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ABSTRACT A process route to fabricate templated BiFeOs/CoFe,0, (BFO/CFO)
vertical nanocomposites is presented in which the self-assembly of the BFO/CFO is
guided using a self-assembled triblock terpolymer. A linear triblock terpolymer
was selected instead of a diblock copolymer in order to produce a square-symmetry
template, which had a period of 44 nm. The triblock terpolymer pattern was
transferred to a (001) Nb:SrTiO; substrate to produce pits that formed preferential
sites for the nucleation of CFO crystals, in contrast to the BFO, which wetted the flat
regions of the substrate. The crystallographic orientation and magnetic properties

of the templated BFO/CFO were characterized.
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oxide thin film, two co-deposited, immis-

cible oxide phases grow epitaxially on a
single crystal substrate to form a two-phase
columnar structure such as a checkerboard,
a labyrinth, or pillars of one phase em-
bedded in a matrix of the other phase.
Oxide nanocomposite films can show multi-
functionality arising from the properties
and geometries of the phases, and strain-
mediated coupling between the two phases
can lead to magnetoelectric behavior when
one phase is ferroelectric and the other
ferromagnetic.' ® Among the variety of
nanocomposite thin films studied, BiFeOs/
CoFe,0,4 (BFO/CFO) grown on (001) SrTiO3
(STO) substrate is the most thoroughly ex-
plored system’~'* owing to its well-defined
self-assembled columnar nanostructure
consisting of magnetic CFO pillars in a ferro-
electric BFO matrix. Strong magnetoelectric
coupling behavior has been demonstrated
in which switching of magnetization in the
CFO pillars was controlled by the electric
field.""'? This coupling provides a basis

In a vertically aligned nanocomposite
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for proposed magnetic memory or logic
devices."”

In order to use multiferroic columnar
nanostructures in device applications, it is
necessary to control the location of the
pillars on the substrate. To date, three meth-
ods have been demonstrated for templat-
ing the CFO pillar locations. Comes et al.
made square arrays of CFO pillars with
a 100—200 nm period in a BFO matrix by
patterning a thin CFO film to form CFO
seeds using electron beam lithography
(EBL) and ion milling."® Stratulat et al. used
a lift-off process with hard masks made
from EBL-patterned gold or from anodic
aluminum oxide (AAO) to create CFO nuclei
with a 200—300 nm period.'” Recently, we
presented an approach that takes advan-
tage of the change in surface energy be-
tween CFO and different crystal orientations
of the substrate.'® A focused ion beam (FIB)
was used to make pits in the STO substrate
of pitch 60—100 nm in which CFO nuclei
selectively formed.’®'® While these ap-
proaches achieved well-ordered BFO/CFO
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nanocomposites, the serial nature of EBL and FIB
restricts them to small-area fabrication, while the self-
assembled AAO template can cover larger areas, but it
is limited to producing a hexagonal close-packed array.

Self-assembled block copolymer thin films offer a
next-generation nanolithography method that could
overcome the cost and resolution challenges facing
current UV photolithography technology.?®~2° Diblock
copolymers produce thin film patterns consisting of
lines or close-packed dots or holes, but thin films of
a linear triblock terpolymer can instead produce
square-packed arrangements of dots or holes.3°3* In
this work, we demonstrate the templating of a square-
symmetry BFO/CFO nanocomposite with a period
of 44 nm using a linear triblock terpolymer film as
a template for topographically patterning a substrate.
Compared to previously reported templating
methods,'®" '8 a patterning process based on a block
copolymer can provide a much smaller periodicity
array over a large area with a short process time.
Moreover, the block copolymer can be templated
using for example topographical trenches to impose
long-range order on the pattern.3>3¢

