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ABSTRACT: In this paper we describe a graft polymerization/solvent immersion method for generating various
patterns of polymer brushes. We used a very-large-scale integration (VLSI) process to generate well-defined
patterns of polymerized methyl methacrylate (MMA) on patterned Si(100) surfaces. A monolayer of Si(CHj3);
groups was first generated to form an inert surface by reacting a hydroxylated Si surface with hexamethyldisilazane
in a thermal evaporator. Oxygen plasma was the used to reactivate the patterned surface under a duty ratio of 1:1
using electron beam lithography. The surface-generated oxygen species, such as Si—O and Si—O—O, reacted
with the initiator for atom transfer radical polymerization (ATRP) on the patterned hydroxylated surface. The
ATRP initiator on the patterned surface was then used for the graft polymerization of MMA to prepare the
PMMA brushes. After immersion of wafers presenting lines and dots of these PMMA brushes in water and
tetrahydrofuran, we observed mushroom- and brush-like regimes, respectively, for the PMMA brushes with various
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pattern resolutions.

Introduction

In recent years, the preparation of polymer brushes has
emerged as a robust method for creating surfaces exhibiting a
wide range of mechanical and chemical properties; in many
ways, they act as ideal alternatives to self-assembled monolayers
(SAMs).'* One particular advantage that polymer brushes have
over spin-coated polymer layers is their stability against solvents
or harsh conditions (e.g., high temperatures) because they are
bonded covalently to the substrates. The use of polymers as
building blocks for surface modification allows the preparation
of “smart” or responsive surfaces based on conformational
changes in the polymer backbones. These desirable traits have
been manipulated in the areas of microelectronics and microf-
luidics.” A range of controlled surface-initiated polymerization
techniques have been developed, allowing the formation of
(block co)polymer brushes with controlled grafting densities and
thicknesses.®’ Polymer films patterned using this procedure have
been used widely for the fabrication of microelectronic devices®
or as selective barriers toward etchants.” In addition, patterned
polymer brushes are routinely produced from the initiator
monolayer on a patterned surface.'”'® While successful, the
applicability of these patterned polymer films is restricted by
their limited stability with respect to solvents and their tendency
to undergo subsequent chemical reactions'* as well as by
difficulties in their preparation over large areas and complicated
topographies.'> To address these latter challenges, Whitesides
and co-workers developed microcontact printing'® for the
preparation of patterned SAMs on both planar and curved
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surfaces.!” Kang and co-workers prepared SAMs containing
patterns of two different initiators, which they subjected to
sequential orthogonal polymerization steps.'® Zhou et al."
prepared binary brushes via photoetching and reinitiation, and
Luzinov? recently reported the use of an imprinted masking
layer to form binary brushes.

One goal for the fabrication of patterned macromolecular
architectures on surfaces is the realization of complex, often
multimolecular, entities in which various interacting organic,
biomolecular, and inorganic components are positioned in such
a way as to give rise to unique properties and precisely defined
structure-dependent functions. The generation of complex
patterns in polymer films is traditionally achieved by using a
combination of spin-casting and photolithographic techniques.?’
Current commercial lithographic processes can generate patterns
with perfection over macroscopic areas and with dimensional
control of features, registration, and overlay within tight
tolerances and margins. In the past decade, considerable
resources have been allocated to the development of exposure
tools capable of resolving nanoscale patterns (<30 nm) with
the required resolution and overlay capabilities, but relatively
modest investments have been made for the development of
suitable imaging materials on this length scale. Although these
developments are continuing to push the limits of nanomanu-
facturing, the materials and processes themselves are not
amenable to production purposes in their present form.>* Self-
assembling materials used in conjunction with the most ad-
vanced exposure tools may enable the current manufacturing
practices to be extended to dimensions of 10 nm and less.

