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ABSTRACT: Nanoscopic ring arrays of various materials
show promise for both technological applications and
fundamental studies. In this work we report the preparation
of sub-50 nm diameter ring arrays from metallic thin films
using a block polymer lithographic pattern transfer approach.
We prepared a triblock terpolymer that adopts a core—shell
cylindrical morphology where the shell is an oxidizable
polydimethylsiloxane block. Solvent annealed thin films of
this terpolymer produce cylindrical features oriented perpen-
dicular to the substrate surface. The polydimethylsiloxane shell
is then converted into SiO, rings by an oxygen reactive ion

etch. The resultant hard mask pattern is then transferred into Au, NigyFe,;, and NigyCr,, thin films via Ar ion beam milling,

demonstrating the generality of the approach.
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B INTRODUCTION

Diblock copolymers containing two immiscible, covalently
bound se§ments are an interesting class of self-assembling soft
materials.”* The simplest example, a linear AB diblock, can self-
assemble into spherical, cylindrical, bicontinuous gyroid, or
lamellar morphologies at the nanoscale, depending primarily on
the relative size of each segment and their degree of
incompatibility.” Through pattern transfer strategies using
thin films of microphase separated AB diblock copolymers,
ordered arrays of nanoscale dots, lines, holes, or trenches with
areal densities on the order of 1 X 10" to 1 X 10" features per
square inch have been achieved.* However, without additional,
and often complex, lithographic steps, AB diblock polymers are
limited to these simple topographical features.> ABC triblock
terpolymers on the other hand, provide additional degrees of
freedom and are capable of adopting significantly more diverse
morphologies," such as core—shell cylinders.”” Such a
morphology lends itself, via similar transfer techniques used
in diblock systems, to the fabrication of nanoscale rings and
antirings that are attractive for the study of fundamental
phenomena such as persistent currents in metals®” and new
micromagnetic ground states and excitations in ferromag-
nets,'”"" in addition to potential applications in chemical
sensing.'>"® The majority of nanoring arrays reported in the
literature have been prepared using colloidal,">'* e-beam,'®'
or nanoimprint lithography,lé whereas the use of self-assembled
microphase separated block polymers as lithographic temglates
for this purpose has received much less attention.'"” An
overview of the attempts to employ block polymers in this
capacity is given below. In this work, we present a new strategy
for nanoring array formation that utilizes a core—shell
cylindrical morphology, derived from a triblock terpolymer. A
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polydimethylsiloxane (PDMS) core—shell is converted into
SiO, rings by an oxygen reactive ion etch and serves as a hard
mask for subsequent patterning into disparate materials.

We briefly review here some of the more exotic approaches
for producing arrays of nanorings using block polymers. First,
the use of polystyrene-b-poly(4-vinyl pyridine) swollen with
2,4-hydroxybenzeneazonebzoic acid (HABA) resulted in the
formation of weakly ordered carbon nanoring arrays using a
multistep approach of HABA removal and subsequent selective
dewetting of a carbon precursor.'® Second, nanoscopic TiO,
rings were produced from an amphiphilic dendrimer containing
a polyphenylene core with 12 PS-b-poly(acrylic acid) (PAA)
arms."”” Complexing the PAA domains with titanium
isopropoxide, followed by calcination to remove the polymer,
left rings of TiO, with dimensions similar to those of the
dendrimers. Finally, PS-b-poly(2-vinyl pyridine) (P2VP)-based
micelles have been used to prepare gold nanorings.”® In this
approach, reverse micelles were prepared by dissolving the
block polymer in o-xylene, a PS-selective solvent, followed by
spin-coating of the micelle solution onto a Si substrate. The
micellar film was exposed to a solution of HAuCl, and HCI,
which resulted in a core—corona inversion. Subsequent
reduction of the HAuCl, in an oxygen plasma resulted in an
array of gold nanorings.

