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Abstract: This study investigated CoggFesoWyq single-layer thin films according to their correspond-
ing structure, grain size, contact angle, and surface energy characteristics. CoggFesoWy alloy thin
films of different thicknesses, ranging from 10 to 50 nm, were sputtered on Si(100) substrates by DC
magnetron sputtering. The thin films were annealed under three conditions: as-deposited, 250 °C,
and 350 °C temperatures, respectively. The Scherrer equation was applied to calculate the grain size
of CoypFeyoWyg thin films. The results show that the grain size of CoFe(110) increased simultaneously
with the increase of post-annealing temperature, suggesting that the crystallinity of CosgFesoWyg thin
films increased with the post-annealing temperature. Moreover, the contact angles of all CoggFesgWpg
thin films were all less than 90°, suggesting that CosgFes9Wpg thin films show changes in the direc-
tion of higher hydrophilicity. However, we found that their contact angles decreased as the grain
size of CoFe increased. Finally, the Young equation was applied to calculate the surface energy of
CoygoFeqgWpy thin films. After post-annealing, the surface energy of CosgFe oWy thin films increased
with the rising post-annealing temperature. This is the highest value of surface energy observed
for 350 °C. In addition, the surface energy increased as the contact angle of CogFesoWyg thin films
decreased. The high surface energy means stronger adhesion, allowing the formation of multilayer
thin films with magnetic tunneling junctions (MTJs). The sheet resistance of the as-deposited and
thinner CoFeW films is larger than annealed and thicker CoFeW films. When the thickness is from
10 nm to 50 nm, the hardness and Young’s modulus of the CoFeW film also show a saturation trend.

Keywords: annealed CoggFes0Wyg thin films; magnetic tunnel junctions (MT]s); X-ray diffraction
(XRD); contact angle; surface energy; nanomechanical properties

1. Introduction

Magnetic nanofilms have attracted increasing attention in recent years, especially in
the CoFeB system. CoFeB is a soft ferromagnetic material, which has been extensively
applied in spintronic devices. When a CoFeB film is thinner than 1.7 nm, it shows a
perpendicular magnetic anisotropy (PMA), implying its easy axis is obviously out-of-
plane [1,2]. The PMA in Ta/CoFeB/MgO stack, first identified by Ikeda et al., has promising
applications in spin-transfer torque devices [3]. Moreover, magnetic tunnel junctions
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(MT]Js) have been widely investigated because of their wide applications in spintronic
magnetic devices, such as reading heads of hard disks and magnetoresistance random
access memories (MRAM) [4-7]. The CoFeB film was combined with the MgO layer to
form MTJs. A PMA in magnetic films is an essential characteristic for MT]Js [8,9]. On the
other hand, CoFeB magnetic film has been extensively used as a free or pinned layer in
MT]Js. CoFeB and MgO layers via post-annealing result in a high spin polarization and
high tunneling magnetoresistance (TMR) [10-15]. Meng et al. reported that post-annealing
at 250 °C could effectively increase TMR about nine times [16]. The CoFeB-MgO-based
MT]Js are considered as a potential candidate for MRAM with high PMA, lower critical
switching current density (J.), and high TMR [17,18]. Researchers have paid great attention
to increasing the PMA and the thermal stability of MTJs structure. Inserting other metal
spacer layers in the MTJs system was common and effective in improving its various
properties [19-21]. Tungsten (W) has a high melting point, high mechanical strength, and
high-temperature thermal conductivity. In recent years, people have paid more and more
attention to adding new elements to material in magnetic fields. Especially, the study of
adding other elements to the CoFe matrix has also increased. However, few researchers
have paid attention to adding W to CoFe alloy. The research on the efficacy of CoFeW is
noteworthy because it is a promising material. It is usually inserted into MTJ as a free layer
or pinned layer or is combined with other layers in a multilayer structure. It can be widely
used in magnetic and semiconductor applications. In our previous studies, the relationship
between magnetism and structure of CoFeW films, as deposited and annealed, has been
studied [22]. This study is an extension of our previous research to investigate contact
angle and surface energy. However, few research studies have focused on the adhesive
properties of CoFeW films. In addition, the effectiveness of CoFeW-based multilayer
structure is sensitive to the temperature environment. It is of great significance to study the
characteristics of CoFeW films deposited by direct-current (DC) magnetron sputtering in
as-deposited and annealing conditions. The strong adhesion is a critical property for MT].
Strong adhesion is a critical property for MTJs. Therefore, this study measured the contact
angle of CogpFeqoWoy thin films with different thicknesses and heat treatment conditions by
a measuring analyzer via deionized (DI) water and glycerol. The Young equation was used
to calculate the surface energy. Finally, this study discussed the correlation between grain
size, contact angle, surface energy, and adhesion. The findings can provide a reference to
future research on MTJs.