Radical-type polymerization methods are used widely for the
manufacture of various kinds of commercial products because
of the higher stability of radical species in polymerization
systems, relative to anionic and cationic species, and the
availability of various kinds of monomers. Controlling the
reactivity of radical species can be difficult, but recent reports
have demonstrated that it is possible to reduce the radical
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concentration in some systems to provide better control.*® For
example, atom transfer radical polymerization (ATRP) allows
the preparation of various kinds of block copolymers, such as
diblock-, triblock-, and gradient-type copolymers, with precise
control.* In addition, it is possible to combine ATRP with other
types of polymerization, such as ring-opening metathesis
polymerization or anion polymerization, because of the func-
tional group (e.g., halide) that exists at the end of the polymer
chain. As a result, many kinds of polymers that are otherwise
difficult to synthesize may be prepared by using ATRP.?® There
are many reports describing the preparation of “graft form”-
type polymer brushes through ATRP, manipulating its living
nature and extending its applicability to a variety of monomers.*
In addition, Biggs et al.?’ reported the in situ observation of a
brush-like polymer structure using atomic force microscopy
(AFM) and several reports have described the formation of
mushroom-like structures under various conditions.?®** Most
of these studies have focused on changes in the thickness of
the grafted layers; in contrast, the morphological changes of
the surface structures in response to changes in solvent have
not been characterized very well. In this paper, we report a study
aimed at using polymerization to chemically amplify surfaces
patterned with a VLSI system into patterned PMMA brushes.
We have covalently bonded ATRP initiators onto hydroxylated
surface patterns prepared using electron beam lithography and
oxygen plasma treatment system, and then amplified the system
vertically using ATRP. This surface-initiated polymerization
process provides an avenue toward the rapid fabrication of high-
resolution patterns of polymers. After immersion in water and
tetrahydrofuran (THF), we observed distinct brush- and mush-
room-like structures for PMMA brushes patterned with lines
and dots.

Experimental Section

Materials. Single-crystal silicon wafers, Si(100), polished on
one side (diameter: 6 in.) were supplied by Hitachi, Inc. (Japan)
and cut into 2 cm x 2 cm samples. The materials used for graft
polymerization, viz., (4-chloromethyl)phenyltrichlorosilane (CMPCS),
methyl methacrylate (MMA), copper(I) bromide, and 1,1,4,7,7-
pentamethyldiethylenetriamine (PMDETA), were purchased from
Aldrich Chemical Co. MMA, PMDETA, and CMPCS were purified
through vacuum distillation prior to use. All other chemicals and
solvents were of reagent grade and purchased from Aldrich
Chemical Co. All solvents were of reagent grade and used without
further purification. To remove dust particles and organic contami-
nants, the Si surfaces were ultrasonically rinsed sequentially with
methanol, acetone, and dichloromethane for 10 min each and
subsequently dried under vacuum. The Si substrates were immersed
in hydrofluoric acid solution (50 wt %) for 5 min at room
temperature to remove the silicon oxide film. The hydrofluoric acid-
treated substrates were then immersed in the mixture of HNO3; and
H,0; (2:1, mol%) for 10 min and subsequently rinsed with doubly
distilled water a minimum of five times to oxidize the Si. This
treatment process reduced the water contact angle of the surface
from 45 £+ 1° to 10 £ 2°.

Immobilization of the Initiator on the Si Surface. The basic
strategy for the fabrication of the patterned polymer brushes using
the very-large-scale integration (VLSI) process is depicted in Figure
1 and Scheme 1. The Si wafer was treated with hexamethyldisi-
lazane (HMDS) in a thermal evaporator (Track MK-8) at 90 °C
for 30 s to transform the hydroxyl groups on the surface of wafer
into an inert film of Si(CH3); groups. The photoresist was spun on
the HMDS-treated Si wafer at a thickness of 780 nm. Advanced
lithography was then used to pattern the photoresist with an array
of trenches and contact holes having dimensions between 200 nm
to 10 um after development. The sample was then subjected to
oxygen plasma treatment (OPT) using a TCP 9400SE instrument
(Lam Research Co, Ltd.) to form hydroxyl groups from the HMDS-
treated surface.>® Plasma treatment of the Si substrates was per-
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Figure 1. Schematic representation of the process used to fabricate
surfaces chemically nanopatterned with PMMA brush. (A) Silicon wafer
was treated with HMDS in a thermal evaporator. (B) Photoresist was
spin-coated onto the Si surface presenting Si(CHj3); groups. (C)
Advanced lithography was utilized to pattern the photoresist with arrays
of trenches and contact holes on the surface. (D) Oxygen plasma etching
was used to chemically modify the exposed regions presenting
Si(OCH3;); groups and to convert the topographic photoresist pattern
into a chemical surface pattern. (E) Initiator, CMPCS, was selectively
assembled onto the bare regions of the Si surface. (F) Sample grafting
proceeded via surface-initiated polymerization (ATRP) of MMA from
the functionalized areas of the patterned SAM. (G) Photoresist was
removed through treatment with a solvent.

