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ing and embossing individual layers of NC-titania composites and
then planarizing the structure with a neat film of titania.

Optical Characterization: Optical excitation with a frequency-
doubled, regeneratively amplified titanium-sapphire laser (3.1 eV
photons, 1 kHz repetition rate, 100 fs pulse width) was used to charac-
terize the output characteristics of these functional nanodevices. The
average pump power was adjusted using calibrated neutral density fil-
ters. The laser beam was focused using a cylindrical lens. The light
emitted approximately normal to the heterostructure was detected
with a fiber optic assembly in the far-field (detection angle =2°)
coupled to a grating spectrometer that used a charge-coupled device
(CCD) camera as the time-integrating detection device.

AFM Characterization: The samples were imaged using an atomic
force microscope (Digital Instruments, Nanoscope III) in tapping
mode.
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Surface-Initiated Polymerization
on Nanopatterns Fabricated
by Electron-Beam Lithography**

By Sang Jung Ahn, Marian Kaholek, Woo-Kyung Lee,
Bruce LaMattina, Thomas H. LaBean, and
Stefan Zauscher*

Surface-initiated polymerization (SIP) of polymer brushes!"!
can be used to tailor the surface properties of materials by im-
parting desirable chemical, surface-energetic, mechanical, and
electrical functionalities.>?! Exerting control over polymer
functionality, shape, feature dimension, and inter-feature
spacing on the nanometer length scale is attractive because
nanopatterned polymer-brush structures can be exploited in
sensors,l! combinatorial arrays®! protein-affinity separa-
tions,’® and in micro- and nanofluidic devices.I” Several stud-
ies demonstrated the fabrication of patterned polymeric struc-
tures in a “grafting-from” approach using microcontact
printing,[s'm photolithography,[“] chemical lithography,[ls]
electron-beam lithography (EBL),'®! contact molding,!!”
scanning probe lithography (SPL),!'*2?! and two-photon
photopolymerization.”?!  Although significant progress has
been made in the templated fabrication of polymer brushes,*’!
preparation of precisely patterned, surface-attached poly-
meric micro- and nanostructures with controlled chain
lengths, chemical functionalities, shapes, feature dimensions,
and inter-feature spacings is still in the developmental stage.

Herein we report a new “top—down/bottom-up” approach
for fabricating patterned polymer-brush arrays on the micro-
meter and nanometer length scales. In our approach, a silicon
surface is patterned with gold (Au) using lift-off (dissolution)
electron-beam lithography (“top—down”).[24] The resulting
pattern is then amplified by surface-initiated polymerization
(“bottom-up”) from an immobilized thiol initiator®! using
atom transfer radical polymerization (ATRP).*®! Our ap-
proach has several advantages over existing polymer nanopat-
terning methods. First, patterns with well-defined feature di-
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mensions, shapes, and inter-feature spacings can be easily cre-
ated over large areas by lift-off EBL. Second, Au-patterned
silicon substrates facilitate the fabrication of mixed-polymer
brushes?’! with high lateral resolution by using silane- and
thiol-containing initiators immobilized onto silicon and gold
surfaces, respectively. Third, the combination of lift-off EBL
and ATRP allows the fabrication of covalently attached, high-
density polymer-brush arrays with a wide choice of monomers
and chemical functionalities. To explore the potential of our
approach, we demonstrate surface-initiated polymerization of
stimulus-responsive polymer brushes on Au-patterned silicon
surfaces.

To test the polymerization chemistry, we first immobilized
the thiol initiator -mercaptoundecyl bromoisobutyrate
(BrC(CH3),COO(CH,);;SH)®! and then polymerized N-iso-
propylacrylamide (NIPAAM) on unpatterned, Au-coated sili-
con substrates using ATRP.*! The polymerization reaction
was carried out at room temperature by exposing the initiator-
decorated substrates for 60 min to the reaction medium, which
contained NIPAAM in water with a low methanol (MeOH)
concentration (2.6 vol.-%). This MeOH concentration does
not affect the lower critical solution temperature (LCST) be-
havior of poly(N-isopropylacrylamide ) (p)NIPAAM), and the
growing polymer brush thus adopts an extended conforma-
tion.”*" In ATRP, a highly reactive, and in our case surface-
tethered, organic radical is generated along with a stable Cu(1)
species that can be regarded as a persistent metalloradical that
is not able to initiate radical polymerization in the polymeriz-
ing solution.? Consequently, the polymerization reaction is
strictly confined to the surface-attached growing polymer
chains. Analysis of the substrate surface with reflectance Fou-
rier-transform IR (FTIR) spectroscopy, atomic force micros-
copy (AFM), and ellipsometry revealed that after a 60 min po-
lymerization time, the surfaces were homogeneously covered
by a 250 nm thick pNIPA AM-brush layer.[31]

Scheme 1 illustrates our patterning and polymerization ap-
proach We first used lift-off EBL to pattern a silicon sub-
strate.”!! We then created a self-assembled monolayer (SAM)
of thiol initiator on the Au-patterns to initiate brush growth
there, and finally we amplified the initiator pattern by ATRP
of NIPAAM.

