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Ordered arrays of magnetic nanostructures have attracted
intense academic and industrial interest, due to their unique
physical traits and widespread technological applications in areas
such as biosensors, spintronics, magnetic random access
memory (MRAM), and patterned recording media.'~> Conven-
tional methods for their fabrication include, for example,
electron-beam lithography,® photolithography,” dip-pen nano-
lithography,® and soft lithography.” Most of these techniques
involve multiple steps and expensive instrumentation. Block
copolymer lithography is a bottom-up facile method for creating
large area nanoscale patterns;'®!! however, magnetic nanostruc-
tures with high aspect ratio are difficult to obtain with this
method. Nanoimprint lithography (NIL)'? with hard masks, such
as nanoporous anodic aluminum oxide (AAO) templates, is an
alternative technique for high-throughput patterning of polymer
nanostructures with great precision and at low cost.'* NIL using
AAO templates relies on direct thermal infiltration of the
polymer resist into nanochannels and can therefore achieve
resolutions beyond the limitations set by light diffraction or
beam scattering in conventional lithography methods. Up to
now, researchers have mostly used commercial thermoplastic
materials, e.g., polystyrene and poly(methylmethacrylate), or
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Scheme 1. Polyferrocenylsilanes (PFSs)
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siloxane copolymers as NIL resists. However, these materials
are sacrificial in most cases and clearly do not allow access to
magnetic nanostructures.

Polyferrocenylsilanes (PFSs) (e.g., 1, 2, and 3 in Scheme 1)
are an interesting class of processable high-molecular-weight
metallopolymers that are readily accessible by ring-opening
polymerization routes and possess a range of intriguing proper-
ties as a result of the presence of inorganic elements of Fe and
Si in the backbone (Scheme 1).'* One interesting feature is their
ability to act as high yield pyrolytic precursors to C/SiC
ceramics containing Fe nanoparticles (NPs).'>! In this work,
we focused on the use of a PFS with pendant acetylenic
substituents (3) that showed the highest ceramic yield to date
determined by thermogravimetric analysis (TGA) among un-
crosslinked PFS homopolymers.'”!8 In addition, easy processing
and air- and moisture-stability make PFS 3 an excellent potential
polymer resist for nanoimprinting processes.

In this communication, we describe a simple method to
fabricate large area highly ordered arrays of magnetic ceramic
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Scheme 2. Generation of Ordered Arrays of PFS NRs and
Subsequent Pyrolysis to Give Magnetic Ceramic NRs
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nanorods (NRs) with precisely controllable dimensions and
aspect ratios by nanoimprinting a high molecular weight
metallopolymer (3 in Scheme 1) using AAO templates (Scheme
2).1920 The keys to the method we describe are that full
infiltration of the precursor in the nanochannels is possible using
our solventless procedure and that upon pyrolysis, the resulting
ceramic NRs can precisely replicate the size and shape of their
PES precursor NRs in the template. This method also takes
advantage of the unique ability to tailor the dimensions of AAO
templates simply by tuning the electrochemical parameters,
which is not accessible using conventional lithographic techniques.

Ordered arrays of PFS 3 NRs (Figure 1a) were achieved by
capillarity-driven infiltration of PFS 3 melt into the nanoporous
AAO template (Scheme 2)." In practice, an AAO template was
directly pressed on the top of the polymer film (ca. 20 um in
thickness) on a Si substrate with a known weight in air. In an
oven under air, the assembly was heated to a temperature (ca.
150 °C) above the glass transition temperature of PFS 3 (T, =
89 °C) to make the polymer chains sufficiently mobile, and was
then maintained for various lengths of time in air at ambient
temperature. The polymer melt entered the pores of the template
mainly via capillary action.?! After being cooled to room
temperature, the AAO template was completely removed by
NaOH aqueous solution (1 M). Highly ordered arrays of
polymer NRs with uniform diameter and length over large areas
on a residual PFS film were obtained (see Figure S1 in the
Supporting Information).
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Figure 1. Large area highly ordered arrays of PFS NRs and their consequent
ceramic NRs prepared by pyrolysis at 700 °C for 5 h: (a, b) SEM top-view
images, and (c, d) angle view images.

Table 1. Average Diameters (D) and Lengths (L) of PFS NRs and
Ceramic NRs Prepared with an AAO Template

ceramic NRs

AAO template PFS NRs fast ramp“ slow ramp”
D (nm) 55 55 52 54
L (nm) 150 85 79 150

“ fast ramp = 15 °C/min. * slow ramp = 2 °C/min.

The diameter (D) and length (L) of the PFS NRs could be
controlled by using AAO templates with different pore diam-
eters and lengths, which were adjusted to the desired dimension
by wet-chemical etching and anodization time, respectively. For
example, as shown in SEM images a and ¢ in Figure 1 and in
Figures Sla of the Supporting Information, large area ordered
arrays of PFS 3 NRs with an aspect ratio of ca. 1.5 (D = 55
nm, L = 85 nm, determined by SEM and AFM cross-sectional
analysis, respectively) were achieved by nanoprinting PFS 3 at
150 °C for 30 min using a template (D = 55 nm, L = 150 nm)
(Table 1). NRs with the same diameter and higher aspect ratio
were obtained by simply using templates with longer channels,
as shown in Figure S2 of the Supporting Information, or by
adjusting the heating time or temperature to partially infiltrate
PES 3 into one template, as shown in Figure S3 of the
Supporting Information.

It should be noted that below 150 °C, the longest observed
NRs were about one-third shorter than the pore length of the
templates. This result indicates that the polymer melt does not
completely fill the entire volume, presumably due to the
compressed air trapped in the nanochannels.!*® As discussed
below, we also found that the templates can be almost
completely filled.