Considering more direct diblock copolymer lithographic
approaches, deposition of Co at a grazing angle into a rotating
nanoporous PS thin film array, derived from degraded PS-b-
poly(methyl methacrylate) (PMMA), generated Co nanorings
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upon ion beam etching”’ Next, using PS-b-poly(ethylene

oxide) (PEO) containing a disulfide bond at the PS-b-PEO
juncture, well-ordered thin films containing PEO cylinders in a
PS matrix were obtained after solvent annealing.”* Cleavage of
the disulfide bond with D,L-dithiothreitol resulted in a
nanoporous PS matrix with thiol-lined pores, where subsequent
complexation of HAuCl, with the latent thiol groups, followed
by reduction of the gold salt with hydrazine, lead to a ring-
shaped array of gold nanoparticles localized at the pore walls
within the PS matrix. Finally, PS-b-PDMS was used to fabricate
an array of silicon oxy-carbide rings.”> A thin film of PS-b-
PDMS was solvent annealed to form a well-ordered array of
surface perpendicular PDMS cylinders in a PS matrix.
Dodecane immersion triggered a surface reconstruction event,
where subsequent generation of a PS film containing cylindrical
nanopores lined with a PDMS brush layer was the result.
Exposing this film to an oxygen reactive ion etch (O, RIE)
oxidized the PDMS chains and removed the residual PS,
yielding an array of silicon oxy carbide rings.

In addition to diblock polymers, as discussed above, a few
approaches using triblock terpolymers for nanoring syntheses
have also been reported. First, a thin film of core—shell cylinder
forming poly(isoprene)-PS-poly(lactide) (PI-PS-PLA) resulted
in PS nanorings followin_g ozonolysis of the PI matrix and basic
etching of the PLA core.” A similar approach was executed with
PMMA-PS-poly(butadiene) (PB) ABC triblock polymer in
which the PMMA formed the cylinder core, wrapped in a PS
core—shell, all within a PB matrix** The PMMA core was
removed using UV irradiation and O, RIE, whereas the PB
matrix was removed with ozone and UV irradiation. In this
case, the resulting PS nanoring template was transferred into a
SiO, underlayer using a CHF; RIE, with only about 20% of the
ring features effectively being transferred. Next, Fe nanorings
were produced from a PS-P2VP-PEO triblock polymer.”
Exposure of a film of PS-P2VP-PEO to FeCl;, followed by
reduction of the salt, led to the formation of iron nanorings.
Finally, the triblock terpolymer PS-b-poly(ferrocenylsilane)-b-
P2VP (PS-PFS-P2VP) was used to fabricate metal oxide
nanoring arrays.”® This block polymer formed a core—shell
cylindrical morphology, with the PS domains as the cylinder
core, PFS as the core—shell, and P2VP as the matrix. The PES
domains contain both iron and silicon atoms in the polymer
backbone, thus exposure of surface perpendicularly aligned
core—shell cylinders to an O, RIE etched both the PS and
P2VP domains and simultaneously oxidized the PFS domains
into the corresponding metal oxide ring. In this result, cross-
sectional scanning electron microscopy (SEM) images showed
that the perpendicular cylinders did not span the entire film
thickness, and the resulting rings transitioned to a surface
parallel orientation near the substrate, precluding it from direct
pattern transfer. However, it was successfully demonstrated as a
nanoimprint lithography mold.

In the preceding examples, not only are the methods
generally complex, but the successful transfer of the polymer
nanoring arrays into disparate materials using a simple, top-
down (i.e., subtractive) approach was either challenging or in
many cases unsuccessful. This is due to either the typically poor
etch contrast of the individual blocks with most inorganic
materials, or the failure of the cylindrical domains to span the
entire film thickness. In this manuscript, we describe an
approach that circumvents both of these difficulties via the use
of a core—shell cylinder forming PS-PDMS-PLA ABC triblock
terpolymer. Solvent annealing of a thin film of this material
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results in perpendicularly aligned core—shell cylindrical
domains that span the entire film thickness. The PDMS
midblock thus not only provides high etch contrast between the
constituent blocks but also, upon O, RIE, produces a SiO,
nanoring template, ie., a robust etch mask. This method thus
allows for the direct fabrication of nanoring arrays in a variety
of disparate materials using only established dry etching
techniques (e.g, Ar ion beam milling). In this work, we
successfully demonstrate pattern transfer into Au, NiFe, and
NiCr. These materials are interesting, as they represent two
ends of the spectrum for etch rates of metals via Ar ion beam
milling (i.e., Au mills very fast (10 nm/min) and NiFe and
NiCr very slowly (1—2 nm/min)). They are also very relevant
in applications; Au nanorings can be used for sensing
applications, while NiFe is a prototypical soft ferromagnetic
alloy, exhibiting novel micromagnetic ground states in nanoring
structures. Although this is related to past work on PS-PFS-
P2VP,* the synthetic accessibility of PDMS as compared to
PFES, in addition to the lateral ordering of the cylinders that
traverse through the entire extent of the film, makes this
approach attractive for direct production of nanoring arrays in a
variety of materials.