RESULTS AND DISCUSSION

A schematic of the overall experimental process is
described in Figure 1, and details are given in the
Methods section. First, a polyisoprene-b-polystyrene-
b-polyferrocenylsilane (PI-b-PS-b-PFS, M,, = 82 kg/mol,
fp1=0.25, fps = 0.65, fors = 0.10)/PS homopolymer blend
(ISF/hS) was spin coated on a single crystal (001)
Nb-doped SrTiO3 (Nb:STO) substrate on which a poly-
(2-vinylpyridine) (P2VP) brush was grafted to promote
out-of-plane orientation of the microdomains.?” The
spin-coated thin film was then solvent-annealed in
chloroform vapor using a continuous flow system in
which the vapor pressure of solvent is controlled by

changing the flow rate of saturated solvent vapor and
nitrogen gas.*® The annealed thin film morphology of
the ISF/hS blend is shown schematically in Figure 1i.
A square symmetry array of alternating Pl and PFS
cylinders was formed in a PS matrix. The addition of
homo-PS to the triblock terpolymer stabilized the
square symmetry by relaxing the highly stretched tri-
block terpolymer chains.>*

Immersing the self-assembled thin film in hexane, a
selective solvent for Pl, promoted the diffusion of Pl to
the top surface of the film, and rapid quenching of the
swelled film generated a square array of holes at the
original locations of the Pl cylinders by distributing the
Pl on the film surface (Figure 1ii).3**° Figure 2a shows
a SEM image of the ISF/hS thin film morphology after
surface reconstruction in hexane. The periodicity and
the average diameter of the holes were 44 and 15 nm,
respectively. The residual polymer at the bottom of the
holes was then removed by a short O, reactive ion etch
(RIE). In this step, the diameter of the holes can be easily
tuned by changing the RIE time as shown in Figure 2b
and ¢, where the average diameter of the holes was
20 and 29 nm after 5 and 15 s of O; RIE, respectively.

The porous polymer film was used as a mask to
pattern pits into the underlying Nb:STO substrate
(Figure Tiii) by wet etching in aqua regia for 20 min
followed by air calcination at 600 °C to remove residual
polymer (Figure 1iv).*" Figure 2d and e are AFM height
images of surface-patterned Nb:STO substrates tem-
plated from a polymer film shown in Figure 2b and c,
respectively. The diameters of the pits were consistent
with the size of the holes in the polymer masks, and the
depth of the pits in both cases was 2.5 nm.

CFO nuclei were then grown by depositing a small
amount of CFO on patterned Nb:STO. A thin CFO layer
forms islands on flat (001) Nb:STO even without BFO
co-deposition;'® that is, the wettability of CFO is very

Figure 1. Schematic illustration of the fabrication process of a templated BFO/CFO nanocomposite. (i) Self-assembled square-
symmetry microdomain array from PI-b-PS-b-PFS/PS blend. (ii) Square array of holes was generated from Pl microdomains via
surface reconstruction in hexane. (iii) Residual polymer layer on the bottom of holes was removed by a short O, plasma, then
the STO substrate was etched through the polymer mask by immersing in aqua regia. (iv) Square array of pits in the STO surface
was revealed after removing the polymer template. (v) CFO nuclei were selectively grown in patterned pits. (vi) A thin BFO layer
was deposited to cover the mesas. (vii) A thick BFO/CFO nanocomposite was deposited, guided by the thin BFO/CFO composite.
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Figure 2. SEMimages of PI-b-PS-b-PFS/PS blend thin film (a) after surface reconstruction, (b) after O, RIE for 5 s, and (c) after O,
RIE for 15 s. AFM height images of surface-patterned Nb:STO (d) etched using the polymer mask shown in (b) and (e) etched

using the polymer mask shown in (c). All scale bars are 300 nm.

low” on the (001) facet of the substrate. However, the
etched pits are bounded by other facets and provide
preferential nucleation sites for CFO (Figure 1v). As a
result, a square array of CFO nuclei was formed corre-
lated with the surface topographic pattern of the
substrate. Thermal annealing in the pulsed laser de-
position (PLD) chamber at 680 °C was carried out after
CFO deposition to promote {111} faceting of the CFO
nuclei. Figure 3a shows CFO nuclei grown on the
patterned Nb:STO substrate shown in Figure 2d. CFO
nuclei are present in the pits, but there were still tiny
nuclei on the mesas, and some of the CFO nuclei in pits
did not show distinct facets.

