Open Access Article. Published on 03 December 2025. Downloaded on 6/16/2026 4:11:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Advances

I ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: Nanoscale Adv., 2026, 8, 557

Low-temperature annealing regulates magneto-
acoustic coupling for enhanced FeCoSiB/Ti SAW

magnetic field sensor performance

Yutong Wu,
Feiming Bai,

3 Yining Yin,? Baile Cui,? Yana Jia,*® Hongjie Huang, Hao Wu,€
¢ Wen Wang

*ab and Xufeng Xue?

Utilising low-temperature annealing processes to regulate the magneto-acoustic coupling effect in surface

acoustic wave (SAW) magnetic field sensors significantly enhances the sensitivity and temperature stability of

sensors. This study employs FeCoSiB/Ti multilayer composite soft magnetic alloys as magneto-sensitive films,

combining theoretical modelling with experimental validation to elucidate the multifaceted mechanisms by

which low-temperature annealing processes (100 °C) influence the magneto-acoustic coupling effect.

Through the Arrhenius magnetic domain reorientation model and the modified Stoney equation, we clarified

the use of low-temperature annealing to regulate magnetic parameters such as the saturation magnetostrictive

coefficient and internal stress relaxation, thereby enhancing the magnetostrictive thin film AE effect, and

ultimately establishing a quantitative relationship between the annealing temperature and the sensitivity of the
SAW magnetic sensor. Theoretical analysis demonstrates that after 100 °C annealing, the saturated

magnetostrictive coefficient increases to As = 46.9 x 1075, internal stress is significantly reduced, the AE effect
improves to 49.5%, and the sensitivity of the SAW magnetic field sensor can be enhanced by 51%. The
experimental results verified the theoretical analysis results. After annealing at 100 °C, the sensor sensitivity
increased from 156.34° per mT to 236.19° per mT, the temperature drift coefficient decreased by 62.5%, and

Received 30th July 2025
Accepted 16th October 2025

the insertion loss of the sensor device remained almost unchanged. In contrast, high-temperature annealing at

200 °C/300 °C caused significant lattice distortion and increased acoustic propagation loss, leading to a sharp
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1 Introduction

Surface acoustic wave (SAW) sensor technology is a significant
advancement in micro-nano sensing. Its use in magnetic field
sensing is facilitating significant cross-disciplinary integration
between physics, electronics, and materials science.

SAW magnetic field sensors based on magnetic-acoustic
coupling effects have demonstrated marked application
potential in precision magnetic field detection fields such as
biomedical imaging and inertial navigation due to their wireless
passive characteristics,' operating in the MHz-GHz frequency
range, and excellent electromagnetic interference resistance.”™*

Their core magneto-sensitive mechanism originates from
the AE effect of magnetostrictive thin films—changes in the
material's magnetic state cause alterations in its elastic
modulus. Stress transmission at the interface between the
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deterioration in sensitivity (8.67° per mT). This study provides theoretical guidance and experimental evidence
for the preparation of SAW magnetic field sensors with high sensitivity and excellent stability.

piezoelectric substrate and the magneto-sensitive thin film,
ultimately results in changes in the SAW propagation velocity
(Av) and phase (A¢). This process depends critically on key
parameters such as the saturation magnetostrictive coefficient
(As), thin film/substrate interface stress transfer, and acoustic
wave mode matching degree.

However, magnetostrictive thin films prepared by magne-
tron sputtering generally exhibit lattice defects, residual stress,
and thermal expansion mismatch issues. These factors
adversely affect the sensitivity and temperature stability of
sensors.® Research shows that local lattice defects (e.g., high
concentrations of vacancies) can significantly deteriorate
material performance.® In addition, non-uniform internal stress
in thin films can weaken magnetoelastic coupling efficiency.”