B METHODS

Reagents and Syntheses. Styrene and hexamethylcyclotrisiloxane
(D3) were purchased from Aldrich and distilled twice prior to use.
Allyl alcohol and chlorodimethylsilane were also distilled once prior to
use. d,l-lactide was purchased from Purac, and was crystallized from
ethyl acetate and dried in vacuo at room temperature prior to
polymerization. Sec-butyl lithium (Aldrich), Karstedt’s Catalyst
(Gelest) and triethyl aluminum (Aldrich) were used without
purification. Cyclohexane, tetrahydrofuran (THEF), and toluene were
purified on a home-built solvent purification system via passage over a
molecular sieve column and an activated alumina column. THF, in
addition to purification on a home-built solvent column, was distilled
prior to use. All other solvents were reagent grade and were used
without further purification.

The preparation of silane terminated PS-PDMS was carried out via
sequential anionic polymerization techniques. To begin, 250 mL of
cyclohexane was added to a 2 L, S-neck round-bottom flask equipped
with a stir bar. The reaction flask was evacuated and refilled with dry
Ar(g) three times prior to the addition of 250 mL of cyclohexane and
2 mL of (2.8 X 107* mol) sec-butyl lithium. Styrene, 5.0 g (4.8 X 10~
mol), was added to this initiator solution, which caused the reaction to
turn red. After 4 h of stirring at 40 °C, D3 was added to the reaction
and the temperature was reduced to 25 °C. Addition of the D3
monomer caused the red color of the reaction to fade. After 9 h,
complete crossover from the polystyryl anion to the polystyrene-
polydimethylsiloxyl anion was obtained, and 250 mL of distilled THF
was added to the reaction mixture. D3 was polymerized for an
additional 1.75 h before 2.8 mL (2.5 X 1072 mol) chlorodimethylsilane
was added to terminate the reaction.”” After termination, the reaction
was washed once with a 5% NaHCOj solution and three times with DI
water before precipitation into 1.5 L of a 50:50 solution of methanol
and isopropanol.

In a typical hydrosilylation reaction, 0.500 g (1.3 X 10~* mol) PS-
PDMS-H was added to a high-pressure vessel equipped with a stir bar.
Toluene was added (2 mL) and the solution was allowed to stir until
the polymer was completely dissolved. To the reaction mixture was
added 0.095 mL (1.3 X 107 mol) of allyl alcohol and 0.010 mL (1.00
X 107 mol) of Karsedt’s catalyst. The reaction was stirred at 90 °C for
24 h before being allowed to cool to room temperature, diluted with
dichloromethane, and precipitated in methanol.

The final PS-PDMS-PLA was prepared in a dry pressure vessel
equipped with a stir bar and charged with 0.289 g (7.6 X 107® mol)
PS-PDMS—OH. The reaction was then moved into a drybox, where 3
mL of toluene and 0.04 mL (3.8 X 107 mol) of triethyl aluminum in
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hexanes was added.”®*” The reaction was allowed to stir overnight at
room temperature before 0.169 g (1.18 X 107> mol) of d,lactide was
added. The reaction was transferred from the drybox into an oil bath
and stirred at 90 °C. After 24 h, the reaction was allowed to cool to
room temperature, terminated with approximately 2 mL of 1 M
HCl(aq) and precipitated in methanol. After drying the reaction in
vacuo, residual PS-PDMS was extracted from the triblock polymer via
washing with cold cyclohexane and centrifugation.

Thin Film Preparation. Thin films of PS-PDMS-PLA were
prepared from solutions in chlorobenzene at a concentration of 20
mg/mL (approximately 2% by weight). Polymer solutions were spin-
coated at 2000 rpm for 30 s onto the chosen substrate (detailed in
manuscript). The metallic film substrates were produced via dc
magnetron sputtering from composite metal targets (NigFe,, and
NigyCr,) and a Au target, where the Si substrate was degreased under
sonication prior to deposition in acetone followed by methanol. Films
were solvent annealed in a drybox with toluene vapor by placing a 10
mL dish of solvent into a 500 mL sealed glass container with the film
placed inside on a pedestal just above the liquid solvent. Termination
of the annealing was achieved by removing the lid to the sealed glass
container and quickly removing the film.