formed between two horizontal parallel plate electrodes (area: 12
cm x 12 cm). The plasma power supply was set to 300 W at a
frequency of 13.5 MHz. The substrate was placed on the bottom
electrode with the Si(100) surface exposed to the glow discharge
at an oxygen pressure of ca. 5 x 1073 Torr for a predetermined
period of time to form peroxide and hydroxyl peroxide species for
the subsequent graft polymerization experiment.®' Because the glow
discharge chamber was purged thoroughly with a continuous oxygen
stream prior to ignition, the residual air or water vapor in the
chamber had negligible, if any, effect. Oxygen plasma treatment
caused the surface to become chemically modified (strongly
hydrophilic or polar) only in the areas not covered by the
photoresist.>* The introduction of these polar groups provided a
more wettable surface for the preparation of the SAM monolayer
for graft polymerization. To immobilize the ATRP initiator
(CMPCS), the Si substrate treated with HMDS and oxygen plasma
was immersed in a 0.5% (w/v) solution of CMPCS in toluene for
3 h at 50 °C. The CMPCS units assembled selectively onto the
bare regions of the Si surface after oxygen plasma treatment, where
it reacted with Si—O and Si—O—O species. This procedure resulted
in a surface patterned with regions of CMPCS for ATRP and
regions of photoresist. The functionalized Si substrates were
removed from the solution, washed with toluene for 15 min to
remove any unreacted material, dried under a stream of nitrogen,
and subjected to surface-initiated polymerization reactions. Finally,
the surfaces were dried under vacuum and stored in a dry nitrogen
atmosphere.

Surface Initiated Atom Transfer Radical Polymerization. For
the preparation of PMMA brushes on the Si—CMPCS surface,
MMA (200 mL, 1.87 mol), Cu'Br (18 mg, 0.65 mmol), and
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Scheme 1. Synthetic Route toward PMMA Brushes Patterned through OPT, Advanced Lithography, and ATRP on Si Wafers
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PMDETA (0.2 mL, 0.65 mmol) were added to anhydrous toluene
(200 mL). The solution was stirred and degassed with argon for
20 min. The Si—CMPCS substrate was then added to the solution
and the temperature was raised to 85 °C. After various polymer-
ization times, the wafers were placed in a Soxhlet apparatus to
remove any unreacted monomer, catalyst, and nongrafted material.
The remaining photoresist was removed from the HMDS-treated
surface by rinsing with solvent, leaving behind the chemically
nanopatterned surface. The surfaces were then dried under vacuum
at 80 °C for 20 min. The PMMA brushes were immersed in water
and tetrahydrofuran (THF) (poor and good solvent for PMMA,
respectively) and treated ultrasonically for 3 h before drying under
a stream of nitrogen. In addition, samples of “free” PMMA were
synthesized in solution under the same conditions ([MMA]:
[CMPCS]:[:CuBr]:[PMDETA] = 300:1:1:1; [MMA] = 4.7 M) as
those used for grafting polymerization to provide polymers having
the same molecular weights of PMMA as the brushes grafted on
the Si surface. The “free” PMMA generated in solution from the
sacrificial initiator was recovered through precipitation of the
reaction mixture into methanol; it was analyzed using gel perme-
ation chromatography (GPC). The monomer conversion was
determined gravimetrically. GPC measurements were performed
using a VISCOTEK-DM400 instrument and a LR 40 refractive
index detector. THF was used as the mobile phase for PMMA;
THF containing triethylamine (2 vol %) was used as the mobile
phase for PDMAEMA.35 Monodisperse polystyrene standards
(Polymer Laboratory, Agilent Co.) were used to generate the
calibration curve. Although the exact molecular weight of the
polymer grafted on the Si surface is not known, the molecular
weight of the graft polymer was expected to be proportional to
that of the polymer formed in the solution.**-** The polymer-
modified Si surfaces were analyzed using ellipsometry (SOPRA
SE-5, France), X-ray photoelectron spectroscopy (XPS; PHI 1600
Physical Electronics, USA), a contact angle system (Kriiss gmbh,
Germany), and AFM (Veeco Dimension 5000 Scanning Probe
Microscope).