Annealing is an effective method for repairing the afore-
mentioned structural defects and optimising magnetic proper-
ties. It is widely used to regulate the properties of bulk, thin-
strip and thin-film magnetostrictive materials.®**° Annealing
primarily facilitates internal stress relaxation and reducing
defect density, thereby significantly improving magnetic-elastic
properties. The annealing effectiveness depends heavily on the
material system and temperature. As the annealing temperature
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increases, the performance of magneto-sensitive thin films
exhibits specific evolutionary patterns. Studies have shown that
the AE effect of amorphous TbFeCo thin films deposited on
silicon substrates can be enhanced by approximately 30% after
annealing." At high annealing temperatures (>500 °C),
annealing alters the magnetic domain structure and damping
properties of the Fe-16Cr-2.5Mo alloy. Notably, changes in the
saturated magnetostrictive coefficient is highly consistent with
changes in the damping properties of the annealed samples."”
Annealing AIN thin films at a medium temperature (600 °C) can
slightly optimise the propagation velocity by improving surface
morphology of the thin film, but excessive annealing tempera-
tures (e.g., 900 °C) cause the performance deterioration.’

Although conventional high-temperature annealing can
effectively repair thin-film structures and improve magnetic
properties, its application to complete SAW sensor devices
containing piezoelectric substrates is problematic. The heat-
sensitive piezoelectric substrates are prone to irreversible
lattice damage. Additionally, the significant difference in
thermal expansion coefficients between the piezoelectric
substrate and the thin film can cause severe thermal stress
mismatch at high temperatures. Experiments show that
annealing temperatures above 250 °C can cause the centre
frequency of SAW resonators on ST-cut quartz substrates to drift
by hundreds of kHz." Annealing at 400 °C increases the root
mean square (RMS) roughness of the surface due to an increase
in micro-pores between grains, which in turn causes significant
acoustic attenuation when the magnetic field changes," ulti-
mately increasing the insertion loss of the sensor device.*

Therefore, controlling the annealing temperature within the
low-temperature annealing range is a key strategy for balancing
thin-film performance optimisation and substrate thermal
damage, thereby effectively improving the magneto-acoustic
conversion efficiency. Low-temperature annealing promotes
a more uniform, dense structure with fewer defects in piezoelec-
tric,” and enhances the bonding strength of the surface SiO,
passivation layer. Experimental observations show that heating
samples to 380 K (107 °C) improves the SAW attenuation response
by over 1 dB mm ™, effectively suppressing the acoustic attenuation
caused by high-temperature annealing. Low-temperature vacuum
annealing can increase the difference between the maximum and
minimum phase shifts by up to 30°.'® This indicates that low-
temperature annealing regulates the interface stress state, thereby
providing a more stable propagation path for magneto-acoustic
coupling. It is noteworthy that alongside thermal annealing,
other strategies such as constructing hybrid composites and
employing external energy assistance (e.g., UV illumination) have
also been demonstrated as effective pathways to enhance SAW
sensor performance.”” However, the systematic investigation into
the multifaceted mechanisms of low-temperature annealing in
synergistically regulating magneto-acoustic coupling for SAW
magnetic field sensors remains insufficient.

In view of this, this study conducted low-temperature
annealing experiments on FeCoSiB/Ti-based SAW magnetic
field sensor chips. We systematically investigated the multiple
coupling mechanisms involving key parameters (e.g., saturation
magnetostriction coefficient, internal stress relaxation, and
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anisotropy) and established a phenomenological model
describing the evolution of the AE effect and magneto-acoustic
coupling effect with annealing temperature. This work aims to
provide guidance for preparing high-performance SAW
magnetic sensors using low-temperature annealing.

2 Theoretical model
2.1 The AE effect

The AE effect is the core physical mechanism underlying the
magnetic sensitivity characteristics of SAW magnetic field
sensor devices. Essentially, it refers to the modulation of the
elastic modulus caused by changes in the magnetisation state of
magnetostrictive thin films under an external magnetic field.
According to the theory of magnetoelastic coupling,'®' the
expression for magnetoelastic energy density Uy, is:

3 M?
Ume = _EASG (m) (1)

where s is the saturation magnetostrictive coefficient, ¢ =
uoMH is the magnetostrictive internal stress, H is the external
magnetic field strength, and M and M; are the magnetisation
and saturation magnetisation intensity, respectively. The AE
effect originates from the change in Young's modulus of
magnetostrictive materials under an external magnetic field,
and its relative change can be expressed as:
ﬁ _ _3015 o 1 )
Eo By, K
,“()A/[s2