2. Materials and Methods

A CoFeW film with a thickness of 10-50 nm was sputtered onto a S5i(100) substrate at
room temperature by magnetron direct current (DC) sputtering with a power of 50 W power
under the following three conditions: (a) the deposited films were kept at room temperature,
(b) annealed at a treatment temperature (T ) at 250 °C for 1 h, and (c) annealed at 350 °C
for 1 h. The chamber base pressure was 2 x 10~7 Torr, and the Ar working pressure
was 3 x 1073 Torr. The pressure under the ex-situ annealed condition is 3 x 1073 Torr,
and the selected Ar gas is used. The composition of the CoFeW alloy target was 40 at%
Co, 40 at% Fe, 20 at% W. Furthermore, the structure of the CoFeW films was determined
by using the grazing incidence X-ray Diffraction (GIXRD) patterns obtained by CuKa1
(PAN analytical X"pert PRO MRD, Malvern Panalytical Ltd, Cambridge, United Kingdom)
and a low angle diffraction incidence at a two-degree angle. To determine the thickness
accurately, a high-resolution cross-sectional field emission scanning electron microscopy
(SEM, Hitachi SU 8200, Tokyo, Japan) was used to study the calibration thickness of the
corresponding sputtering time. Before the measurement, the contact angle was properly
air-cleaned on the surface. Then, the contact angles of CoFeW film were measured with
deionized (DI) water and glycerol. The contact angles were then measured when the
samples were removed from the chamber. Lastly, the surface energy was calculated based
on the contact angle. The sheet resistance (Rs) was measured using a conventional four-
point technique. The hardness and Young’s modulus of the CoFeW film were measured
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using the MTS Nano Indenter XP with a Berkovich tip. An indentation load of 1 mN was
used to limit the penetration depth of the indenter to less than 10% of the film thickness.
The indenter repeated the measurement at 10 positions for each sample. The indentation
load was increased in 40 steps, and the indentation depth was measured at each step. Six
indentations were studied in each sample, and the standard deviation was averaged to
obtain more accurate results.

3. Results
3.1. Full-Width at Half Maximum (FWHM) and Grain Size Distribution

The corresponding X-ray diffraction patterns (XRD) of the CoFeW films have been
proved in our previous literature [22]. From a previous study, it was indicated that the
CoFe(110) peak and specific Fe;03(320), WO3(002), Co,035(422), and Co,03(511) oxide
peaks are displayed in XRD. The corresponding joint committee on powder diffraction
standards (JCPDS) cards are #]/CPDS 49-1567, #] CPDS 24-0081, #JCPDS 05-0363, and #JCPDS
02-0770. The reason for the formation of the oxide peak can be reasonably inferred to be
that there may still be oxygen in the chamber system of the sputtering system. In addition,
both the adventitious oxide on the Si(100) substrate and the oxygen contamination on
the sputtering target contribute to the formation of oxidation peaks. According to the
above reason, the main peak of CoFeW film is CoFe(110), and the FWHM of CoFe(110)
were analyzed. Moreover, it can be calculated grain size and FWHM of CoFe(110) by XRD
data. Figure la shows the FWHM of the as-deposited and post-annealed CoFeW thin
films. The results indicate that the FWHM decreased as CoFeW thickness increased. In
addition, Figure 1a shows that the FWHM decreased as the post-annealing temperature
raised. Finally, we calculated the grain size of CoFe(110) by using the FWHM determined
by XRD and the Scherrer equation.
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Figure 1. (a) FWHM of CoFeW thin films. (b) Grain size of CoFeW thin films.
The Scherrer equation is [23,24]:
D =KA/Bcosb €))

where the quantity D is grain size, K (0.89) is the Scherrer’s constant, A is the X-ray
wavelength of the Cu Kal1 line, {3 is the FWHM diffraction of CoFe(110) peak, and 6 is the
half-angle of the diffraction peak. The FWHM of the CoFe(110) peak was used to estimate
the grain sizes at the as-deposited and the two annealing temperatures. Figure 1b shows
the grain size of CoFeW films after deposition and annealing. The as-deposited CoFeW thin
films possessed the smallest grain size. However, as post-annealing temperature increased,
we found that the grain size increased, and was affected by the thicknesses of CoFeW thin
films, as shown in Figure 1b. Moreover, the post-annealing of CoFeW thin films at 350 °C
when the thickness was 50 nm possessed the highest observed grain size value—this is
because post-annealing provided energy to CoFeW thin films, resulting in an increased
grain size of CoFeW thin films.
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3.2. SEM Image

