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Residual Stress of Fe-Based Amorphous Film

Sibo Wang1,2, Hoe Joon Kim3, Jun Chen1, David E. Laughlin2,4, Gianluca Piazza2, and Jingxi Zhu 1

1School of Electronic and Information Technology, Sun Yat-sen University, Guangzhou 510006, China
2Department of Electrical and Computer Engineering, Carnegie Mellon University, Pittsburgh, PA 15213 USA

3Department of Robotics Engineering, Daegu Gyeongbuk Institute of Science and Technology, Daegu 42988, South Korea
4Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh, PA 15213, USA

Fe-based amorphous thin films of two compositions (Fe80B20 and Fe65.6Co9.4B25) were deposited by RF magnetron sputtering
with and without applying an in situ magnetic field along the films’ in-plane direction. In addition, films with varying thickness
were deposited for each composition. Hysteresis loops and residual stress were measured and compared to study the effect of in situ
fields on the magnetic and magnetostrictive behavior of the films. Results showed that in situ magnetic fields can lower the in-plane
coercivity for the Fe80B20 films. Also, when the residual stress was below a certain level, its distribution in different directions shows
a uniaxial feature due to the applied in situ field. This uniaxial distribution of stress adds an extra magnetoelastic anisotropy to
the films. This paper provides insight for optimizing magnetic thin films’ properties for applications where the magnetostriction is
relevant, in terms of the in situ magnetic field, coercivity, and residual stress.

Index Terms— Anisotropy, coercivity, in situ field, magnetostriction, residual stress.

I. INTRODUCTION

MAGNETOSTRICTIVE materials have been of spe-
cial interest in magnetic sensor applications [1]–[6].

Fe-based magnetostrictive materials (the most commonly used
material for magnetic sensors) are normally processed into
thin films during nano/micro fabrication [1], [3]–[7]. While
much research on Fe-based magnetostrictive materials has
centered on their composition and processing optimization
in its bulk state [8]–[11], it is necessary to investigate how
the process of fabrication, and its consequences, affect the
materials’ magnetic and mechanical behavior in the thin-film
condition [12]. This is critical to enhance the performance of
micro/nano scale devices.

There are two fabrication-related factors that can play
roles in determining the thin films’ properties. First, residual
stress and its resulting magnetoelastic anisotropy are inevitable
during the deposition for Fe-based magnetostrictive thin films.
This could be important for both device fabrication and the
magnetostrictive behavior of films [13], [14]. Second, in situ
magnetic fields are commonly applied during the deposition
of the films’ to create magnetic anisotropy [4], [7], [15].
Whereas some basics about magnetic anisotropy created by
in situ field have been studied [7], [15]–[17], its interaction
with mechanical behavior of deposited films, such as resid-
ual stress, remains an interesting as well as valuable aspect
for materials and device optimization. Therefore, the factors
mentioned above need to be more clearly understood for the
applications of magnetostrictive thin films in magnetic sensors.
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In the following , we focus on the correlation between the
in situ magnetic field, coercivity, and residual stress in order
to provide some insights on how to optimize the properties
of such films. Accordingly, this paper is organized as follows.
In Section II, experimental procedures, including equipment,
deposition process, materials, and characterization tests, will
be provided. Then in Section III, results, such as thin-film
coercivity, residual stress, and its distribution, will be presented
and an explanation of the results will be presented. Finally,
in Section IV, we will discuss correlations between in situ
fields with magnetic and mechanical behavior for such magne-
tostrictive films based on the results summarized in Section III.
This paper is beneficial for future research on the optimization
of magnetostrictive thin films and their applications.

II. EXPERIMENTAL PROCEDURES

The Fe80B20 (FeB) and Fe65.6Co9.4B25 (FeCoB) amorphous
thin films were deposited on 4 in standard Si �100� substrates
by RF magnetron sputtering in a home-made five-target sput-
tering system. The alloy targets had nominal compositions
of Fe80B20 and Fe65.6Co9.4B25 and were custom made by
Materion, Ltd. Before each deposition, the base pressure of the
deposition chamber was ensured to be below 2 × 10−7 Torr.
During the deposition, an in situ magnetic field of 20 Oe was
applied along an in-plane direction of the films. A 5 nm Ta
layer was first deposited as the adhesion layer followed by
the magnetic film. In order to avoid substrate heating from
the plasma as much as possible and to minimize thermal
stress, the deposition process was divided into several sub-
cycles: after every 5 min of deposition, the substrate was
moved out of the plasma and allowed to cool for 5 min,
in addition to the wafer-cooling from substrate table. The max-
imum temperature of the film during deposition was verified
with Tempil labels to be below 50 °C. Different thicknesses
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TABLE I

BRIEF SUMMARY OF DEPOSITION CONDITIONS (POWER, PRESSURE,

FLOWRATE RANGE, AND DEPOSITION RATE RANGE)

FOR Fe80B20 AND Fe65.6Co9.4B25

Fig. 1. Schematic of AGFM measurement system.

