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Fabrication of Ni-Co Alloy Nanoparticles on a Polymer Film

Jung Hoon Kim, Jeon Kim, and Chong Seung Yoon*
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A mono-layer of Ni-Co alloy nanoparticles was fabricated on a polyimide (PI) film via deposition of a 3.5-
nm-thick Co thin film on top of preexisting nano-sized Ni particles followed by thermal annealing. The pre-
existing 5-nm-sized Ni nanoparticles were produced on the PI thin film by imidizing a PI precursor layer
with a NigoFey thin film on top of the precursor. The average particle size of the thus-fabricated Ni-Co alloy
particles ranged from 5 nm to 9 nm depending on the heat treatment conditions. In general, the Ni-Co alloy
particles exhibited a dramatic increase in saturation magnetization, particularly when the samples were annealed
through rapid thermal annealing (RTA), as the thermal energy was efficiently delivered to the nanoparticles
by RTA. The blocking temperature of the nanoparticles also increased to 230 K as Co was successfully

incorporated into the Ni nanoparticles using RTA.
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1. INTRODUCTION

The recording density of conventional magnetic recording
materials based on magnetic thin films is fast approaching
the physical limit imposed by the superparamagnetic effect.
As such, an alternative material system has been intensely
sought after in order to overcome the random field fluctua-
tion effect, which arises from thermal energy'". Lithographi-
cally patterned magnetic thin films™ and self-assembled
magnetic nanoparticle systems'®" have been considered as
alternatives to replace the current high-density recording
medium. Although both technologies hold great promise, to
date, their successes have been limited to a laboratory scale.
Furthermore, scale up of these technologies to an industrial
scale is not likely to be realized in the near future. One of the
main obstacles for a self-assembled magnetic nanoparticle
system is that it lacks the robustness required for commercial
applications. Because the magnetic particles are spatially
separated and forced into a regular pattern based on rela-
tively weak Van der Waal forces arising from the organic
ligands™", the system is inherently susceptible to thermal
fluctuations.

We have recently reported on a mono-layer of magnetic
particles embedded in a dielectric matrix”"". These nano-
particles were magnetically isolated from one another while
forming a mono-layer in a chemically stable polyimide (PI)
matrix in the as-prepared state without requiring organic
ligands to provide the necessary binding forces. The mag-
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netic nanoparticles can be made from Ni or Fe,O; whose
average sizes ranged from 4 nm to 5 nm. However, because
the average size is close to the superparamagnetic limit (~5
nm'"?), the magnetic moment for the particles is hardly
detectable at room temperature. In this paper, we explore the
possibility of increasing the magnetic moment at room tem-
perature by alloying previously produced Ni nanoparticles
with Co, which possesses much higher atomic magnetic
moment than Ni (3.15 s for Co versus 1.61 p for Nit™). In
addition, Co can form a solid solution with Ni throughout the
nearly entire composition range'. We characterized the
morphology and microstructure of the Ni-Co alloy nanopar-
ticles and correlated these features to the magnetic properties
of the nanoparticles.

2. EXPERIMENTAL PROCEDURE

Ni nanoparticles were produced on top of the PI film by
depositing a thin NigoFex thin film on the PI precursor layer.
During imidization of the PI precursor, Ni-rich nanoparticles
were produced on the fully cured PI film. The PI precursor
used in this experiment was p-phenylene biphenyltetracar-
boximide (BPDA-PDA) type polyamic acid (Dupont,
PI2610D) dissolved in N-Methyl-2-Pyrrolidinone (1:3 ratio
by weight). The polyamic acid (PAA) solution was spin
coated onto a Si substrate having a 100-nm-thick thermal
oxide layer. The thickness of the spin-coated PI precursor
was controlled such that the final cured thickness of the PI
layer was 40 nm. The PI precursor was subsequently treated
at 135 °C for 30 min so as to evaporate the solvent. Using a
DC magnetron sputterer, a 3.5 nm—thick NigFey film was
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deposited onto the PI precursor-coated substrate and the
resulting Nig)Fe,o/PI stack was cured at 400 °C for 1 hour
under vacuum (10~ Pa). In order to form the Ni-Co alloy
particles, a thin Co film (3.5 nm thick) was deposited on top
of the Ni particles and heat treated at two different tempera-
tures (400 °C and 600 °C) for 1 hour under vacuum using a
conventional furnace and rapid thermal annealing (RTA) at
the same temperatures for 30 sec. RTA was performed using
three 500 W halogen lamps. Transmission electron micros-
copy (TEM, JEOL 2010) was used to characterize the syn-
thesized nanoparticles while monochromatic X-rays
generated from Al Ka (15 kV) were used for x-ray photo-
electron spectroscopy (XPS, PHI 5600). Magnetic measure-
ments were performed using a superconducting quantum
interference device (SQUID).

