J Theor Appl Phys (2016) 10:251-257
DOI 10.1007/s40094-016-0223-y

=
@ CrossMark

RESEARCH

Size control of L1,-FePt; nanocrystals by spin-coating method

Zahra Bamshad' - Seyed Ali Sebt' - Mohammad Reza Abolhassani'

Received: 4 January 2016/ Accepted: 25 May 2016/ Published online: 11 June 2016
© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract Annealing is one of the stages of FePt
nanoparticles preparation, during which the transition to a
compositionally ordered phase occurs. In order to size and
shape control of the nanoparticles in the mentioned stage, it
is needed that they be distributed on a suitable surface. In
the present work, the spin-coating method is suggested for
preparing monolayer from L1,-FePt; nanoparticles col-
loidal solution on SiO,/Si substrates. FePt; nanoparticles
were gradually deposited as droplets on the center of a
500 rpm rotating substrate. This step was performed in
hexane vapor atmosphere without any stopping time. The
analyses revealed that a uniform surface distribution was
formed so that, after annealing at 600 °C for 1 h the 6.1 nm
L1,-FePt; nanoparticles were spherical in shape with
standard deviation of 1.5 nm.

Keywords Spin coating - FePt nanoparticle - Polyol
method - Monolayer

Introduction

The fabricated Fe_,Pt, nanocrystals have chemically dis-
ordered FCC cubic structure [1] and by annealing them at
temperature of 600 °C, depending on x, one of the two L1,
or L1, chemically ordered phase is formed [2]. For
0.35 <x < 0.55, a ferromagnetic fct-L1, phase with high
coercivity (H.) can be achieved [3, 4]. Antiferromagnetic
Fcc-L1, is the other ordered phase, i.e., FePt; [5], for
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0.55 < x < 0.80. Because of agglomeration and, therefore,
deformation and size increase [3], it is required that
nanoparticles to be distributed on the substrate by a suit-
able method. To prepare a uniform surface distribution of
size-controlled monosize L1, or L1,-FePt nanoparticles,
some techniques have been suggested.

In thin film deposition by sputtering method, the growth
of FePt layer grains is performed through a columnar
manner [6]. However, the size, shape and surface distri-
bution of nanoparticles are not completely suitable [7].
Monosize FePt nanoparticles are fabricated through
chemical reduction methods [8]. After purification, the
nanoparticles can be deposited on the surface. The fabri-
cation of the L1,y-FePt nanoparticles with a polyethilen-
imine (PEI) layer has been reported in Ref. [9]. Dip coating
is an alternative method that gives rise to a multilayer
formation [10].

In the spin-coating (SC) method, at first nanoparticles
should be fabricated and purified. Then, they are dispersed
within a suitable solvent as a colloid solution [11]. In
general, for their fabrication, a chemical reduction method
such as polyol method is used [8]. Then, the nanoparticles
are purified and distributed within a suitable solvent such
as hexane, with oleic acid and olylamine as ligands [12]. In
SC method, by taking account of the solution, substrate and
coating parameters, there are several factors which affect
the microstructure and nanostructure of the monolayer.

One advantage of the spin-coating method, besides
monolayer formation from monosize nanoparticles, is its
simplicity in usage [13]. To improve the microstructure and
nanostructure of the fabricated layer, it is necessary that
some parameters to be controlled. For example, the
increase in the concentration of FePt colloidal solution
leads to creation of a thick layer [14]. High evaporation
rate of hexane solvent is a problem. So, to control its
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Fig. 1 TEM image and
histogram of FePt nanoparticles
synthesized by polyol method

8000
0 'si 2452
| Fe 12.46
i | Pt 63.02
5000
4000
000
2000
1000 FekB
FeKa
o PLI ﬂiu eV
1 U
5 10

Fig. 2 Elemental EDX analysis of synthesized nanoparticles after
annealing
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Fig. 3 X-ray diffraction of FePt; nanocrystals after coating and
annealing

evaporation, the coating should be performed in hexane
vapor atmosphere [13, 14]. In addition, the mixture of
hexane and octane solvents can be used together [13].
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Fig. 4 AFM results of a sample no. 1, coated in air atmosphere»
without using SC. b Sample no. 2, coated in hexane vapor atmosphere
without using SC. ¢ Sample no. 3, coated in hexane vapor atmosphere
using SC with stopping time. d Sample no. 4, coated in hexane vapor
atmosphere using SC without stopping time

Surface wettability and the bonds formed between particles
and surface and also between particles should be taken into
account [15].

SC method is a nonequilibrium method and the con-
trollable aspects of crystallization of colloidal solution
have not yet been found [13-16]. Islands formation and
surface holes are typical problems of SC method [13, 15].

In this work, FePt nanoparticles are synthesized via
polyol method. Then, after purification, the nanoparticles
are dispersed within hexane; the solution has been coated
on Si0O,/Si substrate by the SC method. By analyzing our
results, in order to fabricate a uniform surface dispersion
from suitable size L1,-FePt; nanoparticles, some sugges-
tions have been presented.