Reactive ion etching experiments using both O, and CF, were
performed on a Model 320 batch plasma etcher made by Surface
Technology Systems. O, RIE experiments were done at a process
pressure of 3 X 107> Torr and a chamber power of S0 W. CF, RIE
experiments were performed with a process pressure and power of 3 X
1072 Torr and 60 W, respectively. Ar ion beam milling experiments
were performed on a Technics Argon Ion Mill using a process pressure
of 8 X 107° Torr, an accelerating voltage of 100 V, and an ion beam
current of 85 mA.

Characterization. '"H NMR spectra were obtained on Varian
INOVA-300, VXR-300, or INOVA-500 spectrometers in CDCl; at
room temperature. Samples were prepared by dissolving approximately
20 mg of polymer in approximately 0.700 mL of deuterated
chloroform. Each spectrum was obtained after 32 scans with a 20 s
pulse delay. Size exclusion chromatography (SEC) was performed on
an Agilent 1100 series instrument equipped with an HP 1047A
refractive index detector. Three PLgel Mixed C Columns as well as a
PLgel S um guard column from Varian were employed. Chloroform
was used as the mobile phase at 35 °C flowing at a rate of 1 mL/min.
Polymer samples were prepared at an approximate concentration of
0.3% (wt:wt) in chloroform. Molecular weights were determined from
calibrated curves created from narrow molar mass distribution PS
standards purchased from Polymer Laboratories. Transmission
electron microscopy images were obtained on a Jeol-JEM 1210
operating at an accelerating voltage of 120 kV. Samples were prepared
by drop casting from a solution in THF (0.01% by wt.) onto carbon-
coated TEM grids with the intention of imaging the “as-cast”
morphology cf. a microtomed bulk monolith. The resulting film was
sufficiently thin for transmission imaging, and the observed
morphology was uniform across the various imaged areas (two are
shown in Figure 2a, b). Small angle X-ray synchrotron scattering
(SAXS) data was obtained at Argonne National Laboratory, using an
X-ray wavelength of 0.8856 A and a sample-to-detector distance of 4
m. Powder samples were packed into hermetic differential scanning
calorimetry pans and sealed with Kapton tape. Two-dimensional
scattering rings were azimuthally integrated to obtain plots of intensity
versus the scattering wave vector q. Polymer film thickness was
determined by spectroscopic ellipsometry (J.A. Wollam Co., Inc.) and
metal thickness by grazing incidence X-ray reflectivity (Panalytical
X'Pert Pro). Tapping mode atomic force microscopy was performed
on a Digital Instruments Nanoscope III microscope using engagement
set points between 0.9 — 0.95 of the free amplitude oscillation.
Scanning electron microscopy was performed on a Hitachi S900 FE-
SEM using an accelerating voltage between 3.0 and 5.0 kV.

B RESULTS AND DISCUSSION

The synthesis of the PS-PDMS-PLA triblock polymer was
carried out according to Figure 1. Briefly, silane-terminated PS-
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Figure 1. Synthetic scheme for the preparation of PS-PDMS-PLA.

PDMS was synthesized by sequential anionic polymerization of
styrene and hexamethyltrisiloxane (D3), followed by end-
capping with chlorodimethylsilane.”” Hydrosilylation of the
terminal silane with allyl alcohol was carried out using
Karstedt’s catalyst to install a terminal hydroxyl group that
was subsequently used for the triethyl aluminum-catalyzed
polymerization of lactide.”**’