High-resolution cross-sectional field emission scanning electron microscope (SEM)
images of the as-deposited and annealed 350 °C samples are shown in Figure 2a,b. It
can be seen from the results of the SEM that the annealed CoFeW film is denser than the
as-deposited state. A high-density CoFeW film is obtained by using annealing treatment.
The plan views of the as-deposited and annealed 350 °C samples are shown in Figure 2¢,d.
From the SEM results, the as-deposited CoFeW film showed a loose surface morphology.

DYU MSE Sh80 SEM SEI 3.0kV X80,000 WD 74mm  100nm

(b)

DYU MSE Sh:80 SEM SEI 3.0kV X80,000 WD75mm  100nm

DYU MSE Sh:80 SEM SEI 3.0kvV 0 WD64mm  100nm DYU MSE A S vy m  100nm

(©) (d)

Figure 2. Cross-sectional SEM images of CoFeW 50 nm. (a) RT and (b) annealed at 350 °C. SEM
micrographs of CoFeW 50 nm. (¢) RT and (d) annealed at 350 °C.

3.3. Contact Angle

Figure 3A-C depicts the contact angle (0) of CoFeW films under three conditions,
namely the as-deposited state, the temperature of 250 °C and 350 °C. The contact angles
were measured with DI water and glycerol. The data in Table 1 show that the contact
angles of the as-deposited CoFeW using DI Water were 81.2°, 80.7°, 81.5°, 82.9°, and 82.0°.
On the other hand, the contact angles with glycerol were 76.7°, 78.1°, 79.6°, 75.5°, and
75.9°. Table 1 shows the contact angles of the CosgFesgWy films after annealing at 350 °C,
measured with DI water and glycerol. As seen, the contact angles of the as-deposited
CoFeW with DI water are 66.9°, 69.8°, 66.6°, 69.1°, and 66.8°, and those with glycerol are
62.3°,65.0°, 60.7°, 67.6°, and 65.3°. Based on the above results, the contact angles of all
CoypFesoWyy thin films are less than 90°, suggesting that CogFesoWyg thin films show
changes in the direction of higher hydrophilicity. Table 1 shows that the contact angle
decreased with the increase of post-annealing temperature. It shows the same behavior as
Cgo and ZnO [25-28].
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DI Water Glycerol

Angle 1 81,2° Angle : 76.7

DI Water Glycerol

Angle 1 4.8 Angle 1 69.1°

()

Angle : 81.5" Angle : 79.6"

Angle : 82.9° Angle : 75.5°

(B)

DI Water Glycerol

Angle : 66.9 Angle 1 62.3°

M

Figure 3. Contact angles of the CoggFe49W» thin films under three conditions: (A) as-deposited, (B) after post-annealing at
250 °C, (C) after post-annealing at 350 °C with DI water: (a) 10 nm, (b) 20 nm, (c) 30 nm, (d) 40 nm, and (e) 50 nm. Contact
angles of the CoygoFe oWy thin films with glycerol: (f) 10 nm, (g) 20 nm, (h) 30 nm, (i) 40 nm, and (j) 50 nm.
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Table 1. Comparing contact angle, surface energy, and grain size for CoggFesgWpg thin films from different fabrication

processes.

Process Thickness WiCt;)lnIt):ic‘tletrLgrl(ee) wict(})lnéalt;tcii%l(%) Su:‘rflixlc /;Erzze)r 8y Grain Size (nm)

10 nm 81.2° 76.7° 24.55 336

As-deposited 20 nm 80.7° 78.1° 24.56 35.4

30 nm 81.5° 79.6° 24.00 408

40 nm 82.9° 75.5° 25.10 481

50 nm 82.0° 75.9° 24.76 484

10 nm 74.5° 69.1° 29.77 36.8

Post-annealing 20 nm 74.8° 66.0° 31.79 4655

250°C 30 nm 71.8° 68.3° 31.37 484

40 nm 72.1° 68.6° 31.13 652

50 nm 73.6° 68.5° 3033 77.1

10 nm 66.9° 62.3° 35.42 56.5

Post-annealing 20 nm 69.8° 65.0° 33.17 61.9

350°C 30 nm 66.6° 60.7° 36.02 66.9

40 nm 69.1° 67.6° 33.69 70.4

50 nm 66.8° 65.3° 35.58 93.7

3.4. Surface Energy

The surface energy of films is significant as it relates to the adhesion of thin films.
When CoFeW thin films are used as a seed layer or buffer layer, strong adhesion of thin
films is essential. The data of contact angles are used to calculate the surface energy using
the Young equation [29,30].

