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The merits of high thermal stability and active chemical catalysis make FePt a suitable material for var-
ious purposes such as recording media and catalysts for growing carbon nanotubes. Comparing to other
micro and nano patterning techniques such as electron beam lithography and X-ray lithography, imprint
patterning is of low cost and high throughput, making it the most promising method for mass manufac-
turing at micro and nano scales. Direct imprint lithography using functional materials as resist avoids the
etching process which introduces defects and errors. Here we use direct imprint to pattern the FePt-con-
taining polymer in order to acquire different micro- and nano-structured FePt on silicon wafers. Regu-
larly-arranged hole and line arrays with periodicity down to 400 nm were acquired on the PDMS
stamps. Using direct imprint lithography, the negative copies of the PDMS stamps were successfully
transferred to silicon substrates as characterized by scanning electron microscopy (SEM). The magnetic
force microscopy (MFM) images showed that the ferromagnetic properties of the patterns were all well
preserved after annealing, indicating this direct imprint patterning method can effectively pattern FePt
on silicon substrates at both micro- and nano-scales with the magnetic properties retained.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction Various micro- and nano-fabrication techniques have been used
There are two stable phases for FePt at room temperature: the
face centered cubic (fcc) phase and the face centered tetragonal
(fct) phase. The superparamagnetic fcc phase can be transformed
to ferromagnetic fct phase by annealing over 500 �C [1]. The fct
phase FePt is magnetically hard and thermally stable [2] due to
its high magneto-crystalline anisotropy (108 ergs/cc) [3]. The high
coercivity at room temperate and high thermal stability make fct
phase FePt a competitive candidate for magnetic recording, and it
has been frequently investigated as a medium for perpendicular
recording [4–8]. Besides using the perpendicular recording config-
urations, bit patterned media can also enhance the storage density
of the recording media by isolating each recording bit. Further-
more, FePt can also work as a catalyst for the growth of carbon
nanotubes [9,10]. Thus, the patterning of FePt on silicon substrates
has various applications.
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for the preparation of FePt patterned arrays. Using block copolymer
lithography, patterned FePt with perpendicular coercivity of
4.3 kOe was fabricated [11]. Using e-beam lithography, patterned
FePt pillars with perpendicular coercivity up to 9.3 kOe was fabri-
cated [12]. Other techniques such as near-field lithography, nano-
sphere lithography have also been used to pattern FePt [13]. Using
ultra-violet (UV) lithography [14], FePt with 2 lm periodicity was
fabricated and an in-plane coercivity of 2 kOe at 5 K was acquired
after annealing at 450 �C. FePt micro-rings with outer diameter of
1 lm and ring width of 250 nm were fabricated using near-field
lithography [15]. FePt dot arrays with periodicity of 200 nm were
fabricated using nanosphere lithography [16] and in-plane
coercivity of 2.5 kOe was acquired after annealing at 550 �C. FePt
nano islands were fabricated using self-assembly lithography
[17] with out-of-plane coercivity of 5 kOe after annealing at
700 �C. However, these methods suffered from either long-range
disorder or high cost [13].

Nanoimprint lithography of FePt was demonstrated with long-
range order and low cost for patterning FePt at nanoscale and
microscale, with the extent of ordering only limited by the size
of the imprinting mold used [18]. However this method involves
nanoimprint resist for the etching or lift off processes which might
introduce defects and contaminations. Direct imprint using
functional material as the patterned layer can minimize the defects
and spatial errors during the pattern transfer process.
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We previously reported a new polyferroplatinyne precursor
[19] which can be directly used as imprint resist and the functional
material at the same time; after annealing the patterned FePt poly-
mer on the silicon substrate, FePt is formed with the same period-
icity and structure as the patterned polymer. Here we introduce
the direct imprint patterning technique for patterning FePt-con-
taining polymer on silicon wafers at micro- and nano-scales with-
out further lift-off or dry etching procedures. In this paper, we first
briefly introduce the synthesis of the FePt-containing polymer and
the patterning of FePt onto silicon substrates by imprint lithogra-
phy. Afterwards, the scanning electron microscopy (SEM) and mag-
netic force microscopy (MFM) characterization results of the
imprinted FePt are discussed and analyzed.
2. Experiments

2.1. Synthetic route of the FePt-containing polymer

Generally speaking, synthesis of FePt-containing metallopoly-
mer consists of three steps: first, the synthesis of diethnyl ligand
containing iron element; second, the synthesis of coordinated plat-
inum dichloride precursor; finally, the polymerization of the above
two precursors via dehydrohalogenation reaction. The detailed
synthesis information for FePt polymer is described in [19]. The
chemical structure of FePt-containing polymer is shown in the in-
set of Fig. 1.