Surface Energy Calculation. Contact angles were measured
using a Kruss-G40 contact angle goniometer. The surface energy
was evaluated using the Lifshitz—van der Waals acid/base approach
(three-liquid acid/base method) proposed by van Oss et al.*® This
methodology introduces new meanings to the concepts of “apolar”
(Lifshitz—van der Waals, yV) and “polar” (Lewis acid/base, yAB),

where the latter cannot be represented by a single parameter, such
as yP. Briefly, the theoretical approach follows the additive concept
that had been suggested by Fowkes.>®

y=yi+y e
where y¢ is the dispersive term of the surface tension. The
superscript AB refers to the acid/base interaction. By regrouping

the components in eq 1, van Oss et al. expressed the surface energy
as

y= yLW + yAB )
Two parameters were created to describe the strength of the
Lewis acid and base interactions:
ysT = (Lewis) acid parameter of surface free energy.
ys~ = (Lewis) base parameter of surface free energy.

Y =20y y " 3)

Van Oss, Good, and their co-workers developed a “three-liquid
procedure” (eq 4) to determine the value of yg using the contact
angle technique.

vl +cos 0)=2[(y Y y,")'" 2+ .Sy ) P+ v D'
4)

To determine the components of ys of a polymer solid, three liquids
are selected: two of them polar; the third, apolar. Water/ethylene
glycol and water/formamide are polar pairs that give good results.
The apolar liquid is usually either dilodomethane or R-bromonaph-
thalene because the LW parameters of the Lewis acid and base are
available. The value of yg of the Lewis acid and base can then be
determined by solving the three equations derived from eqs 3 and
4, simultaneously. By measuring the contact angles of water,
diiodomethane, and ethylene glycol, the values of y; -V, y;* and
yL~ can be obtained.?’

Results and Discussion

Immobilization of Initiator on the HMDS- and OPT-
Treated Si Surface. To prepare polymer brushes on the Si
surface, it was necessary for us to immobilize a uniform and
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Figure 2. XPS Si 2p core-level spectra of the (a) pristine Si(100)
surface, (b) Si—HMDS surface, and (c) Si—HMDS surface after OPT.

dense layer of initiators on the Si surface. The chemical
compositions of the pristine Si(100) surface and the Si surfaces
at various stages during the surface modification process were
determined using XPS. Two peak components at the binding
energies (BE) of ca. 99 and 103 eV, attributable to Si—Si and
Si—O species, respectively, appear in the Si 2p core-level
spectrum of the pristine Si(100) surface (Figure 2a). Treatment
of the pristine Si(100) surface with HMDS passivated the native
oxide layer and yielded a Si—C surface (Figure 2b). The
disappearance of the signal for the Si—O species at a BE of
103 eV confirms that the Si surface was ideally carbon-
terminated after HMDS treatment. Treatment of the Si surface
with oxygen plasma removed the Si—C layer to activate the Si
surface with Si—O species, which appeared as a signal at a BE
of 103 eV in Figure 2c. Figure 3a displays the C 1s core-level
spectra of the Si—OH surface after being subjected to HMDS,
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Figure 3. (a) XPS C 1s core-level spectra of the Si—HMDS, Si—OPT,
and Si—CMPCS surfaces and (b) XPS CI 2d core-level spectra of the
Si—CMPCS surface.