Tapping mode AFM height images (80 um x 80 um) in air
and corresponding averaged-height profiles for Au lines fabri-
cated by the lift-off procedure on a silicon substrate and the
resulting pNIPAAM-brush line micropattern are shown in
Figures 1a,b, respectively. The Au lines in Figure 1a all have
typical dimensions (measured by AFM) of
1.5 wm x 50 um x 40 nm (width x length x height), but vary in
their relative spacing, ranging from 0.5-6 um. Figure 1b shows
the pNIPAAM:-brush lines prepared by ATRP on the pat-
terned substrate, using the same polymerization conditions as
for the bulk brushes, with the exception of the polymerization
time, which was 90 min. Figure 1b shows that brush growth is
uniform and that brush height is not affected by line spacing.
The dry pNIPA AM-brush lines have a height of about 300 nm
(after subtraction of 40 nm for the Au-Cr layer) and a width
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Scheme 1. Preparation of surface-confined pNIPAAM polymer-brush pat-
terns by combining lift-off electron-beam lithography (EBL) and surface-
initiated ATRP using a surface-tethered thiol initiator.
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Figure 1. Tapping-mode AFM height images obtained at room tempera-
ture in air and the corresponding average-height profiles. a) Au-line pat-
tern (1.5 um wide, 40 nm high) fabricated by lift-off EBL. b) pNIPAAM-
brush line pattern (1.8 um wide, 300 nm high) after 90 min polymeriza-
tion time, prepared using surface-initiated ATRP from immobilized thiol
initiator on the Au-line pattern.

of about 1.8 wm, measured with AFM at a height of about
170 nm. The polymer-brush lines are wider than the underly-
ing gold patterns. This is expected, considering that polymer
growth also occurs laterally on the 40 nm high gold templates
(see below).

When we reduced the lateral dimensions of the Au features
to 250 nm x 250 nm square dots, we observed that the poly-
mer-brush height on these nanopatterns was significantly less
than that on the 1.5 um x 50 um line patterns under otherwise
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identical polymerization conditions. To study this effect more
closely, we patterned a substrate with both micro- and nano-
scale features and amplified the pattern by surface-initiated
ATRP of NIPAAM. An AFM tapping-mode image of the re-
sulting pNIPA AM-brush pattern is shown together with a typ-
ical cross-section in Figure 2. Figure 2 shows that there is a
significant difference in dry-brush height between the micro-
scale line patterns (brush height of about 300 nm) and nano-
scale dot patterns (brush height of about 170 nm).

340
nm

Height (nm)

-200

0 10 20 30
Width (um)

Figure 2. Tapping-mode AFM height image obtained at room tempera-
ture in air and corresponding average-height profile of a combined pNI-
PAAM-brush line micropattern (1.8 um wide, 300 nm high) and a dot
nanopattern (600 nm wide, 170 nm high), fabricated using lift-off EBL
and surface-initiated ATRP after 90 min polymerization time.

We believe that this behavior can be explained by consider-
ing the effective initiator surface density and chain crowding.
The polymer-brush conformation results from a balance be-
tween segment interactions and elastic free energies. While
dense tethering enforces strong overlapping of the segments
of undeformed coils and increases the interaction energy,
chain stretching lowers this interaction energy at the price of
increased elastic free energy. We assume a uniform initiator
density that is independent of pattern size; i.e., initiator self-
assembly is not affected by the lateral dimensions of the gold
pattern. This is reasonable because our smallest lateral feature
dimension is still two orders of magnitude larger than the mo-
lecular size of the initiator thiol. Furthermore, we assume that
the initiator efficiency is independent of pattern size. Both as-
sumptions are supported by our observation that lateral poly-
mer-brush growth with brush heights similar to those on top
of the Au nanopatterns also occurs on the sides of these
40 nm high patterns (see Fig. 3, below). A polymer brush like-
ly adopts a vertically less-ordered and laterally more-ex-
tended conformation when the brush height approaches the
lateral-feature dimensions (dictated here by the lateral size of
the underlying Au pattern). This disorder can be understood
by the lack of restraint the brush experiences at its bound-
aries, leading to less chain crowding and thus less chain
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stretching. Together with the potentially small number of ef-
fectively initiated chains on small patterns—there are simply
fewer polymer-chain neighbors due to the proximity of the
pattern boundaries—this can, at least qualitatively, explain
our observations. An in-depth study of the dependence of
brush height on pattern size is currently underway in our labo-
ratory.