A thin BFO layer was then deposited to cover
the unetched area of the substrate and to prevent
formation of additional CFO nuclei between the pits
(Figure 1vi). Figure 3b shows the CFO nuclei with an
approximately 4 nm thick BFO layer, which covered
the small CFO nuclei present on the mesa. If the BFO
passivation layer was thicker than the CFO nuclei
height, the excess BFO formed ridges around the
CFO nuclei, as shown in Figure S1a in the Supporting
Information. CFO nucleation on pits with a larger
diameter was also examined. Figure S1b shows CFO
nuclei grown on the substrate shown in Figure 2e.
There was insufficient CFO to fill the pits, and CFO
nuclei formed mostly at the edges of pits, with more
than one nucleus in each pit."

Finally, a thick layer of the BFO/CFO composite was
deposited by alternating ablation'® from the CFO
and BFO targets (Figure 1vii). Deposition from two
targets allows for a range of average film compositions
rather than obtaining a fixed composition from a target
containing both components of the nanocomposite.
Moreover, the deposition conditions for each compo-
nent can be separately adjusted. In our sample
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preparation process a lower laser frequency (5 Hz)
was used for CFO deposition to allow enough diffusion
for adatoms to reach the nucleation sites, while a
higher laser frequency (20 Hz) was used for BFO
deposition to prevent coarsening. Figure 3c shows a
thick (~40 nm) templated BFO/CFO nanocomposite.
The CFO seed layer, CFO anneal, BFO layer, and nano-
composite depositions took place sequentially without
breaking the vacuum. The pillar diameter is governed
by the relative fluxes of CFO and BFO and does not
depend on the pit diameter unless the pits are so large
that multiple nuclei form in each one (Figure S1b).

Figure 3d shows a tilted SEM image of free-standing
CFO pillars after selectively etching the BFO matrix in
5% HCl aqueous solution.? This reveals that CFO pillars
grew vertically throughout the film. However, some
short CFO pillars also were observed, as indicated by a
red circle in Figure 3d, that did not grow up to the top
surface and were overgrown with BFO, producing
vacant sites in the top view of the composite. These
pillars overgrown by BFO may have originated from
smaller CFO nuclei (shown by a red circle in Figure 3b)
formed in the smaller and shallower pits. A cross
sectional TEM analysis of the templated BFO/CFO com-
posite was also conducted. Figure 3e shows the vertical
interface between the BFO matrix and CFO pillars and
well-defined (111) and (001) facets of CFO protruding
from the top surface of the BFO, as seen in several
previous observations of BFO/CFO nanocomposites.””
Itis also evident that CFO pillars formed at the locations
of the pits as indicated with a dotted line in Figure 3e.
The high-resolution TEM image in the inset of Figure 3e
shows the lattice fringes and confirmed that both BFO
and CFO phases were epitaxial single crystals.

We next compare the CFO pillar to pillar distance
distribution between templated and untemplated BFO/
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Figure 3. SEM images of (a) CFO nuclei grown on etched Nb:STO, (b) thin layer of BFO/CFO nanocomposite after depositing
BFO, and (c) thick BFO/CFO nanocomposite. (d) Tilted view SEM image of free-standing CFO pillars after selectively removing
the BFO matrix from the BFO/CFO nanocomposite. () TEM cross-sectional image of the templated BFO/CFO nanocomposite.
TEM image was taken along the (110) zone axis. The dashed line indicates the outline of a pit. Red circles in (b) and (d) indicate

a smaller CFO nucleus and a short CFO pillar, respectively.