Experimental

FePt nanoparticles were synthesized via polyol method, by
chemical co-reduction of Fe(acac); and Pt(acac), com-
pounds, using a reducing agent [17, 18]. The mixture was
heated up to 250 °C under an N, atmosphere followed by
refluxing at 250 °C for 30 min. To stabilize and control the
size of the nanoparticles, oleic acid and oleylamine were
used as ligands [19]. After cooling down to the room
temperature, purification was accomplished by ethanol,
through centrifugation at 10,000 rpm for 12 min, in two
stages consecutively [17]. Afterward, the nanoparticles
were dispersed in hexane and renewed surfactants, and then
the final centrifugation was done.

To form a layer, it is required that Si surface to be
converted to SiO,. So, the Si substrates were firstly cleaned
by acetone, then placed under a flow of O, atmosphere with
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the rate of 3 ml/s. The temperature was increased up to
890 °C and kept for 1 h before cooling down to the room
temperature. The SiO, layer caused a bonding formation
between surface and FePt; nanoparticles. After formation
of Si0O,, the SC process in hexane vapor atmosphere was
performed. Colloidal solution of nanoparticles with con-
centration of 0.5 mg/ml was dropped on the SiO,/Si sub-
strates. Hexane vapor atmosphere was used to reduce the
evaporation rate and to generate uniform layers.

Some SC conditions chosen for our samples were as
follows:

Sample 1 was coated in air by three droplets (0.1 ml) of
nanoparticle solutions in wetting organic solvents such as
hexane and octane, dropping on the substrate without any
simultaneous rotation.

Sample 2 was coated in hexane vapor atmosphere by
three droplets of solution with hexane as solvent, dropping
on substrate without any simultaneous rotation.

For Sample 3, three droplets of solution of sample 1
were dropped on the substrate in hexane atmosphere, and
then after 1 min the substrate was rotated at 400 rpm.

For Sample 4, at first the substrate was rotating at
500 rpm. Then, in hexane atmosphere, during time inter-
vals of 1.5 min, six droplets of solution of sample 2 were
dropped on the rotating substrate periodically.

After coating, the samples were placed in a furnace and
were exposed to a flow of a gas mixture of 90 % Ar and
10 % H, at a rate of 5 ml/s. Then, the temperature was
increased up to 600 °C at the rate of 5 °C/min and kept at
that temperature for 1 h. At that temperature, nanoparticles
transformed to the L1,-FePt; ordered phase which has been
realized from the results of analysis.

The TEM image was recorded using a PHLIPS system,
model CM30, working at 300 kV, which revealed the size
distribution of synthesized nanoparticles. X-ray diffraction
was performed using an STOE diffractometer with Cu-K,
source (1 = 1.5405A), which revealed the crystalline
structure of the nanoparticles, after transition to the L1,
ordered phase. The surface morphology was investigated
by AFM analysis using SPM Park Scientific Instruments
Auto probe CP model on contact mode. The FE-SEM
images were recorded using model MIRA3 TESCAN
working at 15.0 kV, which revealed the microstructure
and nanostructure of the constructed layers, after anneal-
ing. Elemental analysis such as EDX was performed by a
system, attached to the same microscope, by which the
composition stoichiometry of the samples was deter-
mined. From these results, different size dispersions of
nanoparticles and their final shapes on the SiO,/Si will be
specified.
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Results and discussion

Figure 1 shows the TEM image and the histogram of
synthesized and purified nanoparticles. The nanoparticles
are spherical with a mean diameter of 2.5 nm with the
standard deviation of 1 nm. A stable solution was formed
by adding oleic acid and oleylamine ligands and hexane
solvent.

Figure 2 shows the result of the EDX analysis. The
peaks of Pt and Fe elements imply the existence of these
elements with atomic percentage of 12.46 % Fe and
63.02 % Pt. The trace of the substrate has been revealed by
24.52 % Si. Therefore, the synthesized composition is of
FePt; type nanoparticles [20].

Figure 3 shows the result of the X-ray diffraction of
FePt; nanoparticles after coating and annealing. The sharp
peak at 20 = 33° indicates the presence of silicon on the
substrate. The (001), (110), (111), (200) and (201) peaks
belong to the FCC cubic structure of the FePt; with L1,-
compositional order [2, 4], which its lattice parameter is
3.86 A. In XRD pattern of the FCC structure, the presence
of the (001) peak at 20 = 23° corresponds to the L1,-
chemical order [4]. The role of this oxide layer is to bind
nanoparticles onto the substrate.

After annealing, the results of the AFM surface analyses
of the nanoparticles, coated on the SiO,/Si substrate, have
been shown in Fig. 4. Sample 1, which has been coated in
air without using SC system, has a rough surface with
average roughness of 27.4 A and rms of 34 A (Fig. 4a). As
Fig. 4b—d shows, the roughness of surfaces decreases from
samples 2 to 4, respectively. It can be deduced that coating
in the hexane vapor atmosphere and using SC method lead
to fabrication of a smoother surface. Moreover, sample 4
was gradually dropped on the spinning substrate in hexane
vapor atmosphere. In the following, the effects of fabri-
cation conditions on the surface dispersion and on the size
of nanoparticles will be discussed by examining FE-SEM
results.