The successful synthesis of the block polymer was confirmed
using both 'H NMR spectroscopy and size exclusion
chromatography (SEC). Disappearance of the terminal silane
proton in the "H NMR spectra and concurrent appearance of
the methylene protons adjacent to the terminal hydroxyl of the
hydroxyl functionalized PS-PDMS is consistent with the
installation of a terminal hydroxyl group (see Supporting
Information). A downfield shift of those protons upon the
formation of PS-PDMS-PLA is consistent with growth of PLA
to form the triblock terpolymer. SEC data on the triblock
terpolymer relative to the hydroxyl terminated PS-PDMS gave
a monomodal peak at a lower elution volume, also
corroborating successful triblock polymer formation. Both the
PS-PDMS-H and PS-PDMS—OH SEC traces show a small high
molecular weight shoulder, which is believed to correspond to
coupled material (PS-PDMS-PS). This undesired product was
extracted with cold cyclohexane after the final PLA synthesis
and was not observed in the SEC trace of the PS-PDMS-PLA
used in the subsequent studies. From the '"H NMR spectra the
molar masses for PS-PDMS-PLA were determined for the PS
block (33 kg mol™"), PDMS block (7 kg mol™") and PLA block
(25 kg mol™"). A polydispersity index for this PS-PDMS-PLA
triblock of 1.16 was determined by SEC, with volume fractions
frs = 0.54, fopms = 0.12 and fp 4 = 0.34. (SEC traces and 'H
NMR spectra details are provided in the Supporting
Information). The molar masses for each block were chosen
based on prior work with PS-PI-PLA,” which adopted a core—
shell cylindrical microstructure in a similar compositional range.
As shown below, this composition does adopt the anticipated
morphology. The insensitivity to exact composition is likely due
to the limited length of the PDMS chains, similar to PS-PI-PLA.
Given our initial success in accessing this microstructure, the
present investigation was carried out for this composition
without further optimization.
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X-ray scattering experiments at the Advanced Photon Source
at Argonne National Lab, as well as bright-field transmission
electron microscopy (TEM), were used to characterize the bulk
morphology of this system, and are shown in Figure 2. TEM

Intensity (arb. units)

10°
00 011 02 03 04 05 06 07 08
q(nm”)

Figure 2. Bright-field TEM images of cylindrical PS-PDMS-PLA with
the cylinder long axes oriented (a) parallel and (b) perpendicular to
the electron beam. Scale bars represent 400 nm in the low
magnification image and 100 nm in the high magnification insets.
(c) 1D SAXS trace showing strong principal scattering peak, q*, and
two additional peaks at approximately 2¢* and 4q*. Arrowheads show
predicted peak positions based on principal reflection.

images indicate cylinders of PLA (white) sheathed in PDMS
(black), within a PS matrix (gray), with their long axes oriented
parallel (Figure 2a) and perpendicular (Figure 2b) to the
electron beam, consistent with a core—shell cylindrical
microstructure. Small-angle X-ray scattering (SAXS) on an
unaligned powder sample (Figure 2c) showed a strong
principal scattering peak, g*, and two higher order reflections
at approximately 2¢g* and 4q*. From the location of the
principal scattering peak, we extract a domain spacing of ~54
nm. Although no generic morphology map exists for the ABC
triblock polymers, as it does for AB diblock polymers,' based
on analogy with PS-PI-PLA these volume fractions are expected
to adopt a hexagonally close-packed, core—shell cylindrical
microstructure.”” Therefore, this domain spacing corresponds
to a center-to-center distance of 62 nm, an inner core diameter
of 38 nm, an outer core diameter of 45 nm, and a shell
thickness of 3.5 nm.

A thin film of PS-PDMS-PLA was prepared from a 2 wt %
solution in chlorobenzene by spin coating onto NigyCr,o (10
nm)/Au (10 nm) and NigFe,, (10 nm)/Au (10 nm) films at
2000 rpm. The metallic films were dc magnetron sputtered
onto naturally oxidized Si substrates from two sources
(NigyCryy or NiggFe,y and Au). Ellipsometric analysis of a
polymer film prepared on a bare Si substrate gave an
approximate thickness of 52 nm for this solution concentration
and spinning speed. A representative tapping mode Atomic
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Force Microscopy (AFM) micrograph of this film is shown in
Figure 3a. Both worm-like and circular features on the surface

Figure 3. AFM tapping mode images of a 52 nm thick PS-PDMS-PLA
film (a) as spun, (b) after solvent annealing (toluene, 60 min), (c)
after 15 s CF, RIE, and (d) after 60 s O, RIE. Predominantly surface
perpendicular cylinders are obtained after solvent annealing from a
mixed orientation film. After short CF, and O, RIE steps, a nanoring
array is observed. Horizontal scale bar is 200 nm and the height scale
for all images is 10 nm.

of the film are apparent; this is consistent with a cylindrical
microstructure where the cylinder long axes are oriented both
perpendicular and parallel to the substrate. These circular
features (corresponding to the outer core) measure approx-
imately 43 + 6 nm in diameter, and exhibit an approximate
center-to-center spacing of 61 & 8 nm, in good agreement with
the SAXS data.*