Scanning electron microscopy (SEM) images (Fig. 3) show
that lateral polymer-brush growth also occurs on the sides of

Au Polymer Si

\

HH

Au Polymer  Si

Figure 3. Scanning electron microscopy (SEM) image of a) pNIPAAM-
brush line pattern and b) dot pattern after 90 min polymerization time.
The micrograph shows the boundaries between the polymer brush (dark
regions), the initial Au features (light regions) and the silicon surface
(light regions). The darker lines in Figure 3a represent an approximately
530 nm wide brush grown laterally on the 1.15 pm wide Au lines (light).
The darker corona in Figure 3b represents an approximately 220 nm wide
brush grown laterally on the 210 nm wide Au squares (light). The white
lines (H-shapes) schematically illustrate the polymer-brush growth on
the sides of the 40 nm high gold templates.

the 40 nm high Au patterns. Polymer appears as approxi-
mately 530 nm wide dark lines flanking the 1.15 um wide
brighter Au lines in Figure 3a, and the darkened coronas
(about 220 nm wide) around the 210 nm wide brighter Au
squares in Figure 3b. These SEM images reveal that the lat-
eral polymer-feature size is similar to the brush height on the
top of patterns as measured by tapping-mode AFM. When
using our patterning approach, lateral brush growth needs to
be considered, as it can potentially compromise the lateral
feature resolution of nanopatterned polymer brushes and can
interfere in the fabrication of laterally separated, distinct
polymer brushes using a dual-initiation scheme.

The effect of solvent conditions™>"! on the conformation of
patterned (13 dots x 13 dots), stimulus-responsive pNIPAAM
brushes is demonstrated in Figure 4. When the dry pNIPAAM
brush pattern is exposed to pure water at a temperature below
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Lift-off Electron-Beam Lithography: A 130 nm
thick one-layer electron-sensitive resist film of
poly(methyl methacrylate) (PMMA, weight-aver-
age molecular weight M, =950000 gmol™) was
spin-coated onto a previously cleaned Si substrate
and annealed at 160 °C on a hot plate for 20 min.
The resist layer was then patterned by exposure to
an electron beam, using a Philips FEI XL30 Ther-
mal Field Emitter scanning electron microscope
(SEM) (operating current 144 pA, accelerating
voltage 30 kV, working distance 7.5 mm, elec-
tron-beam spot size 3 nm, chamber pressure

Cycle 1

Height (nm)
—
[=]
o
1

0-

1.0 x 107 Pa) controlled by Nano Pattern Genera-
tor System (NPGS) software. The exposed
PMMA layer was developed in a solution of meth-
yl isobutyl ketone (MIBK) and isopropyl alcohol
(IPA) (1:3 vol./vol.) for 80 s, quenched by IPA for
20 s, and finally isolated by rinsing with deionized
water. A layer of chromium (50 A) and a layer of
gold (350 A) were thermally evaporated onto the
patterned PMM A/silicon substrate under vacuum

Cycle 2

Air Water

Figure 4. pNIPAAM-brush dot array (90 min polymerization time) imaged at room tempera-
ture in a) air, b) Milli-Q (MQ)-grade water, and c) a mixture of MeOH/water (1:1, vol./vol.)
using contact-mode AFM. d) Average brush height plotted as a function of solvent condition
in air (patterned bar; brush collapsed) and after cyclic exposure (two cycles), first to MQ-grade
water (gray bars; brush swollen), and then to a 1:1 (vol./vol.) MeOH /water mixture (white bar;

brush collapsed).

the LCST (a good solvent), the polymer brush swells signifi-
cantly and triples its height (Figs. 4a,b,d). After exposure to a
water-methanol (1:1, vol./vol.) mixture (a poor solvent), the
brush adopts a hydrophobically collapsed conformation
(Figs. 4c,d).”!! Cyclic exposure to water and a water-methanol
mixture (1:1, vol./vol.) showed that this solvent-induced phase
transition is reversible (Fig. 4d).

In summary, we have demonstrated the utility of combining
lift-off EBL for fabrication of Au patterns and surface-initiat-
ed polymerization to form micro- and nanostructures of sti-
mulus-responsive (“smart”) polymer brushes on silicon sur-
faces. Nanopatterned polymer brushes with inducible phase-
transition behavior, such as pNIPAAM, can likely be
exploited for protein-affinity separationsm and as switches in
nano- and microfluidic devices.”!

