lithographyNIL)*° are two applied to the patterned hard mold, usually by spin coating.
high throughput and low cost patterning techniques. Micro-The polymer coated mold is then brought into contact with
contact printing utilizes a soft palgimethylsiloxang  the substrate and suitable temperature and pressure are ap-
(PDMS) mold to print self-assembled monolay&AM) pat-  plied. Because the protruded surfaces of the mold have been
terns using appropriate small molecule inks. On the othetreated to have a lower surface energy than that of the sub-
hand, NIL forms thickness contrast in a thermoplastic poly-strate, the polymer film on the protrusion of the mold is
mer film by deforming the polymer under high pressure at airansferred to the substrate upon mold separation. This poly-
elevated temperature. Because significant polymer flow igner inking technique has several important advantages com-
required during |mpr|nt|_ng, relatively high temperatures andpared to other high throughput patterning techniques, such as
pressures are needed in the NIL prockss. CP and NIL. The inking polymer can be chosen to have

We have de_vel_oped an alternatlye pa’;termng techniqu igher dry etch resistance than that of a SAM layer. In addi-
called polymer inking. This process is similar to the stamp-,.
. . . . . . tion, because of the absence of large scale polymer flow
ing process inCP, in which the ink on the protrusions of the

stamp is transferred to the substrate. However, different frorﬁjurlng inking, much '9W9r temperatures than those rngred
by NIL can be used. Finally, while NIL requires an additional

dauthor to whom correspondence should be addressed; electronic maiﬁtChlng step to remove the residual film in the 'mp”nted

pang@umich.edu region?>’only the material on the protrusions of the mold is
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mmmd properties as shown in Fig. 1. The purpose of such a treat-

“ - - 7PDM’S stamp impregnated ::nent is to prompte polymer dewetting near the sidewalls of a
‘ with first silane eature. To achieve this, the protruded surfaces of the mold
are first treated by a flat PDMS stamp impregnated with a
silane that has medium surface energy. The PDMS stamping
v of silane leaves a SAM film on the protruded surfaces of a Si
BT R or Si0, mold 1% After stamping, the mold is immersed into
the solution of another silane with very low surface energy.
If the reactive sites on protruded surfaces have been com-
v pletely silanized after PDMS stamping, the second silane
" should react only with the recessed area during immersion.
Different surface properties are thus achieved for the pro-
truded surfaces and trenches. A schematic of this selective
- Mold surface treatment process is shown in Figg).1The low

Stamp protruded surface

Immerse in second silane solution

(2)

0 R Polymer surface energy of the trenches causes a polymer thin film to
e e el dewet easily from the sidewalls when heated to above the

¢ glass transition temperaturd {) while the film on the pro-
trusions dewets less severely due to the relatively high sur-

i i face energy. Therefore, the polymer film becomes discon-
= B BB Temp. & pressure tinuous along the edges of the patterns and can be inked to
¢ the substrate with smooth edges.

(b)

I1l. EXPERIMENT
Fic. 1. Schematic illustration of the inking process with selective surface
treatment of a patterned mol¢th) selective surface treatment afig) poly- The molds used here are made i@ thick SiO, on a Si
mer inking process. wafer and are patterned by photolithography. The flat PDMS

stamps for surface treatment were formed by curing Syl-
transferred to the substrate in polymer inking, which simpli-92rd® 184 siloxane prepolymer in a plastic Petri dish. In a

fies subsequent pattern transfer. We have systematically stufPical selective surface treatment experiment, the flat
ied the process of polymer inking, with the emphasis onPPMS stamp is immersed in a 20 mM toluene solution of the

material selection and surface treatment for obtaining opti2Ppropriate silane for 15-30 s. After it is removed from the
mal results. solution and dried under a stream of nitrogen, the stamp is
brought into contact with the mold for 2 min. The elasto-
Il. INKING PROCESS WITH SELECTIVE SURFACE meric stamp intimately contacts the mold without any need
TREATMENT of external pressure. After separation from the stamp, the
... mold is rinsed, dried, and immersed into the solution of
We have demonstrated the concept of polymer inking in & 4 14 o1 2H-perfluorodecyltrichlorosilane (FDTS)  dis-
previous publication, in which a reversal imprinting method o in heptane €10 mM). The FDTS reacts with re-

;/vas ?Inescrlktaeda. rEi[urlng r?t\'?;s"ﬂ 'r:]nﬂgm':g’tﬁ ?103”26; Trm q tcessed surfaces of the mold and forms a SAM layer with
S Spin coated onto a patterned moid a €N ransterred i remely low surface enerd.