(150, 250, and 500 nm) were deposited by changing the
number of sub-cycles in each deposition. The choice for
such a series of thickness is based on previous works related
to Fe-based magnetostrictive films [4], [18], [19], as well
as limitation of fabrication capability. For each composition,
the deposition conditions (power, pressure, deposition rate,
and flowrate) are briefly summarized in Table I. For better
performance of the magnetic layer in the device, the goal for
the film fabrication was to minimize the residual stress while
maintaining the amorphous nature of the film and acquiring
the necessary magnetic anisotropy.

Theta-2 scans were carried out on the as-deposited films for
checking amorphous state by using a Philips X’Pert PRO MRD
X-ray diffractometer. The target was Cu and a Ni filter was
used during scanning. A 15 mm × 15 mm chip was cut from
the center of the Si wafer. In order to capture the potentially
low counts from the nano-crystalline phase of low crystallinity,
the out-of-plane scan was done at a step size of 0.026° per
step, between the range from 10° to 120°. The total scanning
time was 4.5 h. During the scanning, two theta angles from
68° to 70° were skipped to prevent the detector from damage
due to the intense signal from the primary Si �400� peak.

The hysteresis loops were measured by alternating gradient
field magnetometer (AGFM). A schematic of the equipment
is shown in Fig. 1. To avoid interference from the circulating
ambient air, a plastic cover enclosed the two coils, the sample,
its holder, and the head that processed the signal. The sample
was usually a 3 mm × 3 mm chip mounted on the sample
holder, with films’ in-plane direction parallel to the direction of

Fig. 2. Schematics of the Stoney method.

the applied field. In measurements, samples were placed with
films’ in situ field direction either parallel or perpendicular
to the applied field. The sample was first cleaned and then
attached to the sample holder by Vaseline to minimize any
potential contamination and noise. The sample holder was
placed in the center of the gap between the two gradient
coils. After the sample stabilized, the magnetization of the
sample was measured with the applied magnetic field changing
between ±150 Oe with 1 Oe increment. The signs denoted the
change in the applied field direction. Finally, hysteresis loops
were plotted with normalized magnetization and from which
properties such as coercivity and remnant magnetization can
be extracted.

The residual stress of the films and its distribution along dif-
ferent directions across the wafer were measured by a scanning
laser film stress measurement system. Since the thickness of
the films deposited (500 nm max.) was significantly less than
that of the substrate (i.e., 525 μm), the Stoney method [20]
was adopted. The residual stress was obtained by using the
“Stoney equation” with the measured substrate curvature data,
as shown in Fig. 2, where E and ν are Young’s modulus and
Poison’s ratio of the substrate, respectively, R f and R0 are
the radius of curvature for the substrate after and before films
deposition, respectively, and t f and ts are the thickness of the
thin films and the substrate, respectively. A laser beam was
used to measure the curvature of the Si wafer before and after
the film deposition. With the known film thickness as well as
the E and ν of the substrate, the films’ stress can be obtained.

In the actual measurement, the average radius of curvature
for the entire substrate was obtained by scanning 50 points
through the laser beam controlled by a program. Young’s
modulus of substrate was set as 129.5 GPa that is the value
for the Si �100� plane. In order to exclude the influence of
the edge area of the wafer, the starting and ending points of
the scans had a 5 mm offset from the edge of the wafer.
Residual stress was obtained by the system after each scan
was performed. To obtain the residual stress distribution along
different directions of the substrate, the wafer was rotated
for 12 different orientations during measurement. The average
residual stress for each one sample was calculated by averag-
ing those 12 different values equally.

III. RESULTS

With magnetic sensor applications for the films fabricated in
this work, the main properties of interest were the in situ mag-
netic field in relation to films’ magnetization behavior and the
residual stress that interplays with the films’ magnetostrictive
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Fig. 3. XRD patterns for FeB and FeCoB films.

properties. In this section, the individual properties measured
will be presented with regard to fabrication conditions and the
chemical compositions of the films.

