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Abstract: In this paper, a CogyFeyg Yoo film was sputtered onto Si (100) substrates with thicknesses
ranging from 10 to 50 nm under four conditions to investigate the structure, magnetic properties,
and surface energy. Under four conditions, the crystal structure of the CoFeY films was found to be
amorphous by an X-ray diffraction analyzer (XRD), suggesting that yttrium (Y) added into CoFe
films and can be refined in grain size and insufficient annealing temperatures do not induce enough
thermal driving force to support grain growth. The saturation magnetization (Mg) and low-frequency
alternate-current magnetic susceptibility (xac) increased with the increase of the thicknesses and
annealing temperatures, indicating the thickness effect and Y can be refined grain size and improved
ferromagnetic spin exchange coupling. The highest Ms and xac values of the CogyFepgY2g films were
883 emu/cm? and 0.26 when the annealed temperature was 300 °C and the thickness was 50 nm.
The optimal resonance frequency (fres) was 50 Hz with the maximum X, value, indicating it could
be used at a low frequency range. Moreover, the surface energy increased with the increase of the
thickness and annealing temperature. The maximum surface energy of the annealed 300 °C film was
30.02 mJ/mm? at 50 nm. Based on the magnetic and surface energy results, the optimal thickness
was 50 nm annealed at 300 °C, which has the highest Ms, xac, and a strong adhesion, which can be
as a free or pinned layer that could be combined with the magnetic tunneling layer and applied in
magnetic fields.

Keywords: annealed CogoFey)Yyq thin films; saturation magnetization (Ms); low-frequency alternating
current magnetic susceptibility (xac); optimal resonance frequency (fres); surface energy; adhesion

1. Introduction

A CoFebinary alloy is an important alloy with excellent soft magnetic properties. It has
a unique combination of high saturation magnetization (Mg), a high Curie temperature (T¢),
low magnetic crystal anisotropy, and good strength. It is suitable for applications requiring
a high-throughput density. Due to these excellent characteristics, researchers often apply
CoFe alloys to magnetic equipment, and they can be used in micro electromechanical
systems (MEMS), sensors, actuators, and magnetic recording heads [1-3]. However, CoFe
alloys have the disadvantage of serious magnetic degradation and anisotropy with the
increase of temperature after annealing treatment.

Therefore, it is difficult for these magnetic devices to be effectively used at high
temperatures. In order to enhance the thermal stability of CoFe alloys, a third element may
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be added to overcome this problem [4]. Therefore, the main research goal of this study
was to find ways to effectively improve the thermal stability of CoFe alloys by adding
other elements. Magnetic films play an important role in increasing the storage density
of magnetic data. In this region, the manufacturing of write heads requires high Mg, low
coercivity (Hc), and high anisotropy [5].

However, when rare earth elements and transition metals, such as yttrium (Y), iron
(Fe), cobalt (Co), and nickel (Ni), are combined to form compounds, their Curie temper-
atures will be higher than room temperature (RT). Therefore, their characteristics can be
applied to improve the high temperature resistance of magnetic films and improve their
mechanical strength and other physical properties. CoFeY is a new material in the field of
magnetic materials.

The chemical properties of yttrium are similar to those of the lanthanides (Ln), and it
is often classified as a rare earth metal. In the past, Y was used as a reactant for phosphors
to produce various synthetic garnets. According to the literature, the addition of Y to the
parent alloy and heat treatment can significantly improve the mechanical properties [6].
The addition of Y improves the thermal stability and corrosion resistance [7]. The addition
of Y into an alloy can reduce the processing difficulty, improve the recrystallization of
the material at high temperatures, and greatly increase the resistance to high temperature
oxidation [8,9].

In addition, the substitution of Y can not only enhance the exchange coupling but also
improve the stability of the magnetic properties and temperature [10,11]. Regarding the
application of Y in soft magnetic materials, since 2009, some scholars have successfully
developed large-size ternary Fe-X-B (X = Sc, Y, Dy, Ho, and Er) amorphous alloys with
a small amount of rare earth elements [12,13]. Due to the advantage of having a low cost
in industrial application, Fe-Y-B also has relatively high potential. Thus far, studies have
shown that adding or increasing the content of Y in permanent magnet materials can
reduce their coercivity and improve their thermal stability.

However, there are few studies on adding Y to soft magnetic materials. For Fe-Y-B
alloys, it is necessary to increase the soft magnetic properties, such as low-temperature
annealing treatment [14,15]. It is worthwhile to study the addition of pure rare earth
elements to transition alloys to investigate the resulting characteristics, including the
structure, magnetic properties, surface energy, and electric resistivity. As there are few
studies focused on CogpFeyg Yo films, we focused on the use of CogyFepoY2g alloys on a Si
(100) substrate.