the substrate at suitable temperature and pressure. When t € Atter surface treatment, the mold is spin coated with a

mold surface is not planarized after spin coating, the polymer . S
film on the protruded surfaces of the mold can be inked t olymer solution. Two polymers are used in this StUd}f’ poly-
the substrate. However, because a polymer film has contind[nethyl methacrylate (PMMA) (M,,=15K, 1;9: 105°C)
ous coverage over a patterned mold after spin coating, th@nd PolycarbonatéPC) (M,,=18 K, T4=150°C). A con-
inked patterns usually display ragged edges due to rupture GENtration of 4.5% PMMA and 1% PC in their respective
the polymer film along the feature sidewalls. Although thisSolvents is used to obtain a film thickness of 100-120 nm.
problem can be alleviated by using a deep mold coated wit he coated mold is then baked at an appropriate temperature
a relatively thin coating;® improvement of the technique is 0 remove residual solvent or to induce controlled dewetting
required to reduce edge roughness. of the polymer film. Finally, the film on the mold is inked to
We have recently developed a selective surface treatment flat Si wafer at a temperature close Tg under 5 MPa
to improve the edge smoothness of the inked patterns. In pressure. The topography of a spin coated mold and the
selective surface treatment, the protruded surfaces aridked patterns are studied by contact mode atomic force mi-
trenches of the mold are treated to have different surfaceroscope(AFM) or scanning electron microscop8EM).
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TaBLE |. Surface properties of Si wafers treated with different silanes.

Contact angle (°)
Surface energy

Sample information Water Diiodomethane (mJ/nt)
O, plasma cleaned 26.9 47.7 65.2
wafer
PETS stamp 108.1 69.9 234
PETS stamp, then 106.2 72.5 21.6

FDTS solution

MOPTS stamp 73.6 58.7 34.6

MOPTS stamp, 92.8 38.7 30.8 3 200000 mardiv

then FDTS solution

FDTS solution 103.0 99.8 11.7

V. RESULTS AND DISCUSSION

A. Controlled polymer dewetting after selective
surface treatment on mold

In our selective surface treatment, the trenches of the
mold are treated with FDTS, which forms a SAM film with
very low surface energy. The protruded surfaces have been
previously treated with a silane with medium surface energy,
so that a polymer thin film dewets more easily from the
trench surfaces than on protrusions. Two silanes are used to B
treat the protruded surfaces in this study, phenethyltrichlo-
rosilane (PETS and methacryloxypropyltrichlorosilane (b)

(MOPTS. The contact angle and surface energy of Si wafers

treated with different silanes are listed in Table I. The surfac; > pewetting behavior of PMMA film after annealing at 130 °C for 5
energy of a solid is the sum of the nondispersive and dispefmin on a 700 nm period grating mold witte) FDTS solution treatment and
sive surface energy, which can be calculated using the me#&? PETS/FDTS selective treatment.

sured contact angles in two different liquitfsAs one can

see, after the Si surface has been treated by PDMS stamping

with PETS or MOPTS, the surface energy reduces. With then the mold are smaller than those of the mold. This is be-
additional FDTS solution treatment, slight changes of thecause when a thin polymer film is annealed at a temperature
surface energy were measured, indicating a possibility of thaboveTy, the polymer film gradually relaxes to a lower free
insertion of FDTS into the loose-packed silane sites formeaknergy state, which is determined by the surface properties of
in the stamping process. However, rather different surfacéhe polymer and substrate and the entropic state of the poly-
properties are still obtained on the protrusions and inside theer. When the thickness of the PMMA film is comparable to
trenches after selective surface treatment. the lateral dimensions of the submicrometer feature, the cor-

Figures 2a) and 2b) demonstrate PMMA dewetting on a responding dewetted polymer dimensions are smaller
patterned mold, in which the mold has been treated with(~10%) than those of the mold as shown in Figh)2 Fur-
surfactants. A 700 nm period grating mold with a depth ofther investigation of the PMMA dewetting on protrusions of
350 nm is spin coated with a 4.5% PMMA solution in tolu- micrometer-sized mold shows that such pattern shrinkage af-
ene and then annealed at 130 °C for 5 min. The annealinger annealing starts from the edges of the features, and the
process usually assists polymer dewetting along sidewalls. Iresulting dimension change is around 20%.

Fig. 2(a), the mold is treated with FDTS only. Because of the The AFM scan in Fig. 3 shows the profiles of dewetted
low surface energy of FDTS treated surface, the PMMA flmPMMA on a mold with protruded circlegwith selective
dewets on the protruded surfaces and breaks up into eloMOPTS/FDTS treatmeht A raised rim surrounds the
gated droplets. In contrast, the mold in FigbRhas been PMMA island on top of the protrusions. Similar behavior is
given selective PETS/FDTS treatment. As the surface energglso observed on PETS/FDTS treated molds. The raised rim
of the sidewalls is very low, the film dewets near the edges ofs likely formed by material retracting from the edge of the
the protrusions. However, because of the higher surface effieature. During annealing at 130 °C, the thin PMMA film on
ergy of the PETS treated top surface, the film remains conthe sidewalls starts to dewet first. The film retracts toward
tinuous on the protrusions. Apparently, due to dewetting oboth the bottom of the trench and the protruded surface. Be-
the polymer film near feature edges, the polymer dimensionsause of the higher energy of the protruded surfaces, the
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X 5.000 pm/div
Z 800.000 nm/div
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Fic. 3. Dewetting behavior of PMMA film after annealing at 130 °C for 5 6 5 ‘0 10'0 15 '0
min on a 450 nm deep mold with MOPTS/FDTS selective treatment. ’ T '
(a)

PMMA at the interface with the protrusions is immobilized.
The retracted film thus piles up near the edge of the feature
until the least interaction potential between PMMA and the
surface is reached. Dewetting with this mechanism causes
the film to shrink into a plateau surrounded with a rim and a
pattern dimension change 6f20% before inking.