As designed, the sputtered films should be amorphous in
nature to ensure low coercivity. This was examined first by
X-ray diffraction (XRD) as shown in Fig. 3 where we specif-
ically focused on the angle range of 35°–50° for carefully
checking the possible crystalline Fe phase. The XRD patterns
of both FeB and FeCoB show a broad hump spread across
40°–50° [where the crystalline body centered cubic Fe (110)
peak is supposed to be], indicating that those films were
amorphous [15], [21], [22]. This was the case for all the
films with and without in situ field applied. Also, considering
the films remained at a low temperature during deposition
(<50 °C), it was reasonable to conclude that the deposited
films were X-ray amorphous.

Next, magnetic hysteresis loops were measured for all the
films. Typical hysteresis loops and the magnetic properties
extracted from the loops were summarized and compared in
terms of different compositions and deposition conditions.
These results are shown in Figs. 4–6. Fig. 4 shows the effect
of the in situ magnetic field on the FeB films. In Fig. 4(a),
applying in situ field resulted in an easy axis built into
the thin film, which can be seen by the shape difference
of the hysteresis loops. The loop of easy axis is not an
exact rectangular shape since in situ magnetic field cannot
completely align the easy axis for as-deposited films [7]. This
result means that magnetic moments are not all aligned along
easy axis by in situ field. It can also be seen from Fig. 4(b)
that the coercivity of the FeB film deposited under in situ field
is smaller than that of the one without in situ field applied,
whether it is along the easy or the hard axis.

However, due to the very low level of coercivity that is
beyond the resolution capabilities of the AGFM, the presence
of an in situ field did not seem to have the same noticeable
effect on FeCoB films as it had on FeB films. This can be
seen from Figs. 5 and 6. The coercivity of the FeCoB films
was much lower than that of the FeB films, regardless of the
application of the in situ field. The coercivity for FeB without

Fig. 4. (a) Hysteresis loops of FeB with/without in situ field. (b) Hysteresis
loops of FeB with/without in situ field at low-field region.

in situ field ranged between 2.5–12 Oe, which was within the
range of previously documented studies [14], [23]. The aver-
age coercivity was below 0.1 Oe for FeCoB deposited without
in situ field. Most likely, such difference in the coercivity as
summarized in Fig. 6 stem from the compositional difference
between FeB and FeCoB, i.e., the addition of Co changed
the anisotropy field of thin films. Similar observations were
reported in [24]. Also, Fig. 6 reveals that the coercivity of FeB
measured along the hard axis is lower than that of measured
along easy axis, which is summarized from similar results like
Fig. 4.

Since minimizing film residual stress level is an important
requirement for the nano/micro fabrication of the intended
microelectromechanical system (MEMS) device of this paper,
the residual stress of the as-deposited films was measured
in detail. The average residual stress for FeB and FeCoB
is shown in Figs. 7 and 8. Through tuning the deposition
process parameters, the residual stress level can be reduced
to below 200 MPa for both FeB and FeCoB. This is in
the acceptable range of residual stress control for MEMS
applications [25], [26]. At the same depositing conditions,
films with thickness 250 nm have the lowest magnitude of
residual stress, both for FeB and FeCoB. Also, we found
the effect of the in situ field on residual stress distribution
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Fig. 5. (a) Hysteresis loops of FeB and FeCoB without in situ field.
(b) Hysteresis loops of FeB and FeCoB without in situ field at low-field
region.

along different radial directions of the wafer for FeB and
FeCoB, by the process of minimizing residual stress, as
presented in Figs. 9 and 10. Figs. 9 and 10 were plotted
in radar maps with 12 measuring radial directions from 0°
to 330° of rotation with respect to the primary flat of the
wafer, denoted by the number outside the outermost circle.
Fig. 9(a) shows that the in situ field has changed the stress
distribution to an anisotropic spatial distribution for FeB.
Specifically, the stress measured along the direction of in situ
field applied (easy axis) was larger than that in the direction
perpendicular to the in situ field direction (hard axis). Also,
the hysteresis loops for two samples shown in Fig. 9(a) is
presented in Fig. 9(b). The anisotropy for sample with in situ
field is about 5.95 KJ/m3. This value is larger than the sample
with in situ field but showing only isotropic stress distribution,
such as the one shown in Fig. 4 by 360 J/m3. This difference
is close to magnetoelastic anisotropy constant of FeB based
on its magnetostriction [27] and difference of measured stress
between the easy and hard axis. In Fig. 9(c), the four loops
represent the stress distribution measured for films deposited
with in situ field. However, only when the overall stress
level dropped to around 20 MPa is the influence on the

Fig. 6. Coercivity of FeB and FeCoB with/without in situ field applied at
varying pressure and power of (a) 100 and (b) 120 W.