Our fabrication approach allows a high level of lateral con-
trol in patterning surfaces with complex polymer-brush struc-
tures over large surface areas. Due to the “living” character of
ATRP initiators, we believe that patterned copolymer brushes
can also be fabricated.”! Although the minimum attainable
dimension of patterned features has not yet been explored,
we expect that further improvements in the EBL process, such
as the use of SAM resists"™ or two-layer electron-sensitive re-
sists,m] in order to minimize both the forward scattering of
electrons through the sensitive resist layer, and the backscat-
tering of electrons from the substrate, will result in consider-
ably reduced feature dimensions.
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(2x10™ Pa) at room temperature to obtain geo-
metrically well-defined gold features on the ex-
posed SiO; surface. The Au-coated, developed re-
sist was lifted-off (dissolved) by immersing the
substrate in boiling acetone (60 °C), leaving be-
hind 40 nm thick Au patterns on the silicon sub-
strate. The patterned silicon substrate was finally
rinsed with copious amounts of acetone and
blown dry in a stream of N,.

Initiator Monolayers: The atom transfer radical
polymerization (ATRP) initiator, w-mercaptoun-
decyl  bromoisobutyrate  (BrC(CH3),COO-
(CH,)11SH), was synthesized as reported [25]. A self-assembled
monolayer (SAM) of the bromo initiator on the gold patterns was
obtained by immersing the substrate in a 1 mM ethanolic solution of
the thiol initiator for 48 h.

N-isopropylacrylamide (NIPAAM) Polymerization: We used
ATRP to prepare surface-attached poly(N-isopropylacrylamide)
brushes of controlled structure [21,33,34]. Prior to use, all solutions
and flasks were thoroughly flushed with dry nitrogen gas to remove
oxygen. The polymerization solution (similar for the bulk and pat-
terned brushes) was prepared by adding a solution of NIPAAM
monomer to an organometallic catalyst. The organometallic catalyst
was formed in a nitrogen atmosphere by adding Cu(1)Br (2.5 mg,
0.017 mmol) and N,N,N’,N”,N”-pentamethyldiethyltriamine
(PMDETA, 18 puL, 0.086 mmol) in a 1:5 molar ratio to 1 mL of
MeOH as solvent. The mixture was then sonicated for 1-2 min to
facilitate the formation of the Cu'Br/PMDETA complex. Next,
8.4 g (74 mmol) of NIPAAM monomer dissolved in 38 mL of water
(18 wt.-%) was filtered into the catalyst-complex solution through a
0.45 um Millipore Millex filter. The molar ratio of NIPAAM to Cu'
was fixed at 4300:1 at a volume ratio of MeOH to water of 1:38 for
all polymerizations. The polymerization solution was then trans-
ferred into flasks containing the initiator-functionalized substrates.
The bulk and patterned pNIPAAM brushes were synthesized by
polymerization for 60 min and 90 min, respectively, without stirring
at room temperature under nitrogen. Substrates were then removed
from the polymerization solution and immediately rinsed with co-
pious amounts of Milli-Q water to remove all traces of the polymer-
ization solution, and subsequently dried under a stream of nitrogen.
As a check for the presence of polymer in solution, an aqueous
polymerizing solution was poured into an equal volume of MeOH
at room temperature to induce a phase transition. The absence of
precipitation of polymer in the solution indicated that no polymer-
ization took place in solution.

ater
MeOH/Water
(1:1, vol./vol.)
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Characterization: Reflectance Fourier-transform spectra were re-
corded on a Thermo Nicolet Nexus 670 spectrometer. Ellipsometric
measurements of dried brushes were obtained with a custom-built null-
ellipsometer with a He-Ne laser (632.8 nm) light source and a 70.0°
angle of incidence. Atomic force microscopy (AFM) images were
obtained by contact mode and tapping mode imaging using V-shaped
silicon nitride cantilevers (NanoProbe, Veeco, Santa Barbara, CA,;
spring constant 0.12 Nm™, tip radius 20-60 nm) using a MultiMode
scanning probe microscope (SPM) and a Dimension 3100 SPM (Veeco,
Santa Barbara, CA). Topographic imaging was performed in air, in
water, and in water-MeOH (1:1, vol./vol.) mixtures using a fluid cell.
Image forces were kept below 1 nN to minimize compression and dam-
age to polymer brushes. All SEM images were taken at 30 kV (acceler-
ating voltage) in the same SEM used in electron-beam lithography.
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Discontinuous Molecular Films Can
Control Metal/Semiconductor
Junctions**

By Hossam Haick, Marianna Ambrico,
Teresa Ligonzo, and David Cahen*

The use of molecules in (opto)electronic devices is attrac-
tive because of the variety and flexibility of their func-
tions.">*! In this respect, hybrid devices, in which molecular
functionality serves to influence and control the characteris-
tics of “classical” electronic devices, have a potential advan-
tage over other approaches to molecular electronics, in that
they impose far fewer limitations on the choice of molecules
that can be used.! This is so because, as we shall show here,
the molecules can function as gatekeepers, rather than provid-
ing the sole path for current transport between electrodes.
Added advantages could be increased stability and the ability
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