OPT for 20 s, and CMPCS treatment, respectively. We curve-
fitted the C 1s core-level spectra of these alkyl-functionalized
silicon surfaces to two peak components having BEs of ca. 283.9
and 284.6 eV, attributable to C—Si and C—H species, respec-
tively.*® After HDMS treatment, the peaks appeared mainly at
BEs of 283.9 and 284.6 eV. We detected extremely small C
signals after OPT etching of the Si surfaces. The intensity from
C 1s core-level spectrum of the initiator (CMPCS)-functional-
ized Si surface, curve-fitted with two peak components having
BEs at ca. 283.9 and 284.6 eV, increased significantly because
of the presence of C—H species of the CMPCS layer on the
surface. Additionally, the presence in the Cl 2p core-level
spectrum of a signal at a BE of ca. 201.2 eV for the CMPCS-
functionalized Si surface (Figure 3b) indicated that the CMPCS
species had been immobilized successfully on the Si surface.
Table 1 summarizes the surface analysis and surface energy data
for the Si—HMDS, Si—OPT, and Si—CMPCS substrate sur-
faces. The values of the [O]/[Si] and [C]/[Si] ratios of the
Si—HMDS surface obtained from XPS analysis were 0.4 and
2.6, respectively, which are in fairly good agreement with their
theoretical ratios of 0.5 and 3, respectively. Fairly good
agreements also exist between the XPS-derived and theoretical
surface compositions of the Si—OPT and Si—CMCPS grafted
Si surfaces (Table 1).

Figure 4 display the changes in the C/Si and O/Si atomic
ratios of the Si(100) surfaces evaporated with HMDS as a
function of the OPT time. The O/Si ratio was determined from
the sensitivity factor-corrected C 1s, O 1s, and Si 2p core level
peak area ratios obtained at a photoelectron takeoff angle (R)
of 75°. The C/Si ratio decreased and the O/Si ratio increased
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Table 1. Surface Tension Parameters Calculated from the Advancing Contact Angles for Water, Diiodomethane (DIM), and Ethylene
Glycol (EG) on Pristine Si(100), Si—HMDS, Si—OPT, Si—CMPCS, and Si—CMPCS—PMMA Films.

chemical composition

contact angle (+3°)

surface energy (mN/m)

sample [O)/[Si]” [C)/[Si)? water DIM EG W yt Yy~ yAB y film thickness (0.5 nm)
Si wafer 39.8 28.2 56.9 30.4 5.7 30.7 26.5 56.9
Si—HMDS 0.4 (0.5) 2.6 (3) 65.4 429 57.6 30.0 6.1 8.2 14.2 44.1 1.1
Si—OPT 1.6 (2) 0.2 (0) 0 20.8 40.5 39.4 2.4 54.8 22.7 62.1
Si—CMPCS 1.2(2) 7.2 (4.5) 91 64.9 52.7 32.8 2.6 0.1 0.8 33.6 4.2
Si—CMPCS—PMMA 72.8 57.6 41.4 38.9 1.1 7.0 5.6 44.5

“ Determined from XPS core-level spectral area ratio.
spectra. Values in parentheses are theoretical ratios.

2.6
2.2
21.8 2
3 =
~ =4
@ a
Ol4 o
1
0.6 - - . . 0

0 20 40 60 80

Oxygen plasma treatment time (s)

Figure 4. Changes in the O/Si and C/Si atomic ratios of the Si—HMDS
surface as a function of the plasma treatment time.