We discuss whether the addition of Y could improve the characteristics and mag-
netic properties of a magnetic film, such as its thermal stability and comparison at room
temperature. In this experiment, the structure, magnetic properties, and adhesion were
discussed under four conditions: at as-deposited temperature and after annealing at 100,
200, and 300 °C. The specific properties CogoFezgYo films can be compared with other
specific CoysFeps films using their magnetic characteristics, as mentioned in Table 1 [16,17].
The results revealed that the addition of Y can enhance the exchange coupling and grain
refinement, thus, inducing higher saturation magnetization and lower coercivity.

Table 1. Significant properties for CoggFeygY9 and CoysFeps materials.

Saturation Coercivit Magnetic
Material Magnetization Ms y Susceptibility
3 Hc (Oe) .
(emu/cm?) X (arb. units)
CoFe alloy nanoparticles [16] 197-213 177-296
Cu (110)/CoysFeys (0.5-1 ML) [17] 0-1.2
Si (100)/CogoFez Y29 [*]
10-50 nm at as-deposited and 475-883 1-21 0.03-0.26

annealed conditions

[*]: Current research.
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2. Materials and Methods

CoFeY with thickness of 10-50 nm was sputtered onto a Si(100) substrate at RT by
magnetron direct current (DC) sputtering method of 50 W power and under the subsequent
four conditions: (a) the deposited films were kept at RT, (b) annealed at a treatment
temperature (Tp) at 100 °C for 1 h, (c) annealed at 200 °C for 1 h, and (d) annealed at
300 °C for 1 h. The chamber base pressure was 3 x 10~ Torr, and therefore the Ar working
pressure was 5 x 102 Torr. The pressure in ex-situ annealed condition was 3 x 1073 Torr
with a selected Ar gas. The alloy target of CoFeY composition was Co 54.7 wt%, Fe
17.5 wt%, and Y 27.7 wt%.

To achieve accurate thicknesses, the calibrated thickness of the corresponding sput-
tered time was investigated through high-resolution cross-sectional transmission electron
microscopy (HR X-TEM) (JEOL, Tokyo, Japan). The structure was detected by grazing
incidence X-ray Diffraction (XRD) (Malvern Panalytical Ltd, Cambridge, United Kingdom)
patterns obtained with CuK«1 (PAN analytical X"pert PRO MRD, Malvern Panalytical Ltd,
Cambridge, United Kingdom) and a low angle diffraction incidence of about a two-degree
angle. In-plane low-frequency alternate-current magnetic susceptibility (xac) and hysteresis
loops were studied by xac analyzer (XacQuan, MagQu Co. Ltd. New Tapei City, and
Taiwan) and alternating gradient magnetometer (AGM) (PMC, Ohio, USA).

Furthermore, in the ¥, measurement, we used the xac analyzer to calibrate the stan-
dard sample under the action of an external magnetic field and inserted the sample into
the xac analyzer. The driving frequency was between 10 and 25,000 Hz. x,. was measured
by magnetization. All test samples had an equivalent shape and size to eliminate demag-
netization. The X4 valve was an arbitrary unit (a.u.) because the AC result corresponds to
the reference standard sample and may be a comparison value. The connection between
magnetic susceptibility and frequency was measured by a X, analyzer.

The best resonance frequency (fres) was measured by a Xac analyzer and represents
the frequency of the maximum X,.. Before measurement, the contact angle should be
properly air cleaned on the surface. The contact angles of CoFeY film were measured
with deionized (DI) water and glycerol. The contact angles were measured when the
samples take out from the chamber. The surface energy was obtained from the contact
angle and some calculations [18-20]. The resistivity (p) was measured using a conventional
four-point technique.

3. Results
3.1. Structure

Figure 1a—d display the XRD results of the CoFeY films at four conditions. To avoid
Si(100) substrate signal is too strong to cause other peak signals to be invisible in the
particular range of diffraction angles, the XRD patterns of the different samples detected in
the range from 35 to 60 degrees. Moreover, XRD patterns also subtracted the background
signal from the Si substrate. From the results of Figure 1a, there was no apparent diffracted
peak, indicating an amorphous structure of the as-deposited film. Moreover, after the
annealing treatments, an amorphous state was found, because Y was added to the CoFe
alloy and could refine the grain size as shown in Figure 1b-d [21-23]. Another possible
reason is the lack of a sufficient thermal driving force to support grain growth [24-26].
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Figure 1. X-ray diffraction patterns of CoFeY thin films. (a) RT, (b) post-annealing at 100 °C, (c) post-
annealing at 200 °C, and (d) post-annealing at 300 °C.