residual stress distribution observable as an anisotropic feature.
As the overall residual stress level increases, this anisotropic
feature became difficult to observe. For FeCoB, similar results
were also obtained; however, they are more noticeable and
unambiguous, as shown in Fig. 10(a). The residual stress
difference between the direction along in situ field and the
direction perpendicular to in situ field was about 20 MPa at
the thickness of 250 nm, compared to about 8 MPa for FeB for
the same thickness. Moreover, this difference increased to
about 30 MPa when the film thickness increased to 500 nm,
as shown in Fig. 10(b). Considering the average residual stress
level of FeCoB, for thicknesses of 250 and 500 nm deposited
under the same conditions were about 40–65 MPa (compres-
sive stress) and 50–70 MPa (also compressive), respectively,
such directional difference in residual stress cannot be ignored.

IV. DISCUSSION

To ensure the functionality of magnetic sensors, the mag-
netic and mechanical behavior of the magnetostrictive films
need to be optimized. For example in sensing applications,
low coercivity of the magnetostrictive films is desired for a
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Fig. 7. Average residual stress of FeB without in situ field applied at varying
thickness and power of (a) 120 and (b) 80 W.

low limit of detection [3]. Also, the residual stress should
be optimized for films, for two reasons. On one hand, large
residual stress could lead to bending for suspended structures
of the magnetic field sensors, and thus adversely affects
the magnetoelectric coupling effect [28]. Therefore, a lower
residual stress level is preferred for sensors. On the other hand,
residual stress could alter the magnetic and magnetostrictive
behavior of the thin film due to inverse magnetostrictive
effect [27], [29]. Therefore, it is meaningful to study how to
optimize the coercivity and residual stress of magnetostrictive
thin films from the fabrication perspective. In this paper in
particular, the abovementioned properties were also studied
with respect to the in situ field applied during film deposition
for the introduction of magnetic anisotropy for amorphous
magnetostrictive films.

First of all, the in situ field introduces magnetic anisotropy
as shown in the hysteresis loops in Fig. 4(a). When an external
magnetic field (H-field) is applied, hysteresis loops measured
along the direction of in situ field, i.e., along the easy axis,
reach saturation at lower H-field than the one measured along
the direction perpendicular to in situ field, i.e., along the hard
axis. This can be explained by the 180° domain wall structure

Fig. 8. Residual stress of films deposited with/without in situ field at varying
thickness and 100 W for (a) FeB and (b) FeCoB.

commonly seen with films deposited with in situ film [15].
Such a domain orientation and domain wall structure gives
rise to the easy and hard axis within the film.

Second, the in situ field also influences the coercivity of the
films as shown in Fig. 4(b), which provides two observations:
1) there is an observable coercivty for FeB film deposited with
in situ field and 2) the FeB films deposited with in situ field
show a lower coercivity compared with the one without in
situ field. Let us first discuss the observation 2). One possible
explanation for it is the hindrance of the domain wall motion
for the following reasons. First of all, domain wall motion
dominates magnetization at low H when the magnetostatic
energy is relatively small. Also, magnetocrystalline anisotropy
obviously cannot be responsible for such non-negligible coer-
civity and its difference between the easy and hard axis, in an
amorphous FeB films [29]. Third, while the domain wall
motion can be hindered in many ways, the most likely case
in this paper is the microstress due to magnetostriction [29].
More specifically, when an H-field is applied, motion of the
domain walls as well that are not parallel to the H-field comes
with volume or dimension change due to magnetostriction,
which can lead to distortion and buildup of microstress that
could hinder the domain wall motion [29]. In the films
deposited without an in situ field, the orientation of the
domains is randomly distributed in all directions, whereas in
those deposited with in situ field, the domain wall is mostly
relatively aligned, forming a domain configuration very close
to 180° domains. Therefore, when H-field is applied in the
direction parallel to the in situ field, the resulting effect is that
the domain walls can move more freely, which manifests as a
lower coercivity.
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Fig. 9. Residual stress distribution across different directions for FeB at
250 nm thickness. (a) Effect of in situ field on stress distribution. (b) Hysteresis
loops of FeB samples in (a). (c) Effect of different overall residual stress level
on stress distributions.

As for the observation 1), the observable coercivity for
FeB films with in situ field especially for the one measured
along easy axis in fact showed the likely presence of the
domains that were not completely aligned by the in situ field
during deposition, which has been observed in other studies as
well [5]. As a result, motion of such domain walls in FeB films
with in situ field can encounter some hindrance and result in a
net coercivity. The fact that the FeB films deposited with in situ
field show a lower coercivity compared with the one without

Fig. 10. Residual stress distribution across different directions for FeCoB at
thickness of (a) 250 and (b) 500 nm.

in situ field, as shown in Figs. 4 and 6, shows that in situ field
did effectively produced domain wall structure close to ideal
180° domain wall even though not all of magnetic moments
are aligned along the easy axis.