2.2. Fabrication of micro- and nano-patterned PDMS stamps

The 5 � 5 mm2 hexagonally-packed micro-hole-array mother
stamps with 3 lm periodicity were fabricated with traditional
UV lithography on silicon substrates. The 3 � 3 cm2 micro- and
nano-line array mother stamps (1.6 lm and 750 nm periodicity,
respectively) were commercially available, which contain tracks
of standardized widths. The 5 � 5 mm2 cubically-packed nano-
dot-array silicon mother stamps of 400 nm periodicity were pur-
chased commercially, fabricated by electron-beam lithography fol-
lowed by physical plasma etching [20]. After the above mother
stamps were obtained, the PDMS pre-polymers were mixed to-
gether and poured onto the mother stamps [20]. Once the PDMS
precursor was solidified, the daughter PDMS stamps with the same
size and same periodicity were removed from the mother stamps.
The micro- and nano- dot patterned PDMS stamps were with size
of 5 � 5 mm2 while the micro- and nano- line patterned stamps
had size of 3 � 3 cm2.

2.3. Patterning by direct imprint lithography

The FePt-containing polymer (weighed 1 g) was first dissolved
in 1 mL chloroform to saturation and was then filtered to remove
the residual polymer. Then the polymer solution (the purple parts
in Fig. 1(a)) was drop-casted onto the silicon substrate. After that,
Fig. 1. Direct imprint process. (a) Drop-casting FePt-containing polymer onto the
silicon substrate. (b) Press the PDMS mask onto the silicon substrate and expose the
polymer with UV. (c) Lift off the PDMS stamp. The chemical structure of the FePt-
containing polymer is shown in the inset.
the PDMS stamp was pressed onto the FePt-containing polymer
coated substrate as shown in Fig. 1(b). The imprinting process
was performed by direct pressing of a weight on the substrate/
FePt-containing polymer/PDMS mold assembly, which provided a
pressure of �0.4 MPa. Then the whole assembly was exposed to
UV (25 mW cm�2, 391 nm) for 5 min to cross-link the polymer.
During the exposure process, the chloroform evaporated gradually,
leaving the FePt polymer in solid form. Then the negative copy of
the PDMS pattern was transferred to the FePt polymer after lifting
the PDMS stamp in Fig. 1(c). The topography of the imprint pat-
terned FePt polymer was characterized using SEM (Hitachi S-
4800 FEG SEM and LEO 1530 FEG SEM). Then the substrate with
the FePt-containing polymer was annealed at 800 �C for removing
the organic parts in the polymer to form the FePt nanoparticles.
The magnetic morphology of the annealed FePt was characterized
using MFM (DI NanoScope 8 SPM).
3. Results and discussion

3.1. SEM characterization of the patterned FePt polymer

Fig. 2 shows the SEM image of the FePt micro-line array. The
SEM plan-view image of the PDMS stamp is shown in Fig. 2(a).
The distance over 10 periods of micro-line array is 15.9 lm, indi-
cating the periodicity of the PDMS mask is 1.59 lm. Fig. 2(b) shows
the plan-view SEM image of the patterned FePt micro-line array.
The distance across ten periods of tracks was measured to be
16.3 lm, indicating the periodicity of the patterned FePt polymer
is 1.63 lm which is close to the periodicity (1.6 lm) of the PDMS
stamp (1.59 lm). For a clearer 3D view of the patterned line struc-
tures, the 45� view and the cross-section SEM images of the micro-
line array of FePt polymer with 100 nm height contrast are shown
in Fig. 2(c). The patterns with peaks and troughs and the periodic-
ity can be clearly observed on the micro-line-array structure,
resembling the original CD tracks which were used as the mother
stamp.

Similar to the micro-line array, the FePt-containing polymer
was also patterned into micro-dot array. Fig. 3(a) shows the SEM
image of the PDMS stamp. The distance across 10 periods of the
hole-array is 28.9 lm, indicating the periodicity of the PDMS
stamp is 2.89 lm. The angle among the hexagonally-packed-hole
array was measured to be 60�. Fig. 3(b) shows the SEM image of
the imprinted 3 lm FePt-containing polymer dot patterns. Across
an area of over 100 � 100 lm2, the patterns are all in high unifor-
mity and no obvious defects are observed. Over other areas across
the whole sample, the patterns were uniformly arranged. Thus the
long-range order can be transferred from the PDMS stamp to the
FePt polymer. Fig. 3(c) shows the zoom-in SEM image of the mi-
cro-dot array. The angle of the hexagonal structures was measured
to be 60�. The distance across five periods of dots was measured to
be 14.9 lm indicating the periodicity of the dots is 2.98 lm. The
measured periodicity of the imprinted dot-array is close to the
PDMS stamp, indicating the negative patterns of the PDMS stamps
were transferred with conformity onto the FePt-containing
polymer.