3.2. Magnetic Analysis

Figure 2a—d reveal the in-plane hysteresis loops of the CoFeY films under four condi-
tions, with thicknesses ranging from 10 to 50 nm as measured using AGM. The external
magnetic field (Hext) of 500 Oe in the plane was enough to observe the saturation mag-
netic spin state. The figures reveal low coercivity, suggesting the CoFeY film had soft
magnetic properties.

The corresponding saturation magnetization (Ms) of the CoFeY various thicknesses
under four conditions are shown in Figure 3. From the result of Figure 3, the Ms increased
with the increase of the thickness and annealing temperature owing to the thickness
effect and the addition of Y can enhance the exchange coupling and grain refinement.
The ferromagnetic spin exchange coupling is improved [27-29]. The highest saturation
magnetization occurred at the annealing temperature of 300 °C, indicating that the best
heat-resistant temperature of the films in this study was 300 °C.

The maximum Ms of the CoFeY films at 50 nm under four conditions was 632, 786,
806, and 883 emu/cm?, respectively. The results showed that the addition of Y and the
annealing temperature could increase the magnetization and improve the properties of
the alloy. The saturation magnetization of the samples increased roughly by 50% in its
value, when the samples were annealed to 300 °C. The structure of the films has not
changed. It can be reasonably concluded that the increase in magnetization was caused by
the annealing treatment [30].

Si(IOO)JCON)l’e Y. (X nm)

20 20

1000

v
=]
(=]

M (z:mufcm“)
=)

Figure 2. Cont.
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Figure 2. In-plane magnetic hysteresis loop of CoFeY thin films. (a) RT, (b) post-annealing at 100 °C,
(c) post-annealing at 200 °C, and (d) post-annealing at 300 °C.
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Figure 3. Saturation magnetization (Mg) of CoFeY thin films.

Figure 4a-d depict the low-frequency alternating-current magnetic susceptibility (Xac)
as a function of 50 to 25000 Hz at 10, 20, 30, 40, and 50 nm under four conditions. The
frequency in the X-axis represented on a logarithmic scale, which is shown in Figure 4.
Apparently, maximum X, of all CoFeY films is found at 50 Hz. The x,c values decreased
sharply with the increasing frequency under four conditions. The corresponding maximum
Xac of various CoFeY thicknesses under four conditions are shown in Figure 5. According
to the results, the maximum ¥,. also increased with the increase of the thickness and
annealing temperature owing to the thickness effect, and the addition of Y can enhance the
exchange coupling and grain refinement, indicating that the ferromagnetic spin exchange
coupling is improved [27-29].

The xac peak indicated the spin exchange-coupling interaction and dipole moment of
the domain under frequency [31]. The maximum .. of the CoFeY films at 50 nm under
four conditions was 0.14, 0.18, 0.22, and 0.26, respectively. The maximum x,. demonstrated
that the spin sensitivity was highest at the optimal resonant frequency (fres). Furthermore,
the fres value was 50 Hz for all films, making CoFeY films ideal for low-frequency magnetic
applications in soft magnetism devices.
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Log Frequency (Hz)
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Figure 4. Cont.
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Figure 4. The low-frequency alternate-current magnetic susceptibility (xac) as a function of the
frequency from 50 to 25,000 Hz. (a) RT, (b) post-annealing at 100 °C, (c) post-annealing at 200 °C,

and (d) post-annealing at 300 °C.
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Figure 5. The maximum alternate-current magnetic susceptibility for the CoFeY thin films.

3.3. Analysis of Surface Energy and Adhesion

The contact angles of the CoFeY films were measured using DI water and glycerol
under the four conditions, as shown in Table 2. The contact angles of all CogyFezoY2g thin
films were less than 90°, indicating that the CoFeY films exhibited good hydrophilicity
and wettability. The result revealed that, as the annealed temperature increased, the
contact angle showed a decreasing trend. The surface energy of a thin film is an important
parameter because it relates to the adhesion of thin films. When CoFeY thin films are used
as a seed, buffer, free, or pinned layer, the strong adhesion of the thin films is essential. The

data of the contact angles are used to calculate the surface energy [18-20].

Table 2. Comparing the contact angles and surface energy for CogoFeyoYyg thin films from different

fabrication processes.