Figure 5 shows FE-SEM images belonging to four
samples of the FePt; nanoparticles deposited on the Si0,/Si
substrates after annealing. The histogram of the samples
1-4 indicates that the average size of the nanoparticles in
the samples is 16.8, 35.6, 10.2, and 6.1 nm with their rel-
ative standard deviation 0.52, 0.49, 0.31, and 0.24,
respectively.

As can be seen in Fig. 5a, the dispersion and the sizes of
nanoparticles of sample 1 are not uniform. This figure has
been achieved after annealing sample 1 at temperature of
600 °C. In the coating process, the hexane vapor is cooler
than the ambient, so the vapor does not rise up but expands
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Table 1 The effect of spin coating on L1,-FePt; nanocrystals final size

Sample Coating Atmosphere Fluid deposition procedure  Average size of Standard Relative Surface
nanoparticles (nm) deviation (nm) standard holes
deviation

1 Without Air Dropping successively 16.8 8.6 0.52 Detected
rotation

2 Without Hexane Dropping successively 35.6 17.6 0.49 Detected
rotation vapor

3 With rotation ~ Hexane Dropping successively 10.2 32 0.31 Detected
400 (rpm) vapor before surface rotation

4 With rotation ~ Hexane Gradual drops during 6.1 1.5 0.24 No
500 (rpm) vapor surface rotation detected

on the horizontal surface of the sample immediately and
forces the rest of the liquid together with nanoparticles,
toward the back of the surface. Moreover, according to the
Fig. 5b, large holes have been created on the sample 1, due
to the remnant air bubbles. These bubbles almost are
results of surface tension of the liquid.

In Fig. 5c, d, FE-SEM images of nanoparticles of the
sample 2 have been shown after annealing at 600 °C. It
was coated in hexane vapor atmosphere, where evaporated
completely in 32 min. This causes the formation of
nanoparticle clusters on the surface, and their attaching
together, so that after annealing at 600 °C they converted
to islands with different shapes and sizes and their sizes
increased up to 50 nm. In addition, the big holes can be
seen on the surface again (Fig. 5d). However, the surface
roughness decreased from 27.4 A (for sample 1) to 15.4 A.
For comparison, 0.1 ml of hexane dropped on a 1Cm? rest
substrate evaporates completely in air at 3.5 min.

Sample 3 was fabricated by SC method in hexane vapor
atmosphere, and its FE-SEM images have been shown in
Fig. 5e, f, after annealing at 600 °C. The spin coating gives
rise to a smaller nanoparticles and to a more spherical in
shape of them compared to sample 2. However, the surface
tension of the solvent has caused the formation of holes in
the some regions (Fig. 5f).

Figure 5g, h shows the SEM images of the sample 4.
According to these figures, after annealing at 600 °C,
nanoparticles are spherical in shape and nearly monosize
of diameter of 6.1 nm, separated from each other and are
free from any hole. These suitable properties are due to
the conditions used for the fabrication of sample 4. For
this sample, in hexane vapor atmosphere, the colloidal
solution was gradually dropped on the SiO,/Si substrate,
while it was spinning at 500 rpm. The solution was
dropped on the center of the surface slowly, one droplet
every 1.5 min. As every droplet reached the rotating
surface, the previous droplet was evaporated, so that the
new one filled the rest of the regions and the nanoparti-
cles bound to the surface and finally a monolayer was
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formed. In fact, each droplet just after contact with the
rotating surface is dispersed on it. Therefore, there was no
enough time for nanoparticles in solvent on the surface to
attach together and no cluster structure formed. So, even
after annealing at 600 °C, the size of nanoparticles did
not increase to more than nearly 7 nm (Fig. 5g). By the
way, the decrease in the surface roughness and the
absence of holes are due to the evaporation of each
droplet, while it is quickly dispersing in each step,
without any initial stopping time.

Table 1 indicates that the spin-coating conditions of
sample 4 lead to nanoparticles formation with the least
average size and also the least standard deviation after
annealing.

Conclusion

To fabricate a monolayer with a uniform dispersion of
monosize FePt; nanoparticles, the spin-coating method can
be used by considering the following remarks:

(@) The hexane vapor atmosphere gives rise to a
controllable evaporation rate and, therefore, to a
controllable coating process.

(b) By spinning the SiO,/Si substrate at the rate of
500 rpm, no big cluster of nanoparticles was formed
and, therefore, after annealing and phase transition
the average sizes of nanoparticles did not increase
more than 10 nm.

(c) A suitable method of fabrication is suggested. The
droplets of colloidal solution of FePt nanoparticles
are gradually dropped on the SiO,/Si rotating
surface, in hexane vapor atmosphere and without
any initial stopping time. These conditions led to a
surface uniformity, absence of holes, monolayer
formation of nanoparticles, with average size of
6.1 nm and standard deviation of 1.5 nm even after
annealing the sample at 600 °C for 60 min.
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