When a 1% PC solution in chloroform is spin coated onto
selective PETS/FDTS treated micrometer-sized molds, con-
tinuous PC film covers the 500 nm deep mold. When a rela-
tively deep mold is used, however, isolated polymer islands
are formed on the protrusions directly after spin coating. Fig-
ure 4 compares the AFM scans of PC coated 500 and 720 nn
deep molds. Isolated PC islands form on the protruded sur-
faces of the 720 nm deep mold. When a deep mold is coatec
with a polymer solution, the coating thickness on the side-

walls is likely very small if it exists at all. Spontaneous dew- 5% 500,000 /ety

etting could occur on the sidewalls during spin coating, re-
sulting in discontinuous coverage as shown in Figp) 4
In contrast to the dewetting of PMMA during annealing,

the PC films on protrusions not only dewet along the feature
edges during annealing (170°C), but also retract over the

125
———

~60% before inking.

whole area of protruded surfaces until a low energy state is
reached. Dewetting with this mechanism causes the film to
shrink into a dome and a large pattern dimension change of -
¥ ¥
5.0

-375

10.0 15.0
um

B. Inking after controlled dewetting on selective
surface treated molds (b)

The polymer features in Fig(B) can be easily transferred
to a Si wafer at 105°C and 5 MPa. Figur&@apis the SEM
image of the transferred PMMA grating pattern. The inked  Fic. 4. PC coverage or(a 500 nm andb) 720 nm deep molds.
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Fic. 5. (a) PMMA grating pattern formed by inking the PMMA film in Fig(l® onto a Si wafer at 105 °C, 5 MP#&) PMMA pattern formed by inking the
PMMA film in Fig. 3 onto a Si wafer at 115 °C, 5 MPa; afe) submicrometer PC pattern formed by inking the PC coated mold wittrotruded circles
at 150 °C, 5 MPa. The PC was inked without annealing.

PMMA lines have straight and smooth edges. While thePMMA film and substrate. Figure(Bb) is an AFM scan of the
PMMA film on the protrusions of the mold as shown in Fig. transferred pattern. Smooth feature edges are obtained with
2(b) has a very slight variation in polymer thickness, suchcontrollable changes in the dimensions of the features. The
variations are significantly reduced after inking under el-inked patterns are Zm in diameter compared to thean
evated pressure. The inked PMMA lines are 200 nm in widthprotruded circles in the mold.

compared to the 350 nm lines in the mold. The micrometer Compared to PMMA inking at 105-110°C, PC is inked
scale PMMA islands in Fig. 3 can also be transferred to theat a temperature of 150 °C and shows easier dewetting dur-
substrate at 115°C under elevated pressure of 5 MPa. Aimg the imprinting process. Thus, the polymer pattern can
inking temperature slightly higher than is required to flat-  also be inked without the need for annealing before inking.
ten the raised rim and ensure good contact between theigure Jc) presents such an example. Polycarbonate dots
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with a diameter of 500—-600 nm can be obtained using dane with medium surface energy, while the trenches are
mold with 2 um diam protruded circles without annealing treated to have very low surface energy. This difference in
before inking. Very similar pattern profiles and dimensionssurface energies promotes polymer dewetting from the side-
are obtained for the inked PC with the annealing processwalls. This selective surface treatment technique is very ver-
This indicates that despite the high pressure of 5 MPa apsatile since the interaction between the mold and polymer ink
plied during inking, the material on protrusions of the mold can be fine tuned by choosing different silanes and polymers.
can still dewet and shrink for unannealed polymer films. TheSeveral examples of polymer inking using various selective
significant dimension shrinkage of inked PC also offers asurface treatments and polymer inks are demonstrated. It was
viable method to obtain submicrometer features using a molébund that patterns inked from pdbarbonatg showed
with much larger feature sizes. larger dimension shrinkage<(75%) compared to that from
Since the surface energy of PMMA (33-41 md)fiis  poly(methyl methacrylate(~30%). This offers a viable ap-
in a very close range to that of P@9 or 45 mJ/rA), 3 it is proach to obtain submicrometer features using a mold with
useful to speculate on why the two polymers exhibit differentmuch larger feature sizes.
behaviors. A plausible reason is that the entanglement den-
sity in PC is higher than that in PMMA. Entanglement den- ACKNOWLEDGMENT
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