Process  Thickness oo RE e Glyeera @) ()

10 nm 82.7° 80.0° 23.08

20 nm 81.8° 80.2° 23.18

RT 30 nm 82.9° 78.7° 23.22

40 nm 83.4° 80.5° 22.94

50 nm 83.6° 77.9° 23.43

10 nm 81.5° 75.7° 24.89

20 nm 80.1° 76.9° 24.96

Post-annealing 30 nm 80.2° 77.6° 24.87
100 °C

40 nm 83.2° 75.7° 24.92

50 nm 79.2° 78.2° 25.86

10 nm 82.5° 74.3° 26.03

20 nm 78.9° 75.8° 25.88

Post-annealing 30 nm 79.1° 77.5° 25.74
200 °C

40 nm 83.7° 75.0° 25.77

50 nm 78.7° 77.4° 26.09

10 nm 77.9° 74.1° 26.73

20 nm 79.7° 79.5° 27.43

Posgzgr}fzdmg 30 nm 77.7° 72.2° 28.56

40 nm 74.0° 72.0° 29.64

50 nm 73.5° 69.9° 30.02
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Figure 6 shows the trend of the CoFeY surface energy, and the value is shown in
Table 2. The surface energy of the CoFeY film increased with the increase of the thickness.
Apparently, the surface energy of the CoFeY film increased with the annealing temperature.
The highest surface energy of annealed 100 °C CoFeY thin films was 25.86 mJ/mm? at
50 nm. When the post-annealing temperature was 200 °C, the highest surface energy at
50 nm was 26.09 mJ/mm?.

32

ar |
30

29 |-

28 |-
27 -

26 |-

25 |-

Surface energy (mJ/mm?)

2

23 |

22 [ 1 L L 'l 1
10 20 30 40 50

Thickness (nm)

Figure 6. Surface energy of CoFeY films.

When the post-annealing temperature achieved 300 °C, it was 30.02 m]/mm? at 50 nm.
When the surface energy was high, the liquid absorption capacity of the surface was
correspondingly high. A high surface energy corresponds to strong adhesion [32]. Surface
energy is an important factor affecting the adhesion of a film. As CoFeY is compatible with
the spin-value magnetic tunnel junction (MT]) and can be applied to magnetoresistance
random access memory (MRAM) applications, it can also be used as a free layer and in
combination with other layers.

3.4. Electric Property

The electric resistivity (p) is shown in Figure 7. From the results, the resistivity de-
creased with the increase of thickness and annealed temperatures. The electrical resistivity
of the as-deposited and thinner CoFeY films was larger than that of the annealed and
thicker CoFeY films because the as-deposited and thinner CoFeY films decreased the elec-
tron mobility through the film and enhanced the electron scattering at the grain boundaries
or where impurities are present [33,34].

Si(lo0}/ Coy, Fe Y, (X nm)

100 = —
—=—RT
—e—300°C
80 |-
E
3
"‘CJ €0 |-
=)
=
£ 40
Ho
g
[
20 |
0 1 L 'l 'l :
10 20 30 40 50

Thickness (nm)

Figure 7. Resistivity of CoFeY films.
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4. Conclusions

The XRD results showed that the CoFeY had no obvious characteristic peak, and
thus CoFeY has an amorphous structure owing to the grain size refinement of Y addition
and insufficient thermal driving force for grain growth. Ms and X, both increased with
the increase of the thickness and the annealing temperature owing to the thickness effect,
and the addition of Y can enhance the exchange coupling and grain refinement. The
ferromagnetic spin exchange coupling was improved.

From the magnetic measurement results, we that, when the film thickness was 50 nm
and the annealing temperature was 300 °C, the saturated magnetization Mg and x,. values
of CoFeY films were the highest, at 883 emu/cm? and 0.26. The best resonance frequency
of the CoFeY film was 50 Hz, indicating that it could be used in low-frequency applications.
Moreover, the contact angle of the surface was less than 90°, indicating that it was a
hydrophilic film. The surface energy of the CoFeY film increased with the increase of the
thickness and the annealing temperature.

At 50 nm of annealing at 300 °C, the film had the highest surface energy of 30.02 mJ /mm?
and had the strongest adhesion. The higher surface energy resulted in the stronger adhesion
of the film, and it was easier to combine with magnetic tunneling layer to form an MT]
structure. Based on the magnetic and surface energy results, the optimal thickness was
50 nm at an annealing temperature of 300 °C. This had the highest Ms, Xac, and strong
adhesion, making it useful as a free or pinned layer that could be combined with the
magnetic tunneling layer and applied in magnetic fields.
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