Initially, we expected spontaneous perpendicular alignment
of the core—shell cylinders based on recent results for PS-PI-
PLA triblock terpolymer containing the low surface energy PI
midblock.*" In both systems, wetting of the low surface energy
midblock (Eg" = 32 mJ/m? E "™ = 21 mJ/m? < E., /S
Eof™ 40 mJ/m?)*** to the free surface is energetically
favorable. However, in the PS-PI-PLA system in particular, the
entropic penalty associated with looping of the PI midblock and
the enthalpic penalty of forcing PS/PLA contacts (i.e., free
surface PI brush layer) must be considered. All of these
constraints are satisfied in the PS-PI-PLA case when the
cylinders are aligned perpendicular to the surface, exposing all
blocks to the free surface, combated only by the energy penalty
associated with having PS and PLA at the free surface, which is
apparently sufficiently small. It is clear from the current work
that a similar argument cannot be made for the PS-PDMS-PLA
system, likely due to the surface energy of PDMS being
significantly lower than that of PL In this case, the energetic
gain that results from maximizing the area of the PDMS/air
interface is larger and is seemingly comparable to the entropic
and enthalpic penalties that were avoided in the PS-PI-PLA
case. The end result is a PDMS wetting layer, described further
below, thus avoiding PS and PLA contact with the free surface

~
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resulting in a mixed orientation of cylinders parallel and
perpendicular to the substrate. As discussed below, the
orientation can, however, be controlled with the use of a
solvent annealing treatment.

To improve the level of perpendicular orientation and degree
of lateral order the PS-PDMS-PLA thin films were annealed in
toluene vapor, a somewhat PS/PDMS selective solvent. This
process causes swelling of the polymer blocks and mediation of
their surface energies. In addition, it lowers the glass transition
temperature (T,) and increases mobility. In the case of a
neutral solvent, the surface energy for all blocks then becomes
comparable, producing an ordering front at the polymer/vapor
interface that can favor perpendicular alignment of the
cylinders, facilitate annealing of defects, and lead to strong
lateral ordering that propagates through the bulk of the film as
the solvent evaporates.”*> After exposing these films to
toluene vapor for 60 min (Figure 3b), cylinders oriented
normal to the substrate, with improved hexagonal order, were
observed. However, the low surface energy PDMS continues to
form a thin wetting layer at the free surface (as alluded to above
and demonstrated below). From the tapping mode AFM image,
outer-core diameters of 39 + 5 nm and center-to-center
distances of 61 + 9 nm were obtained, again consistent with
SAXS and AFM measurements on the as-spun film.

In initial experiments, due to the fact that we did not
anticipate a PDMS wetting layer, the PS-PDMS-PLA films were
exposed to a 60 s O, RIE to attempt to oxidize the PDMS to
SiO, and concurrently remove the PS and PLA. However, upon
oxidation, narrow threads of SiO, linking the oxidized PDMS
domains were clearly observed (see Supporting Information).
This result confirms our assertion made above regarding the
existence of a PDMS surface wetting layer. The threads are
attributed to the oxidation of this surface wetting layer. Such
wetting layers have been observed previously by Jung and Ross,
and were removed by exposing the film to a brief CF, RIE,
having high selectivity toward silicon-containing materials.*®
Indeed, after a 15 s CF, RIE of the PS-PDMS-PLA films
(Figure 3c), the dark circular features on the surface of the film
are more clearly observed, again consistent with cylinders
oriented perpendicular to the substrate, but now with the
PDMS wetting layer removed.