upon increasing the OPT time. These results are similar to those
reported previously for the O/Si ratios of Si surfaces.>**° The
C/Si ratios decreased rapidly during OPT up to a treatment time
of ca. 20 s because of the decomposition of the Si(CHjz); groups;
the C/Si ratio then approached an asymptotic value because of
the presence of residual Si(CHs); groups. The O/Si ratios
increased rapidly during OPT up to a treatment time of ca. 20 s
because of the introduction of oxygen species; the O/Si ratio
then approached an asymptotic value. Plasma is used extensively
for the treatment of Si wafers, especially for surface cleaning
and etching. The idea behind the utilization of the plasma is to
create a very reactive gas environment enclosed in a vacuum.
Surfaces in contact with the plasma experience interactions that
may result in sputtering and chemical reactions caused by highly
reactive radicals, low-energy ions, and electrons created in the
plasma. Because the chemical properties of Si resemble those
of carbon, it can be deduced that OPT of a Si surface, followed
by atmospheric exposure, can also introduce some active oxygen
species, such as the Si—O and Si—O—O units, that increase
the O/Si ratio. We used these active oxygen species for reactions
with the initiator of graft polymerization in the subsequent
experiments. The introduction of polar groups through plasma
treatment also provided a more wettable surface, as indicated
by the contact angle data in Figure 5. The contact angle for
water decreased rapidly during OPT up to a treatment time of
ca. 5 s. The observation suggests that OPT introduced hydroxyl
groups extreme rapidly. Table 1 lists the surface energies,
obtained from the contact angle data, of the Si—HMDS,
Si—OPT, and Si—OPT-CMCPS surfaces. The variation in
contact angles of these Si surfaces indicates that the hydrophi-
licity of the Si surface was readily tuned. The surface energy
of the Si—HMDS surface was ca. 44.1 mN/m; after oxygen
plasma treatment, the surface energy increased to ca. 62.1 mN/
m; immobilization of CMPCS on the Si surface provided a
surface energy of ca. 33.6 mN/m. Thus, the Si—OPT surface
possessed the highest surface energy because of the hydroxyl
groups that had been introduced during the OPT process.

Values in parentheses are theoretical ratios. ” Determined from the XPS curve-fitted C 1s core-level
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Figure 5. Changes in water contact angles of the Si—HMDS surface
as a function of the plasma treatment time.
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Figure 6. XPS C 1s core level spectra of PMMA brushes grafted from
the Si—CMPCS surface for 24 h.

Surface Initiated Polymerization from the CMPCS-Func-
tionalized Silicon Surface via ATRP. We used XPS analysis
(Figure 6) to investigate the presence of grafted PMMA brushes
on the Si surface. The C 1s core-level spectrum of the PMMA
brushes on the Si surface could be curve-fitted to four peak
components having BEs of ca. 283.9, 284.6, 286.4, and 288.8
eV, attributable to Si—C, C—H, C—0, and O=C—O0 species,
respectively. The presence of new peaks at ca. 286.4 and 288.8
eV confirmed the presence of the PMMA brushes on the Si
surface. For the MMA homopolymer, the theoretical values of
the [O]/[C] and [CH]:[C—0O]:[O=C—C] ratios are 0.4 and 3:1:
1, respectively. The corresponding ratios of 0.44 and 2.7:1.2:1
that we obtained from XPS analysis of the Si—CMPCS—PMMA
surface are in fairly good agreement with the respective
theoretical ratios. The Si surface presenting the PMMA graft
layer exhibited a water contact angle of ca. 72.8°, which is
equivalent to a surface energy of 44.5 mN/m. Ellipsometry
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measurements indicated a large increase from 1.1 to 4.2 nm in
film thickness after the growth of the PMMA layer on the
Si—CMPCS surface. We performed control experiments on the
Si—H, Si—HMDS, and Si—OPT surfaces using conditions
similar to those used for the surface graft polymerization via
ATRP. In each case, we observed no discernible increase in
the thickness of the control surface. These results confirm that
the increase in thickness observed was a result of graft
polymerization of the CMPCS-functionalized Si surface. Fur-
thermore, because ATRP is a “living” polymerization process,
we expected that the thickness of the polymer brushes would
increase linearly with the polymerization time and the molecular
weight of the graft polymer. We found, however, that the
thickness of the PMMA brushes was affected by whether it had
been immersed in water or THF. Figure 7a displays the
thicknesses of the PMMA brushes grafted for various times onto
the Si—CMPCS surfaces, recorded after ultrasonication in water
or THF for 3 h. We observe approximately linear increases in
thickness of the grafted PMMA layer on the Si—CMPCS surface
upon increasing the polymerization time to 12 h, after immersion
in either water or THF. The thickness reached a plateau,
indicating the formation of mushroom-like regime of the PMMA
brushes, after poor solvent (water) immersion of the polymer
obtained after polymerization for more than 12 h. In contrast,
the thickness of the PMMA brushes grafted on the Si substrate
after THF immersion continued to increase upon increasing the
polymerization time beyond 12 h, providing a so-called brush-
like regime of PMMA brushes. These observations reveal that
the PMMA brushes formed mushroom- and brush-like regimes
after immersion in water and THF, respectively. In addition,
the PMMA layer after water immersion formed the mushroom-
like regime when the thickness was less than ca. 20 nm. The
thickness of the PMMA brushes after immersion in the good
solvent (THF) increase nearly linearly with respect to the
polymerization time because of the extension of the PMMA
brushes into a brush-like regime.