3. RESULTS AND DISCUSSION

3.1. Particle morphology and structure

Figure 1 shows TEM plan view images of the Ni nanopar-
ticles prior to the Co deposition and after a thin film of Co
(3.5 nm thick) was deposited on top of the nanoparticles. A
comparison of the two images in Fig. 1 reveals that, instead
of forming a continuous film over the preexisting Ni nano-
particles, ~10 nm-sized discrete Co islands cover the Ni par-
ticles, because Co nucleated preferentially on the preexisting
metal particles during deposition. The electron diffraction
pattern of the inset in Fig. 1(b) indicates that the deposited Co
film retained the fcc structure, isostructural with the preexist-
ing Ni nanoparticles. It is conjectured that this discontinuous
microstructure of the deposited Co film encapsulating the Ni
nanoparticles should shorten the diffusion length and expe-
dite the formation of a Ni-Co solid solution while reducing
the probability of forming separate Co clusters during ther-
mal treatment. Energy-dispersive x-ray spectroscopy analy-
sis of the thin film confirmed that the sample contained Co
and Ni in a nearly equi-atomic ratio.

Figs. 2(a) and (b) show images of the nanoparticles fabri-
cated by thermally annealing the sample in Fig. 1(b) in a
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Fig. 1. TEM plan view images: (a) Ni nanoparticles formed on PI
film by thermal imidization of NigFex (3.5 nm)/PAA at 400 °C prior
to Co deposition, (b) Co-Ni nanoparticles after depositing a 3.5-nm-

thick Co film of 3.5-nm-thick on the Ni nanoparticles. The inset
shows the corresponding electron diffraction pattern.

conventional tube furnace at 400 °C and 600 °C, respec-
tively. Average particle size and areal density for the nano-
particles were estimated from the TEM micrographs and are
summarized in Table I. Compared to the nearly spherical Ni
particles observed in our previous work'"’, these alloy nano-
particles are rather irregularly shaped with a relatively large
particle size distribution, especially for the alloy particles
produced at 600 °C, as can be seen from Fig. 2(b). The aver-
age particle size for both samples annealed at 400 °C and
600 °C were considerably larger than that of the Ni nanopar-
ticles prior to the Co deposition, which were only 4.5 nm in
diameter'”'. The increased average particle size suggests that
the deposited Co was indeed incorporated into the pre-exist-
ing Ni particles during annealing. When heat treated at
600 °C, the nanoparticles grew even larger, to 9.2 nm, due to
coarsening. In comparison, when the samples were heat
treated by RTA, the particles also became larger in size com-
pared to the pre-existing Ni nanoparticles, but no essential
difference in particle morphology was observed between
samples annealed at 400 °C and 600 °C. Notably, the average
particle size for the sample annealed by RTA at 600 °C was
slightly smaller than that for the sample annealed at 400 °C,
in contrast to the samples annealed using a conventional fur-
nace. The histrograms shown in Fig. 3 better demonstrate the
difference in the particle size distributions. While there was
no significant difference between the two RTA samples, the
distribution curve for the sample annealed in the furnace at
600 °C contains a broad shoulder near 13 nm due to coarsen-
ing, which substantially raised the average particle size for
the sample. In contrast to the slow conventional furnace ther-
mal treatment, RTA typically generates intense heat that is
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Fig. 2. TEM plan view images of Ni-Co alloy nanoparticles fabri-
cated by heat-treating the sample in Fig. 1(b): (a) conventional tube
furnace at 400 °C, (b) furnace at 600 °C, (c) RTA at 400 °C, (d) RTA
at 600 °C.
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Fig. 3. Particle size distributions for Ni-Co alloy nanoparticles fabri-
cated under different heat treatment conditions.
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Fig. 4. Cross-sectional TEM images of the furnace-treated samples:
(a) at 400 °C, (b) at 600 °C.

Table 1. Average particle size, particle size distribution, and areal den-
sity for the Ni-Co alloy nanoparticles produced at different tempera-
tures by furnace annealing and RTA

Average particle Areal density

Temperature diameter (nm) (%)
400 °C, furnace 52+1.8 30
600 °C, furnace 92+34 33
400 °C, RTA 8.5+3.4 45
600 °C, RTA 7.1+2.8 37

mainly concentrated at the surface, a process that is also
aided by the poor thermal conductivity of PI'®. RTA is
therefore more effective in terms of providing mobility to the

Fig. 5. (a) High-resolution TEM image of Ni-Co nanoparticles fabri-
cated by furnace-treatment at 400 °C, (b) indexed Fourier transform
of (a).

metal atoms residing on the top surface, thus enabling them
to coalesce into Ni-Co solid solution particles. In addition,
the extremely short period during which RTA was carried
out essentially prevented the coarsening of the particles
regardless of the annealing temperature. As for the areal den-
sity of the Ni-Co alloy nanoparticles, the values listed in
Table 1 are substantially higher than that previously mea-
sured for the Ni nanoparticles (24 %), as would be expected
from the incorporation of extra material into the particles.