At the nanometer scale, nano-line array and nano-dot array
were patterned with FePt polymer. The SEM image of the nano-
line-array (periodicity of 730 nm) PDMS mask is shown in
Fig. 4(a). The distance across 5 periods of lines is 3.5 lm, indicating
the periodicity of the PDMS mask is 700 nm. The patterned FePt
polymer is shown in Fig. 4(b) and (c). Fig. 4(b) shows the plan-view
SEM image of the 730 nm nano-line arrays. The distance across ten
periods of lines was 7.28 lm, indicating the periodicity of the
nano-line-array is 728 nm, which is close to the periodicity on
the PDMS mask. For a better 3D view of the nano-line array, the



Fig. 2. SEM image of the 1.6 lm micro-line-array structure. (a) Plan view of the
PDMS stamp (b) Plan view of the imprinted FePt-containing polymer. (c) 45� view
of the imprinted FePt-containing polymer with the SEM cross-section profile in the
inset. Fig. 3. SEM image of the micro-dot-array structure with periodicity of 3 lm. (a)

Plan view of the PDMS stamp. (b) �1.00 k amplification of the imprinted FePt-
containing polymer. (c) �5.00 k amplification of the imprinted FePt-containing
polymer.
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45� SEM image of the patterned nano-line array was taken in
Fig. 4(c). The peaks and troughs are clear and the shapes are faith-
fully copied from the PDMS stamp.

In order to study the patterning of nano-dot array, the FePt-con-
taining polymer was patterned into a cubically-packed dot array
with periodicity of 400 nm. Fig. 5 shows the SEM image of the
nano-dot-array structures. The SEM image of the PDMS stamp is
shown in Fig. 5(a). The distance across 10 dots is 4 lm, indicating
the periodicity of the PDMS stamp is 400 nm. Fig. 5(b) shows the
plan-view SEM image of the imprinted FePt-containing polymer.
Across the whole image area of 15 lm, the nano-dot array is in
high uniformity with long-range order and only few defects are ob-
served on the sample surface. The distance across ten periods of
dots is measured to be 4.4 lm, indicating the periodicity of the
dots is 440 nm which is close to the periodicity of 400 nm on the
PDMS stamp. The angle of the cubically-packed dots is 90�, which
is the same as the 90� configuration on the PDMS stamp. The
high-amplification image at 45� shows the 3D view of the dot array
(Fig. 5(c)). We can see the long-range order is maintained with very
few defects.



Fig. 4. SEM image of the nano-line-array structure with periodicity of 730 nm. (a)
Plan view of the PDMS mask. (b) Plan view of the imprinted FePt polymer. (c) 45�
view of the imprinted FePt polymer.

Fig. 5. SEM image of the nano-dot-array structure with periodicity of 400 nm. (a)
SEM image of the PDMS stamp. (b) �7 k amplification plan-view image of the
imprinted FePt-containing polymer. (c) �25 k amplification at 45� view of the
imprinted FePt-containing polymer.
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The above SEM results show that using imprint lithography, the
micro- and nano-patterns can be successfully transferred from the
PDMS stamps to the FePt polymer.

3.2. Magnetic morphology of the nanoimprinted structures after
annealing

In order to study the magnetic morphology of the nano-pat-
terned FePt after annealing, MFM characterization was performed
and the results are shown in Fig. 6. Fig. 6(a) shows the MFM image
of the nano-line array. The line-array pattern in the MFM image
agrees well with the corresponding structural pattern in the SEM
image (Fig. 4). The distance across 5 lines is 3.63 lm, indicating
the periodicity of the annealed FePt nano lines is 726 nm which
is close to the PDMS periodicity on the original PDMS stamp
(730 nm). Fig. 6(b) shows the MFM image of the nano-dot array.
The dot-array pattern in the MFM image agrees well with the cor-