We obtained additional evidence for the controlled polym-
erization from “free” PMMA formed from the free initiator.
Figure 7b displays the linear relationship between In([My]/[M])
and time, where [My] is the initial monomer concentration and
[M] is the monomer concentration. The concentration of the
growing species remained constant, and first-order kinetics were
obtained. Figure 7c presents the relationship between the value
of M, of the free PMMA and the conversion of the MMA
monomer. The number-average molecular weight of the “free”
PMMA increased linearly upon increasing the monomer conver-
sion. The polydispersity index (PDI, M,,/M,) of the free PMMA
was ca. 1.2. Although we did not determine the exact molecular
weight of the polymer grafted on the Si surface, we expected
the molecular weight of the graft polymer to be proportional to
that of the polymer formed in solution;* i.e., we expected the
molecular weight of the “free” PMMA formed in the solution
to increase linearly with respect to the thickness of the PMMA
brushes for various polymerization times. Because of the
formation of the mushroom-like regime, the thicknesses of the
PMMA brushes after immersion in water reached an ap-
proximately constant value while the molecular weight of the
“free” PMMA continued to increase. The asymptotic linear
relationships verify the brush- and mushroom-like regimes of
the PMMA layer. The molecular weight of a PMMA brush on
a Si wafer can be determined by measuring the molecular weight
of a free polymer because it has been determined previously
that their molecular weights are similar.*' These results obtained
after solvent-immersion indicate that the process of surface-
initiated ATRP of MMA is controlled between two regimes for
PMMA brushes. The grafting density in chains per surface area
(Ds, chains/nm?) may be calculated according to the equation
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D,=Th(dN,/M,

where M, is the molecular weight (g/mol), Th is the thickness
(nm), d is the density (g/nm?), and N, is Avogadro’s number
(molecules/mol). Assuming a density of 1.18 x 102! g/nm?
for bulk PMMA, we obtained grafting densities of 0.65 and
0.86 chains/nm? from the PMMA brushes grafted for 24 h and
then immersed in water and THF, respectively. The two grafting
densities indicate that the solvent-immersion process changes
the structures of the PMMA brushes on the Si surface.
Furthermore, the surface coverage, defined as the amount of
the grafted polymer per square meter of surface, is calculated
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Figure 7. (a) Dependence of the thickness of the PMMA layer, grown
from the Si—CMPCS surface via ATRP and then immersed in water
or THF, on the polymerization time. (b, c¢) Relationships between (b)
In([Mo]/[M]) and the polymerization time and (c) the value of M, of
the “free” PMMA formed in solution and the monomer conversion.
Reaction conditions: [MMA]:[CMPCS]:[:CuBr]:[PMDETA] = 300:1:
1:1; [MMA] = 4.7 M.
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from the product of the thickness and the density of the grafted
polymer layer.

surface coverage = film thickness x density

For simplicity, we used the density of the corresponding bulk
polymer (1.18 g/cm? for PMMA) as the density of the grafted
polymer film. Thus, we calculated surface coverages of 37.4
and 25.4 mg/m? for the PMMA brushes obtained after a
polymerization time of 24 h and subsequent immersion in THF
and water, respectively. These two coverages represent the two
types of regimes formed from the PMMA brushes immersed in
the poor and good solvents. For the Si—CMPCS—PMMA
surface, the surface coverage is comparable to that reported
previously for PMMA brushes grown from a native (oxide-
covered) Si surface via ATRP.*> Our calculated grafting
densities and surface coverages verified the structural change
of the PMMA brushes from the brush- to mushroom-like
regimes in water and THF, respectively.