On the basis of the confirmation of a thin PDMS wetting
layer, a successful pattern template transfer strategy was
employed, as shown in Figure 4. Incorporating this initial
PDMS wetting layer removal step, thin films were then exposed
to an O, RIE for 60 s (the only etch time investigated, based on
known etch rates to fully remove both the PS and PLA blocks).
The resulting AFM image (Figure 3d) shows an array of
nanoscale rings with an inner-core diameter of 16 + 6 nm,
outer-core diameter of 50 + 7 nm, and center-to-center
distance of 61 + 8 nm. Althouh the center-to-center distance is
completely consistent with the pattern dimensions prior to the
RIE processing steps, the outer-core diameter is 28% larger
than the values obtained from AFM images of the film before
O, RIE (50 cf. 39 nm). The corresponding shell thickness is
also much larger than the shell thickness calculated from SAXS
data (17 cf. 4 nm). However, the accuracy of these values may
be limited by convolution with the AFM tip profile. From SEM
(Figure Sa) the inner-core diameter is 24 + 15 nm, resulting in
a shell thickness of only 12 nm, more consistent with
expectation based on the molar mass of the triblock, SAXS
data, and spreading of the PDMS domain during oxidation (see
below).
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Figure 4. Cartoon of film processing. A thin film of PS-PDMS-PLA is
first exposed to a short CF, RIE (I) to remove a thin PDMS surface
wetting layer (blue), followed by O, RIE (II) to oxidize the PDMS
(blue) domains and simultaneously remove the PS (orange) and PLA
(green). The pattern of the remaining SiO, rings (gray) was then
transferred into the underlying capping material, Au (yellow), and
continued through the lower alloy layer (blue) using Ar ion beam
milling (IIT).

Figure S. Plan view and cross-sectional view SEM images of the SiO,
ring array (a, b) before and (c, d) after pattern transfer into an
underlying 10 nm Au layer. Unmasked Au was removed via normal
incidence Ar ion beam milling, leaving gold rings capped with residual
SiO,, mask. The inner and outer diameters of the rings after milling are
consistent with those before milling. A height increase of
approximately 11 nm is observed, roughly consistent with the
thickness of the Au underlayer. Cross-sectional images were obtained
by cryogenically fracturing specimens in liquid N,. Scale bars are 200
nm.

In addition to an observed increase in shell thickness, it is
apparent that the dispersion in size and shape is somewhat
modified between the images taken before (Figure 3b,c) and
after (Figure 3d) the oxidation step. The observed ring
expansion, ellipticity increase, and coupling with adjacent
features may be due to spreading of the PDMS domains during
oxidation as well as a residual PDMS surface layer. Further
optimization of the CF, and O, RIE may yield a more
consistent feature size and shape. From a cross sectional SEM
image of the oxidized film (Figure Sb), the height of the SiO,
rings is approximately 11 nm. If the rings were to maintain the
same lateral area during oxidation, then takin_g into account the
literature density of PDMS (0.98 g/cm®)*” and amorphous
Si0, (2.2 g/cm®)*® (and assuming this density is similar to our
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Figure 6. Series of tapping mode AFM (top) and plan view SEM (middle) images of NigyFe,, nanorings as a function of Ar ion beam mill time at 3,
4, and S min with their respective illustrations (similar to Figure 4) below. Scale bar represents 500 nm.

SiO, rings) the maximum possible ring height from a 52 nm
thick PS-PDMS-PLA film would be ~19 nm (see the
Supporting Information). However, taking into account the
observed change in lateral area before and after O, RIE (based
on AFM and SEM images described above, the area increases
by a factor of ~2, likely due to spreading of PDMS during
conversion), the expected height should actually be closer to
9.2 nm, consistent with our cross-sectional SEM data. This
result indicates a conversion rate of PDMS to SiO, during the
O, RIE process that can be quantitatively understood.
Encouraged by the well-defined SiO, ring array after O, RIE
of the PS-PDMS-PLA film, pattern transfer into the underlying
10 nm thick Au layer was attempted using Ar ion beam milling
at normal incidence. The expected etch rates (based on witness
films of Au and SiO,) are 10 and 2.5 nm/min (giving a 1 and
4.5 min etch window for Au and SiO,), respectively.”* This
implies that after one minute of milling the unprotected Au will
be removed, leaving behind a significant fraction of residual
SiO,, capping layer covering patterned Au rings. Indeed, after 1
min of milling, plan view, as well as cross-sectional (obtained by
cryogenically fracturing the sample in liquid N,) SEM images
were obtained, and are shown in Figure Sc and d. Plan view
images (Figure Sc) display a high contrast view of ringlike
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structures that are qualitatively similar to the initial SiO, ring
mask, although the rings are less well defined. The linking
material seen between the rings is likely due to resputtering
effects during the milling process from both the Au, and
possibly the underlying Nig,Fe,,. The cross-sectional image
(Figure 5d) is also revealing, showing nanorings that traverse
the entire thickness and have lateral dimensions very similar to
that of the original etch mask (Figure Sa). In addition, there is a
significant height increase in the individual rings (Figure Sd)
when compared to the original SiO, rings (Figure Sb), giving a
strong indication of successful pattern transfer. Height
measurements from this image indicate ~22 nm tall rings,
approximately twice the height of the original SiO, rings. This
implies that roughly 11 nm of unprotected Au was etched,
consistent with the original film thickness of 10 nm. (The etch
rate of the underlying Nig,Fe,, is very similar to the SiO, etch
mask (~2 nm/min) meaning that little, if any, penetration is
likely to have occurred into this layer after 1 min.) Thus, the
cross-sectional image displays gold nanorings topped by the
remaining SiO, ring mask. Moreover, viewing the front face of
the fracture in the tilted SEM image gives strong indication that
the milled pores within and the voids outside the rings clearly
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span the entire thickness, further confirming successful pattern
transfer.