The Young Equation (2) is

Osg = Og] + Ojg COSO )

where oy is the surface free energy of the solid, and oy denotes the interfacial tension
between liquid and solid. oy is the surface tension of the liquid, and 6 is contact angle.
Figure 4 exhibits the surface energy of the CosgFeq9oWyg thin films. These data are further
shown in Table 1. It can be observed that the surface energy of annealed CoFeW films was
higher than that of the deposited films. As the post-annealing temperature increased, the
surface energy also increased, and the surface energy of as-deposited CoFeW thin films
reached 25.1 mJ/mm? at 40 nm, which was the highest value. When the post-annealing
temperature was at 250 °C, the highest surface energy at 20 nm was 31.79 mJ/mm?. When
the post-annealing temperature reached 350 °C, the surface energy was 36.02 m]/mm?
at 30 nm. According to the XRD results [22], the formation of oxide layers on the thin
films” surface resulted in decreased contact angles and increased surface energy [31].
These CoFeW thin film data are shown in Table 1. According to the grain size result of
Figure 1b and Table 1, the annealed treatment produces larger grain size distribution than
as-deposited treatment. From the result of Figure 4, it suggests that the surface energy of
annealed 350 °C is larger about 1.5 times than as-deposited condition. It can be reasonably
concluded that when the grains are arranged in the material, the large grains of annealed
material show large gaps between adjacent grains. The gaps become larger, and the support
between the crystal grains will be reduced, so the crystal grain size increases and leads
to a contact angle reduction trend. When water drops on the surface, it is easy for water
drops to flow into the gap, resulting in a small contact angle, strong adhesion, and high
surface energy. It shows the same behavior as PTFE films [32]. In contrast, the small grains
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of as-deposited material show small gaps and the grains are tightly arranged. When the
water droplets fall on the surface, the water droplets have difficulty flowing to the gaps,
resulting in a large contact angle, weak adhesion, and a low surface energy.

45

—a— As-deposited
—a&— Post-annealing 250 °C
—&— Post-annealing 350 °C

w w B
o o o
T T T

Surface energy (mJ/mm’)

N
@
T

10 20 30 40 50

Thickness (nm)

Figure 4. The surface energy of CoFeW thin films.

Figure 5a—e shows the relationship between contact angle, surface energy, and post-
annealing temperature. It can be found that the surface energy of the CoFeW films increased
as their contact angles decreased. It results from the Young equation [29,30]. After the
post-annealing, the surface energy of CoFeW films tends to increase, suggesting that the
post-annealing is significant for the surface energy of the films. When CoFeW thin films
have high surface energy, the adhesion is the strongest. The adhesion depends on surface
energy, but about adhesion force decides the so-called weak boundary layer. It means
there can be strong adhesion from the top layer with high surface energy what decreases
cohesion to the layer below, and total adhesion between layers is very low due to the
presence of created weak boundary layers. The outcomes represent that a thin film is
easier to combine with other layers in forming MT]Js. The CoFeW film can be a free or
pinned layer in MT]. To detect the surface energy and adhesion of CoFeW performance,
Table 2 is compared with other specific CoFeBY and CoFeW materials under various Si
and Glass substrates. Table 2 demonstrates that the surface energy of current research is
larger than other CoFeBY and CoFeW materials, which indicates that the CoFeW film is
more compatible with other layers for MT]J.

Table 2. Comparing surface energy for specific CoFeW and CoFeBY thin films from different

substrates.
Material Surface En;: 8y Factor
(mJ/mm?*)
Si(100)/CogoFeqgWog Because thin films have largest grain size,
% 24.00-36.02 .
(** Current research) there is highest surface energy.
Glass/CoFeBY [10] 23.89-31.07 The crystallinity of samples was weak.
Si(100)/CoFeBY [31] 24.55-31.85 The crystallinity of samples was weak.
. At 42 nm, because the crystal of thin films
Si(100)/CoyoFeqoWao [33] 23.61-30.12 have highest surface energy in paper.
Crystallinity: 5i(100) > glass
Glass/CospFezgWsg [34] 22.3-28.6 therefore, the surface energy of