Figure 4 shows cross-sectional TEM images of the fur-
nace-treated samples at 400 °C and 600 °C. As can be seen in
these images, the mono-layer structure of the pre-existing Ni
nanoparticles was maintained during the heat treatment pro-
cess up to 600 °C, at which the PI structure has been previ-
ously observed to be severely damagedm]. Fig. 5 (a) shows a
high-resolution TEM image of the Ni-Co nanoparticles
obtained from the furnace-treatment at 400 °C. Well-
resolved lattice fringes indicate that the particles were well
crystallized. The corresponding Fourier transform of the
image shows the particle is aligned along the [110] direction
and verifies that the individual particle is indeed single-
phased containing no other secondary structures.
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Fig. 6. Indexed electron diffraction patterns of nanoparticles pro-
duced from different heat treatments: (a) furnace-annealed at 400 °C,
(b) furnace-annealed at 600 °C, (c) RTA at 400 °C, (d) RTA at
600 °C.
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Fig. 7. Co 2p XPS spectra of furnace-treated Ni-Co alloy nanoparti-

cle samples with the peak separated curves showing contributions
from CoO and Co : (a) at 400 °C, (b) at 600 °C.

Shown in Fig. 6 are respective selected area electron dif-
fraction patterns obtained from the samples. Except for the
sample that was furnace-heat treated at 400 °C, in all sam-
ples the nanoparticles were single-phased with a fcc struc-
ture. The sample furnace-heat treated at 400 °C, as indicated
in the diffraction pattern, contained a ring corresponding to
the (111) peak of CoO. Notably, the XPS spectrum obtained
near the Co L-absorption in Fig. 7 was in agreement with the
electron diffraction result that Co in the sample furnace-heat
treated at 400 °C was partially oxidized. Both 2ps» and 2pi»
peaks in the XPS spectrum for this sample, shown in Fig.
7(a), had a doublet structure. A small 2p;, peak at 778.3 eV
U8B precisely matched the binding energy of metallic Co
with the main 2p;» peak near 780 eV corresponding to the
Co-oxide binding energy'”. The peak separation clearly
shows that Co was partially oxidized for this sample. The
relative peak intensity suggests that a major fraction of Co
atoms were in an ionized state. On the other hand, the
sample that was furnace-heat treated at 600 °C exhibited a
single 2ps» peak at 778.3 eV with a barely noticeable oxide
shoulder at 780 eV, as can be seen from Fig. 7(b). The XPS
analysis from both RTA samples (not shown) also exhibited
spectra similar to those shown in Fig. 7(b). It appears that the
Co thin film was partially oxidized during the furnace-heat
treatment at 400 °C, possibly from reaction with the residual
PAA that may have not been fully imidized during the initial
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Fig. 8. Ni 2p XPS spectra of furnace-treated Ni-Co composite nano-

particle samples with the peak separated curves showing contribu-
tions from NiO and Ni: (a) at 400 °C, (b) at 600 °C.
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curing process. For the RTA samples, it is plausible that the
intense heat lasting for only a short period (30 sec) minimized
the chemical reaction of Co on the surface with the PI matrix.
For the sample that was furnace-heat treated at 600 °C, one
would expect a larger fraction of Co to be oxidized compared
to the sample annealed at 400 °C. The contrary evidence in
Figs. 6 and 7 may be attributed to the destruction of the
chemical structure of PI at this temperature, accompanied by
evolution of reducing chemical complexes. More convincing
evidence of reduction of metal ions can be seen in Fig. 8,
which shows changes in the chemical state of Ni, as
determined using XPS.

The Ni 2p absorption edge from the sample that was fur-
nace-treated at 400 °C, shown in Fig. 8 (a), suggests that Ni
remained mostly metallic. Both the Ni 2p binding energy
(852.7 eV) and the energy width between the 2ps» and 2p;»
peaks matched well with the standard values for metallic Ni
52 'However, the spectrum also contained weak shoulders
arising from the presence of NiO. From the peak separation
and the comparison of the relative peak intensity, it was
found that the mole fraction ratio, Xyi/Xni+, was ~0.2. A
similar XPS analysis of the as-prepared Ni nanoparticles
prior to the Co deposition also showed that Xni/Xni+ Was
~0.1"" Similar to Co, Ni in the preexisting nanoparticles
was further oxidized by subsequent annealing. However, the
Ni spectrum from the sample annealed at 600 °C (Fig. 8(b))
and the RTA samples (not shown) matched that of a pure
metallic Ni film without exhibiting any evidence of the pres-
ence of Ni oxides.