To demonstrate the versatility of the pattern transfer
method, Ar ion beam milling was continued for longer times,
continuing through the Au overlayer and patterning the
underlying metallic alloy layer. As previously described, the
thin films stack is a 10 nm Au capped 10 nm Nig,Fe,, layer.
Similar to above, the SiO, ring etch mask was prepared from
solvent annealed PS-PDMS-PLA film by first employing a 15 s
CF, RIE, followed by a 60 s O, RIE. Based on etch rates of the
various materials, roughly 4 min of additional etch time
(beyond the first minute to remove the unprotected Au layer)
are possible before the SiO, etch mask is fully removed via the
Ar ion etching. Thus, we can expect the removal of nearly 8—10
nm of the underlying, unprotected alloy film after 5 min of total
mill time. Figure 6 shows a series of plan view SEM images of
nanorings at various mill times (in 1 min intervals) beyond the
initial removal of the Au overlayer, clearly demonstrating
successful transfer to the underlying film. Clear definitions of
rings structures are seen through 4 min of milling. By 5 min the
alloy material is nearly completely removed, leaving only pits
and a few residual rings. Charging in the SEM becomes
significant by the final image due to exposure of the insulating
SiO,-capped substrate, providing further evidence of pene-
tration through the extent of the film, but also making it
difficult to resolve the final structures. To demonstrate further
extensibility, the procedure described above was also performed
on a 10 nm Au capped 10 nm Nig,Cr,, layer (Nig,Cr,, mills
slightly slower than NigyFe,). The successful pattern transfer
occurs in a nearly identical fashion to the Nig,Fe,, layer (see
the Supporting Information).

B SUMMARY

In summary, a new ABC triblock terpolymer with a core—shell
morphology containing the oxidizable PDMS domain as the
core—shell midblock, with PLA (minority core) and PS
(majority matrix) end blocks was successfully synthesized,
confirmed by '"H NMR, SEC, TEM and SAXS. In addition, thin
films of the PS-PDMS-PLA were spun cast from chloroben-
zene, where AFM and SEM imaging gives results consistent
with a core—shell microstructure. By annealing in toluene
vapor, well -rdered core—shell cylinders orient perpendicular to
the underlying substrate/film. The lateral ordering of these
cylinders is maintained through the extent of the film down to
the substrate (important for pattern transfer-based lithographic
approaches), but leaves a thin PDMS wetting layer at the free
surface. Removal of the PDMS wetting layer with CF, RIE and
subsequent exposure of the film to an O, RIE removes the PS
matrix and PLA core and converts the PDMS core—shell into
an array of SiO, rings. This procedure was carried out on two
metallic stacks, where normal incident Ar ion beam milling
successfully removed the unprotected underlying material,
giving evidence that the SiO, ring array acted as a robust etch
mask, and resulted in an array of metallic ring structures. By
way of cross-sectional SEM images, it is clear that successful
pattern transfer occurs, even within the narrow core region.
The generality of this method was demonstrated by preparing
nanoring arrays of an Au overlayer, as well as NigFe,; and
NigyCr,, underlayers. Such ring arrays could find use in a
variety of applications, particularly in optoelectronics'>!'*¢*°

. 10,11,41,42
and the general area of magnetic nanostructures.” "
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© Supporting Information

Experimental details, including polymer characterization with
'H NMR spectra, SEC traces, as well as additional SEM images
of thin-film processing steps and the calculation of ring heights.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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