Glass/CoszpFezgW3g is lower.
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Figure 5. The relationship between contact angle, surface energy, and post-annealing temperature. (a) 10 nm, (b) 20 nm,
(c) 30 nm, (d) 40 nm, (e) 50 nm.
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3.5. Electric Property

The sheet resistance (Rs) is shown in Figure 6 with various thicknesses and tem-
perature conditions. The result of the present study suggests that the sheet resistance is
decreased with the increase of thickness and annealed temperatures. The sheet resistance
of the as-deposited and thinner CoFeW films is larger than that of the annealed and thicker
CoFeW films because the as-deposited and thinner CoFeW films reduce the electron mo-
bility through the films and enhance the scattering of electrons at grain boundaries and
impurities, which shows the same behavior as CdS and CoFe films [35,36].
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Figure 6. The sheet resistance of CoFeW films.

3.6. Nano-Indentation

Figure 7a,b show that the hardness and Young’s modulus increase as the thickness of
the CoFeW film increases. Mostly, the nanoindentation hardness is determined from the
loading and unloading curve by the Pharr-Oliver method [37], which indicates the mixed
hardness of the silicon substrate and the CoFeW film. Since the thickness of the CoFeW
film is too thin, it can be reasonably concluded that there must be a substrate effect in the
nanoindentation measurement. In the nanoindentation measurement, the corresponding
hardness and Young’s modulus values of the substrate are 4.1 and 133.3 Gpa, when the
Si(100) substrate is measured. As the thickness increased from 10 nm to 50 nm under
as-deposited condition, the hardness and Young’s modulus of the CoFeW films increased
from 12.9 to 13.4 GPa and 146.8 to 187.2 GPa, respectively. At annealed 250 °C, as the
thickness increases from 10 nm to 50 nm, the hardness and Young’s modulus of the CoFeW
films increased from 10.9 to 13.5 GPa and 169.4 to 188.5 GPa, respectively. At annealed
350 °C, as the thickness increases from 10 to 50 nm, the hardness and Young’s modulus
of the CoFeW films increased from 12.0 to 13.4 GPa and 163.5 to 186.4 GPa, respectively.
When the thickness is from 10 to 50 nm, the hardness and Young’s modulus of CoFeW films
display a tendency to saturate. According to the result, the Young’s modulus of adding the
W effect to CoFe films in thicker films is larger than CoFe film. The thinner CoFeW film has
a more significant impact on the substrate. It shows a similar behavior as diamond films
on crystalline silicon [38].

Hardness (GPa)

200
—— As-deposited —- As-deposited
—&— Annealing 250 °C —A— Annealing 250 °C
| ~@— Annealing 350 °C + —@— Annealing 350 °C
Earst
L2 A A
= |4
=
-
=
2150
2
-
1 'l ' L 125 L 1 1 1 1
10 20 30 40 50 10 20 30 40 50
Thickness (nm) Thickness (nm)
(a) (b)

Figure 7. Nano-indentation of CoFeW films. (a) Hardness and (b) Young’s modulus.

4. Conclusions

This study investigated the structure and surface property of CoFeW thin films. The
CoFeW magnetic thin films were deposited on a Si(100) substrate by sputtering, while
the Scherrer equation was estimated to calculate the grain size of CoFe(110). The results
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indicate that the grain size increased along with the thickness of the CoFeW films, and the
grain size was affected by the temperature of post-annealing. When the post-annealing
temperature increased, the grain size also increased, suggesting that the post-annealing
process provided energy to CoFeW thin films and caused the grain size to grow. The
contact angles of all CoFeW samples were less than 90°, indicating that CoFeW thin films
show changes in the direction of higher hydrophilicity. The contact angle decreased along
with the increase of post-annealing temperature, while the grain size affected the contact
angle of CoFeW films. The contact angle of CoFeW thin films reduced when the grain
size of CoFe(110) increased. Moreover, the formation of the oxide layers on the thin films’
surface resulted in a decrease in the contact angle and an increase in the surface energy.
The results suggest that the surface energy of the annealed CoFeW films was higher than
the as-deposited CoFeW samples. When the post-annealing temperature increased, the
surface energy increased, thus making the adhesion stronger. In the future, we hope to
combine the layered MT]Js with free and pinning layers. Due to the scattering of electrons
at the grain boundaries or the presence of impurities, the sheet resistance decreases as the
film thickness and annealing temperature increase. In addition, as the thickness increases,
the hardness and Young’s modulus of the CoFeW film shows a tendency to saturate.
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