Surface Topography. We used AFM to visualize the
topographies of the PMMA brushes grafted onto the Si surfaces
through ATRP for 24 h and then subsequently immersed in
water and THF. Figure 8a and 8b present representative AFM
images of the PMMA brushes after immersion in water and
THEF, respectively. The root-mean-square surface roughness (R;)
of the pristine Si—H surface was only ca. 0.42 nm. The
Si—HMDS and Si—OPT surfaces remained molecularly uniform
with values of R, of ca. 0.51 and 0.55 nm, respectively. After
surface treatment with CMPCS, the R, increased slightly to ca.
1.2 nm. In addition, ellipsometry data indicated that the grafted
PMMA film exhibited nanoscopic uniformity in thickness. These
results suggest that ATRP graft polymerization proceeded
uniformly on the Si—CMPCS surface to give rise to a dense
coverage of PMMA. Figure 8a reveals that the MMA polymer
chains grafted for 24 h on the Si surface existed as a distinctive
overlayer after immersion in water. The surface possessed the
mushroom-like structure because of the isotropic or nematic
collapse of the PMMA brushed in the presence of the poor
solvent.** The formation of the islands in Figure 8b probably
resulted from the brush-like regime of the PMMA brushes in
THF after they had been grafted for 24 h. The values of R, of
the PMMA brushes in their mushroom- and brush-like regimes
were 2.876 and 6.758 nm, respectively.

The final step in this strategy was the surface-initiated
polymerization of MMA from functionalized areas on the
patterned SAM. The incorporation of reactive hydroxyl groups
permits after OPT allowed their direct use in the polymerization
step. The AFM images in Figure 8c confirm the success of the
chemical amplification of the patterned hydroxyl-functionalized
SAM into spatially localized polymer brushes. We used
lithography processes with positive photoresists to fabricate
trenches and contact holes (duty ratio = 1:1) with resolutions
ranging from 200 nm to 10 um. The PMMA brushes were
grafted from the Si—CMPCS surfaces of trenches and contact
holes to form lines and dots of PMMA brushes. Figure 8c
presents the patterned lines of PMMA brushes grafted for 24 h
from trenches having a resolution of 5 um and then immersed
in THF. Because of the presence of the mushroom- and brush-
like regimes, the widths and radii of the lines and dots
functionalized with PMMA brushes had different resolutions
after immersion in water and THF, respectively. Figure 9
displays the relationship between the polymerization time of
the PMMA brush and the resolution of the lines and dots
obtained after immersion in water and THF. The mushroom-
like regimes of the PMMA brushes after water immersion
enlarged the widths of the lines and the radii of the dots (Figure
9a). Note, however, samples were measured after the surface
had been dried. Thus, the PMMA brushes obtained after water
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Figure 8. AFM images of PMMA brushes (a, b) obtained after
polymerization for 24 h and immersion in (a) water and (b) THF and
(c) grafted from 5-um trenches for 24 h and then immersed in THF.

or THF immersion recovered slightly from their mushroom- or
brush-like regimes, respectively, when the polymerization time
was greater than 12 h. The widths of the lines and the radii of
the dots increased upon increasing the polymerization time for
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Figure 9. Relationship between the polymerization time of PMMA
brushes and (a) the line widths and (b) dot radii of PMMA brushes
grafted from 200-nm-resolution trenches and contact holes and then
immersed in water and THF.

the PMMA brushes that were immersed in water. The PMMA
brushes after THF immersion revealed a slight increase in the
widths of the lines and the radii of the dots, verifying the
presence of the brush-like regime in this solvent.

Conclusions

We have used the “grafting from” system with ATRP to
prepare well-defined dense PMMA brushes on Si wafers. This
novel strategy allows the fabrication of patterned polymer
brushes from Si surfaces using commercial semiconductor
processes. The key feature of this approach is the use of surface-
initiated polymerization through OPT to chemically amplify
patterned SAMs into macromolecular films. Because this
methodology uses commercial photolithographic tools, it pro-
vides patterned polymeric thin films having surface properties
that are readily controlled on the nanoscale. In addition, the
resolution of lines and dots formed from the PMMA brushes
can be varied simply by immersion of the wafer in water or
THF, which result in brush- and mushroom-like regimes,
respectively, for the grafted polymer. Extensions of this strategy
to other living and controlled polymerization systems, as well
as explorations of the etching and barrier resistance properties
of these novel thin films, are under investigation.
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