To prepare ceramic NRs, the Al layer of AAO template was
first completely removed with saturated HgCl, aqueous solution
(Scheme 2), due to the low melting point of Al (660 °C). PFS
3 precursor NRs on the residual polymer film with the remaining
Al,O; template were pyrolyzed at different temperatures from
500 to 800 °C in a tube furnace. A No/H, (95%/5%) reductive
atmosphere was used for pyrolysis to minimize the oxidation
of resulting ceramics and Fe NPs by the trapped air in the
nanochannels and oxygen released from AAO templates during
pyrolysis. After the samples cooled to room temperature slowly,
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Figure 2. SEM image of ceramic NRs prepared at 700 °C for 5 h with
temperature ramp of 2 °C/min: (a) D = 55 nm, L = 150 nm angle view, using
a template with D = 55 nm, L = 150 nm; (b) D = 95 nm, L = | um cross-
sectional view, using a template with D = 95 nm, L = 1 um.

black ceramic thin films were obtained. The Al,O; template
was then removed by saturated NaOH solution. For pyrolyses
above 700 °C, the AAO template crystallized to 6-Al,O; and
became rather insoluble.

Images b and d in Figure 1 and Figure S1b in the Supporting
Information show the representative SEM images of highly
ordered arrays of ceramic NRs on the top of residual ceramic
films prepared from their precursor NRs with aspect ratio of
1.5 (images a and c in Figure 1 and Figure Sla in the Supporting
Information) after pyrolysis at 700 °C for 5 h with a rapid
temperature ramp of 15 °C/min. Comparison of the SEM images
(Figure 1) and AFM cross-section analysis results before and
after pyrolysis revealed excellent shape retention of the ceramic
NRs with a small contraction of the average L and D values
(Table 1). As mentioned above, when prepared at 150 °C, the
polymer NRs only partially filled the nanochannels. We found
under the same pyrolysis conditions, but with a slower tem-
perature ramp (2 °C/min), the D and L value of resulting ceramic
NRs were consistent with those of the template, indicating
complete filling of the nanochannels (Table 1 and Figure 2a).
Presumably, the slow ramp allows for further infiltration before
the polymer melt is ceramized and also for trapped air to be
released. With a slower ramp, ceramic NRs with uniform L up
to 1 um can be achieved (Figure 2b).

The high fidelity of this template replication method is mainly
due to the remarkably high ceramic yield of PFS 3.'"® For
comparison, low ceramic yield PFSs 1 and 2 under the same
conditions gave magnetic ceramics without any shape reten-
tion.'"® AAO templates also play an essential role for good shape
retention by preventing the escape of volatile fragments and
thereby increasing ceramic yields.

Previous studies showed that pyrolysis of PFSs either in bulk
or confined to the channels of mesoporous silica yields ceramic
materials containing magnetic o.-Fe NPs embedded in a C/SiC/
Si3N, matrix.'> The size of the Fe NPs increased with pyrolysis
temperature, and their magnetic properties were thereby altered
from superparamagnetic to ferromagnetic. A similar composi-
tion for the NRs formed by the AAO template method was
confirmed by energy-dispersive X-ray (EDX) line scan elemen-
tal mapping. The NRs prepared at 600 °C over 5 h contained
both Fe and Si (ratio ca. 1: 1, consistent with the ratio in the
PES precursor) but no O, which indicated that Fe rather than
Fe,O, NPs are formed (see Figure S5 in the Supporting
Information). A similar ability to alter magnetic properties was
also noted for the AAO method. Thus, small NPs of size <5
nm in the ceramic NRs began to form at 600 °C. Pyrolysis of
bulk PFS 3 under the same conditions gave small Fe NPs of
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Figure 3. TEM images of ceramic NRs prepared at 700 °C with widths of
(a) 55 and (b) 95 nm.

similar size (see Figure S6a in the Supporting Information). As
the temperature was further increased to 700 °C, pyrolysis of
bulk PFS 3 yielded large, irregularly shaped Fe NPs with an
average size of 32.5 £ 12.0 nm and a broad size distribution
(see Figure S6b in the Supporting Information). Interestingly,
we found the Fe NPs formed in the nanochannels with D = 55
nm and L = 1 ym were much smaller (average size = 8.2 £
2.4 nm) and had a narrow size distribution and a spherical shape
(Figure 3a). This result suggested the growth of the NPs was
confined by the diameter of nanochannels.”> To examine this
hypothesis, we prepared ceramic NRs (Figure 2b) under the
same conditions, but in a template with wider pores (D = 95
nm). As expected, TEM analysis of this sample (Figure 3b)
showed the average size of Fe NPs increased to 20.9 + 4.9
nm, while still being smaller than that of bulk sample. A
significant enhancement of the magnetic properties for wider
ceramic NRs compared to narrow NRs was confirmed by
magnetic force microscopy (see Figure S7 in the Supporting
Information). This enhancement is probably caused by the fact
that as the size of NPs increased with the width of NRs, the Fe
NPs would be expected to change from superparamagnetic to
ferromagnetic because the theoretical single-domain size for
spherical a-Fe NPs is ca. 14 nm.

In summary, we have demonstrated the fabrication of large
area ordered arrays of magnetic ceramic NRs with excellent
shape retention by pyrolysis of a PES precursor in AAO
templates. We are currently extending this work to diblock
copolymers where one block is a high-ceramic-yield inorganic
polymer that generates a hard template during pyrolysis,>* and
the other block has a high metal content,”> and acts as a
precursor to hard magnetic NPs such as FePt.?
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