CFO nanocomposites grown under the same PLD con-
ditions. The SEM images used for image analysis are
shown in Figure S2a and b. The pillar to pillar distance
was defined as the average distance from the center of
one pillar to the center of its four nearest neighbors,
with data collected from about 2300 CFO pillars from
each sample. The distributions of pillar to pillar distance
are plotted in Figure 4a. As expected, the pillar to pillar
distance in templated BFO/CFO nanocomposites had a
narrow distribution, and most pillar to pillar distances
were between 40 and 55 nm, corresponding to the
periodicity of the block copolymer used in this study.
On the other hand, CFO pillars in untemplated BFO/
CFO nanocomposites were less dense, and pillar to
pillar distances were broadly distributed between
35 and 100 nm. This shows that templating can select
a periodicity within the range of natural periodicities
possible in the system.*?

CHOI ET AL.

Finally, magnetic hysteresis loops of the templated
BFO/CFO nanocomposite were measured at room tem-
perature by vibrating sample magnetometer (VSM),
as shown in Figure 3b. The magnetization values were
normalized by the volume of the film. The measured
saturation magnetization was about 85 emu cm ™3, which
is about 20% of the bulk saturation magnetization of
CFO (400 emu cm™3)."* This is reasonable considering the
volume fraction of CFO in the BFO/CFO nanocomposites.

The templated BFO/CFO nanocomposite showed
out-of-plane magnetic anisotropy as typically seen in
nanocomposites grown on (001) STO. This out-of-plane
magnetic anisotropy is attributed to a combination of
the shape anisotropy of CFO pillars and a magnetoe-
lastic anisotropy due to the out-of-plane compression
of the CFO caused by lattice mismatch with the BFO
phase.'** The compressive strain of the CFO phase in
the out-of-plane direction was found from the position
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Figure 4. (a) Distributions of pillar to pillar distances of templated (black) and untemplated (red) BFO/CFO nanocomposites.
The SEM images used in this analysis are shown in Figure S2. (b) In-plane and out-of-plane magnetization hysteresis loops of
templated BFO/CFO nanocomposite measured at room temperature by VSM. (c) XRD pattern of templated sample.

of the CFO (004) peak shown in Figure 3c. The X-ray
diffractometer (XRD) data of Figure 3c also confirm
the epitaxial growth of the two phases on the substrate.
The out-of-plane lattice parameter of the CFO phase
was dcro = 8.363 £+ 0.004 A, corresponding to a com-
pressive strain & = —0.20 £ 0.05%. This strain, calculated
with respect to the bulk value (aceo = 8.380 A),'>**
is similar to that obtained in an untemplated BFO/
CFO nanocomposite grown under similar deposition
conditions."®

The measured strain would suggest a magnetoelas-
tic anisotropy field Hyme =~ 7 kOe, in addition to the
shape anisotropy contribution (which would be Hy ¢ =
1.9 kOe for a rod-shaped pillar of aspect ratio 3:1
and less for lower aspect ratios). The measured total
anisotropy field from extrapolation of the hard axis
(in-plane) loop to saturation was ~4 kOe, which is
lower than Hy s + Hi me but which nevertheless suggests
that magnetoelastic anisotropy provides a major contri-
bution to the total anisotropy. The discrepancy between
estimated and measured anisotropy fields could have
various origins, such as a nonbulk magnetostriction value,
an in-plane strain or an inhomogeneous strain state.'

CONCLUSIONS

A templated square array of CFO pillars in BFO
was fabricated using a self-assembled linear triblock

EXPERIMENTAL METHODS

Block Copolymer Self-Assembly and Pattern Transfer. (001)-
oriented Nb-doped STO substrates (0.7% Nb, MTI Corporation)
were used. For the brush layer, a P2VP (M,, = 6.2 kg/mol, Polymer
Source Inc.) solution was spin-coated on the Nb:STO substrate
and annealed at 170 °C overnight under vacuum. The ungrafted
polymer was then removed by rinsing with toluene. The
synthesis processes of PI-b-PS-b-PFS, M,, = 82 kg/mol, fp =
0.25, fps = 0.65, fprs = 0.10, are described in ref 34. The blend
solution of the PI-b-PS-b-PFS and PS homopolymer (M, =
27 kg/mol, Polymer Source Inc.) at a weight ratio of 0.85:0.15
was spin coated on a substrate with a thickness of 32 nm
from toluene. The spin-coated thin polymer film was
then solvent annealed in a flow-controlled solvent annealing
system where saturated chloroform vapor and pure nitrogen
gas are continuously flowed into the annealing chamber.®®