Fig. 6. MFM image of the nano-patterned FePt. (a) MFM image of the nano-line
array. (b) MFM image of the nano-dot array.
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responding structured pattern in the SEM image (Fig. 5). The dis-
tance across 5 dots is 2.28 lm, indicating the periodicity of the
nano dot is 456 nm, which is close to that of 400 nm on the PDMS
stamp. The angle of the cubically-packed dots is 90�, which is the
same as the 90� configuration on the PDMS stamp. There are some
irregularities of the lines in Fig. 6(a) and some small noise dots in
Fig. 6(b) which might suffer from the sintering process with high
temperatures. However, the periodicity of the imprinted samples
still remained the same as the PDMS stamps. Therefore, the above
MFM results show that the featured patterns of the PDMS stamps
can be faithfully transferred to the FePt layer on silicon substrates
with the magnetic properties retained. From the above results, we
can conclude that using PDMS stamps, the micro- and nano-pat-
terns with lines and dots structures can be successfully patterned
on the silicon wafers with the FePt polymer.
Given the SEM images of the patterned FePt polymer, no obvi-
ous spatial errors are observed so the patterns can be faithfully
copied to the polymer from the PDMS stamps at micro- and
nano-scales. The periodicity of the patterned FePt polymer is also
close to the PDMS stamp. So the micro- and nano-imprint is a
reliable way to pattern FePt polymer on silicon wafers. Besides,
the MFM results of the annealed FePt show that, the nano-lines
and dots with magnetic properties can be successfully preserved
on the silicon wafers after annealing. Meanwhile, the irregulari-
ties of the lines and dots from the MFM results due to the sinter-
ing should be circumvented for future downscaling by, for
example, lowering the annealing temperature, slowing down
the annealing processes and optimizing the hardness of imprint
PDMS stamps. Through lowering the annealing temperatures,
the thermal expansion can be reduced [21] and some related
irregularities can be avoided. Using a longer annealing time and
slower cooling process, the stress during annealing can be re-
leased [22] so the distortion of the patterns will be less. By using
a h-PDMS pre-polymer [23], the hardness of the PDMS stamps
would be increased, which can allow a more faithful duplication
of the master mold and avoid the irregularities from the imprint
process.

Further work is necessary to fully demonstrate the capability of
the present technique in preparing hard-magnetic nano-pattern
arrays for bit-patterned media application. For example, it is gen-
erally necessary to obtain (001) oriented FePt through sintering,
and truly bit-patterned media require the preparation of ultra-
small nano patterns and high uniformity over large area (wafer
scales). (001) MgO, (001) TiN and other crystalline structured
(001) substrates will be considered in place of the amorphous
SiO2 substrate to enhance the growth of (001) phase FePt during
thermal pyrolysis of FePt-containing polymer. Using roll-to-roll
or roll-to-plate technology, FePt-containing polymer might be fea-
sible to print on large dimensional scales for real applications [24].
Optimized hardness of the PDMS stamps by tuning the base poly-
mer to curing agent ratio will also be needed for smaller patterns
to ensure the uniformity and the accuracy of nano patterns, as
mentioned previously [23].

Apart from FePt, other hard magnetic metals and metal alloys
can be synthesized from polymer which could also be patterned
using micro- and nano-imprint, including Ni, CoPt, SmCo5, etc.;
further investigations are in progress to characterize the proper-
ties of such microstructured and nanostructured metallopolymer
features. Moreover, metal-containing polymers are not only
important in magnetic recording but also in solar cells [25]
and organic light-emitting diodes (OLED) [26]. These metal-con-
taining polymers with nanoimprint patterned periodicity close to
the visible light wavelength will play important roles on the so-
lar cells and OLEDs. Using this low cost imprinting technique,
other metals such as Au and Pt contained in polymers can be
patterned for applications such as MEMS [27], SRAM [28] and
optical waveguides [29]. This printing technique has also been
used for the molding of various materials such as sol–gel [30]
and functional polymer [31]. The technique is so generic that
it should be applicable for molding many different polymer
materials. With suitable heat treatment afterwards (such as the
annealing process in this study), materials with suitable chemi-
cal compositions and phases can be obtained. It was reported
that templates for growing carbon nanotubes were fabricated
using electron beam lithography [32]. With similar patterns on
the PDSM stamps, we can also make templates with FePt or
other catalytic metals for growing carbon nanotubes with regular
patterns and high throughput for field emission application [33].
Therefore this imprint patterning technique with metal-contain-
ing polymer is also very useful in many nano- and micro-
aspects.
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4. Conclusion

Using direct imprint lithography, micro- and nano-patterned
FePt can be fabricated on the silicon substrates with line-array
and dot-array structures. Mother stamps can be easily fabricated
from various techniques, including UV lithography and electron
beam lithography. The patterns can be transferred to the PDMS
stamps with high throughput and low cost. The SEM results show
that the patterns can be faithfully transferred from the PDMS
stamps to the FePt polymers. The magnetic properties of the pat-
terned FePt can be preserved well after annealing as characterized
by the MFM measurements. The MFM results verified that the pat-
terned structures were ferromagnetic. Therefore this method can
be used to pattern FePt onto silicon substrates with different
shapes and at different scales. The future work will focus on opti-
mizing the annealing conditions and hardness of PDMS stamps for
further downscaling, which is essential for fully demonstrating the
feasibility of the approach of preparing FePt bit-patterned media.
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