3.2. Magnetic properties

Figure 9 shows magnetic hysteresis loops from the fur-
nace-annealed samples measured using SQUID at room
temperature. The nanoaparticles from the sample annealed at
400 °C were ferromagnetic with the magnetization saturating
near 700 Oe. However, the magnitude of the saturation mag-
netization rose only slightly above that of the preexisting Ni
nanoparticles in spite of the Co incorporation. This is attrib-
uted to the oxidization of a large fraction of Co atoms to
become CoO, which is an antiferromagnet near room tem-
perature (Neel temperature =290 K*'). The magnetization
curve for the sample exhibited a noticeable rise in coercivity,
which was absent from the Ni nanoparticles. The relatively
large coercivity likely arose from the exchange bias between
the antiferromagnetic CoO and residual Co or Ni*?. Mean-
while, the Ni-Co alloy particles produced at 600 °C exhibited
a marked increase in the saturation magnetization compared
to the Ni nanoparticles, evincing that Co was successfully
incorporated into the Ni nanoparticles. In addition, the larger
volume fraction of ferromagnetic materials in the 600 °C-
annealed sample and subsequent increase in magnetic inter-
actions among particles led to increased initial susceptibility
and a considerable decrease in the saturation field of the
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Fig. 9. Magnetic hysteresis loops from different Ni-Co alloy nano-
particle samples measured using SQUID at room temperature: (a)
furnace-annealed samples (A : at 400 °C, [J: at 600°C, @: Ni nano-
particles before the Co deposition), (b) RTA-treated samples (A : at
400°C, O: at 600 °C).
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Fig. 10. ZFC and FC curves of Ni-Co alloy nanoparticle samples: (a)
furnace-annealed at 400 °C, (b) RTA at 600 °C.

magnetization curve compared to the initial Ni nanoparti-
cles™'. Shown in Fig. 9(b) are hysteresis loops obtained from
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the two RTA samples at room temperature. The increase in the
saturation magnetization is more dramatic for these samples,
nearly quadrupling in magnitude, compared to the initial Ni
nanoparticles. As observed in the particle morphology and
microstructure, no essential difference in magnetic properties
was observed between these two samples treated by RTA,
regardless of the annealing temperature.

In Fig. 10, we plotted the temperature dependence of the
magnetization measured with an applied field of 50 Oe for
both field cooled (FC) and zero field cooled (ZFC) samples.
The ZFC curve for the sample treated by the conventional
furnace at 400 °C in Fig. 10(a) decays uniformly and joins
the FC curve near its peak with the blocking temperature, 75
of 150 K. The ZFC and FC curves closely resemble those of
the Ni nanoparticles produced by magnetron sputtering with
an average particle size of 10 nm and 7 of ~ 240 K**. The
ZFC and FC curves for the Ni-Co nanoparticles produced by
RTA at 600 °C also showed similar behavior; however, the
blocking temperatures increased to 230 K, which amounts to
a~ 50 % increase. Since Ty; (E, + E;y), where E,is the mag-
netocrystalline anisotropy energy and £, is the dipole field
energym], the increase in 7p can be traced both to the
increase in E, by Co incorporation[zs] and to the increase in
E,;xdue to the increased particle densitym].

In general, the measured magnetic properties correlated
well with the observed morphology and microstructure of
the alloyed nanoparticles. It was also demonstrated that RTA
was more effective in fabricating alloyed Ni-Co nanoparti-
cles compared to the conventional furnace treatment, as the
thermal energy was efficiently delivered to the nanoparticles
by RTA.

4. CONCLUSION

We demonstrated that a mono-layer of Ni-Co alloy nano-
particles can be fabricated via deposition of a thin film of Co
on top of preexisting nano-sized Ni particles, followed by
thermal annealing. Thus-fabricated Ni-Co alloy particles
exhibited a dramatic increase in saturation magnetization,
especially when the samples were annealed using RTA.
Based on our results, it is speculated that the magnetic prop-
erties of the alloy nanoparticles can be further improved by
repeated Co deposition and RTA so as to increase the satura-
tion magnetization while the coercivity can also be increased
by incorporating a thin CoO layer into the nanoaparticles to
induce exchange bias.
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