CHOI ET AL.

terpolymer as an etch mask to pattern the substrate.
By taking advantage of the different wetting behavior
of perovskite and spinel phases, the BFO/CFO nano-
columnar structure was guided by the surface topo-
graphy of the Nb:STO substrate. Compared to pre-
viously reported templating methods, this approach
achieved the smallest periodicity, 44 nm, and also
has the advantage of patterning large areas with low
cost and a short process time. The pillar density
demonstrated in this study was 5 x 10'® cm 2 and
could be further increased by using a lower molecular
weight triblock terpolymer. The triblock terpolymer
patterns had good short-range order however, long-
range order, or aperiodic arrangements, can be
accomplished using directed self-assembly guided
by a sparse substrate pattern.?” The crystallographic
orientation and magnetic anisotropy of the tem-
plated sample were similar to those of an untem-
plated composite described in a prior study.'® The
magnetoelectric coupling behavior of templated
BFO/CFO nanocomposites of period 67 nm and
above measured using scanning probe microscopy
is described elsewhere.*® This hierarchical process
in which one self-assembling system templates an-
other could facilitate the incorporation of multifer-
roic nanocomposites into magnetic memory or logic
devices.

The triblock terpolymer films were annealed for 1 h in an
atmosphere resulting from an 8:2 ratio of saturated chloro-
form vapor and pure nitrogen gas; that is, the chloroform
partial pressure was estimated to be 205 Torr at room
temperature.

To open the holes in the self-assembled ISF/hS film, the film
was immersed in hexane for 20 s and quenched immediately
using a nitrogen gun. Then 5 s of oxygen RIE (10 mTorr, 90 W,
Plasma Therm 790) was applied to remove the polymer layer at
the bottom of the holes and also slightly widen the holes. The
Nb:STO substrate was then etched through the polymer holes in
aqua regia (a mixture of concentrated HCl and HNO; at a
volume ratio of 3:1) for 20 min followed by air calcination at
600 °C to remove the residual polymer template, leaving a
square array of pits in the Nb:STO substrate. The substrate was
then cleaned by dipping in concentrated HCl for 30 s to remove
residual Fe contained in the PFS phase.
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BFO/CFO Film Deposition. BFO/CFO oxide films were grown by
pulsed laser deposition using a KrF excimer laser (Coherent) at
an operating wavelength of 248 nm. The BFO and CFO targets
were purchased from Plasmaterials. The oxygen pressure in the
chamber for all processes was 5 mTorr. A CFO nucleation layer
was grown on patterned Nb:STO at 640 °C with a laser fluence
of 2 J/cm? and a repetition rate of 1 Hz. The CFO nucleation
layer was then annealed in the chamber at 680 °C and 5 mTorr
oxygen pressure for 12 h. A thin BFO layer was deposited at
a lower temperature of 580 °C with a higher laser fluence of
2.6 J/cm? and a higher repetition rate of 20 Hz. The thick BFO/
CFO composite was grown by alternately depositing a sub-
monolayer thickness of BFO and CFO. The temperature, fluence,
and repetition rate were 580 °C, 2.6 J/cm?, and 20 Hz (for BFO) or
5 Hz (for CFO), respectively. The detailed deposition methods
are described elsewhere.'®

Characterization. A Helios Nanolab 600 microscope was used
for SEM imaging and TEM sample preparation. The cross sec-
tional TEM analysis was conducted using a JEOL 2010F field
emission TEM. The magnetic properties of composite films were
measured using VSM (ADE model 1660) at room temperature,
and the background signal from the substrate and holder was
excluded. The magnetization values were normalized by the net
volume of the film instead of the volume of CFO. Structure and
phase formation of films were investigated by X-ray diffract-
ometer (PANalytical X'Pert Pro). The image analysis to obtain
pillar to pillar distances was conducted using ImageJ software *®
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