In addition to controlling the coercivity, optimization of
the residual stress for magnetostrictive films is also essential
because of the inverse magnetostrictive effect. In this paper,
the potential thermal stress [20] was minimized by using a
relative low RF power for sputtering, as well as implement-
ing carefully designed alternating sputter and cooling cycles
during deposition that ensured the substrate temperature was
kept below 50 °C.

During the process of locating the depositing conditions of
lowest residual stress at different thicknesses, it is observed
that the in situ field affected the distribution of the residual
stress over different directions when the overall residual stress
is below a certain level, as shown in Figs. 9 and 10. While the
stress distribution for the film deposited without in situ field
was relatively isotropic, that of the films deposited with in situ
field showed a noticeable anisotropy that evidently was related
to the application of in situ field. Even though this anisotropy
existed, it was fairly small.

As a result of the extra stress due to in situ field, the mag-
netic anisotropy of magnetostrictive films should include the
magnetoelastic energy. Therefore, the magnetization behavior
of films must change accordingly. For example, considering a
single-domain particle with its easy axis along the y-axis and
subjected to a bi-axial stress, we can magnetize it through a
hard-axis magnetizing process which is shown in Fig. 11.
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Fig. 11. Schematic of the rotation of magnetization for a single domain with
subject to H-field and bi-axial stress.

In Fig. 11, Ms is the vector magnetization and θ is the tilted
angle of Ms away from its easy axis as the H-field is applied,
and σx and σy are the stresses along the X and Y directions
respectively. The change of the free energy density of the
system Usys can be written by summing the uniaxial anisotropy
energy density due to the in situ field, Ua , magnetostatic
energy due to the applied H-field, Um , and magnetoelastic
energy density Ume as represented in the following equations:

Usys = Ua + Um + Ume (1)

Ua = Ka sin2 θ (2)

Um = −μ0Ms H sin θ (3)

Ume = (3/2)λsσx cos2θ + (3/2)λsσy sin2 θ (4)

where Ka is the uniaxial magnetic anisotropy constant just due
to in situ field and μ0 is magnetic permeability of vacuum.
λs is saturation magnetostriction coefficient of material. When
the system reaches saturation state, we can write the anisotropy
field Ha as in (5), by setting the derivative of Usys with respect
to θ to be 0 and take θ to be 90° [27]

Ha = 2Ka + 3λs(σy − σx )

μ0 Ms
. (5)

Equation (5), which is different from the usual equation
for anisotropy field (Ha = 2Ka/(μ0 Ms ) [29]), implies that
difference of stress between X and Y directions can affect the
value of Ha. If this stress difference and λs is positive, such as
bi-axial stress in tensile state and σx < σy , or in compressive
state and |σx | > |σy |, the already existing magnetic anisotropy
can be reinforced by magnetoelastic energy and hence results
in a higher anisotropy field. On the contrary, if this stress
difference is negative, the original magnetic anisotropy could
be weakened and make material easier to magnetize. It should
be noted that (5) can be used for any films that are subjected to
bi-axial stress if σx and σy can be measured. More importantly,
the magnitude level of the term 3λs (σy–σx) could be roughly
estimated at several hundred J/m3 based on common value of
saturation magnetostriction coefficient for Fe-based materials
[27] and the extra stress level measured in this paper. This

level is comparable to 2Ka [14], [23], and hence cannot be
ignored when we optimize magnetostrictive films for magnetic
field sensor or actuator or design related device, even though
the exact value of such magnetoelastic energy would be hard
to measure in actual situation for thin films. Therefore, such
anisotropic distribution of residual stress can interplay with
magnetic anisotropy already built within films, and hence
affect magnetic properties and behaviors of films a great deal.

V. CONCLUSION

In this paper, properties of FeB and FeCoB thin films
such as coercivity and residual stress were investigated with
respected to the in situ field applied during deposition by
experimental and theoretical analysis. Such properties manifest
themselves in the magnetic and the mechanical behaviors of
the magnetostrictive films, which are crucial for the application
of the films in magnetic field sensors or actuators. Their
influences can be summarized into the following two aspects.

1) An in situ magnetic field applied during deposition can
be beneficial to the reduction of the coercivity of the
magnetostrictive films.

2) An in situ magnetic field can result in an extra uniaxial
residual stress in the FeB and FeCoB films, which could
add a magnetoelastic anisotropy that is enough to affect
the overall magnetic anisotropy of films.
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