K represents the total anisotropy, where K = K, + K, + K,
comprising magnetic anisotropy K, stress anisotropy K,, and
structural anisotropy K. Annealing can regulate the micro-
structure of FeCoSiB thin films. After annealing, the magnetic
domain wall density decreases, leading to an increase in the
saturation magnetostrictive coefficient A;. Based on the Arrhe-
nius magnetic domain reorientation model,**** A, is positively
correlated with the annealing temperature:

A(T) = Ay {l+axexp<fkf;)} (3)

In the equation, « is the lattice contraction factor. According to
the activation energy model in ref. 12, combined with the test
data of FeCoSiB/Ti composite thin films obtained by our
research group, Ay = 40 x 10%, & = 0.15, E, = 0.45 eV is the
magnetic domain activation energy, kg is the Boltzmann
constant, and T is the annealing temperature. Fig. 1(a) illus-
trates that the annealing temperature is directly proportional to
the saturation magnetostriction coefficient. Annealing at 100 °C
increases As from 40 x 107° to 46.9 x 10~°.

Annealing relaxes the lattice distortion in the magnetostric-
tive layer, improving the efficiency of stress transfer at the
interface and releasing residual thermal stress. The magneto-
acoustic coupling effect in SAW magnetic field sensors is the
result of the combined action of the multilayer structure.
Thermal stress at the film/substrate interface is a key factor
causing SAW propagation loss. The Stoney equation can provide

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Saturated magnetostrictive coefficient (b) internal stress
versus annealing temperature.

the stress under specific conditions.”»** Considering the relax-
ation of thermal stress and intrinsic stress, a stress relaxation
model for the thin film is established:

E;

o(T) = [ai x exp(‘%ﬂ Tl
x (T — Tuep) @

x (o — ay)

The first term represents the thermal relaxation of the intrinsic
stress in the deposited state, where ¢(7) is the residual stress in
the film after annealing, ¢; is the intrinsic stress of the depos-
ited film, and T, is the characteristic temperature for stress
relaxation. The second term is the thermal stress caused by the
difference in thermal expansion coefficients between the
substrate and the film. Er and v¢ are the Young's modulus and
Poisson's ratio of the film, o and o are the thermal expansion
coefficients of the substrate and film, and Ty, is the deposition
temperature. If the yield stress of the material is exceeded,
cracking may occur, necessitating annealing to optimise the
film deposition. Fig. 1(b) shows the stress evolution of the
sample with annealing temperature. In the range from unan-
nealed to annealed at 100 °C, the residual thermal stress
manifests as compressive thermal stress. Annealing at 100 °C
reduces the interface shear thermal stress from —100 MPa to
approximately 0 MPa. Within the 100-200 °C range, the thermal
stress remains near zero. However, as the annealing tempera-
ture increases further (>200 °C), the thermal stress becomes
tensile and increases with temperature. Thus, low-temperature
annealing can promote the rearrangement of atoms at the
FeCoSiB/Ti multilayer interface and repair microdefects such as
lattice distortion and vacancies generated during deposition.
Under optimal annealing conditions, the interface becomes
denser and uniform. The densified interface can effectively
block external temperature disturbances from affecting the
magneto sensitive thin film, thereby enhancing the temperature
stability of the device alongside sensitivity.

For thin film materials, the easy magnetisation axis is in the
[100] direction, and their stress anisotropy field and magnetic
anisotropy field are expressed as follows:

p, = PeDo(T)
Mo Mg (5)
o _ 2K(T)
¢ to M
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Magnetic anisotropy K,(T) decays exponentially with lattice
ordering, and stress anisotropy is jointly affected by the satu-
rated magnetostrictive coefficient A; and internal stress. The
stress anisotropy field H, is an important component of coer-
civity H,, and its relationship is determined by magnetostriction
s and internal stress o. H. can be precisely controlled by
regulating stress distribution or material composition. The
magnetic anisotropy field Hy is determined by crystal symmetry.
Structural anisotropy K,(7) is approximately negligible as defect
repair weakens. Therefore, the total anisotropy K:

K(T) =Ky exp(fl) + gAS(T)U(T) (6)
Tx 2

Ty is the magnetic anisotropy characteristic decay temperature,
which reflects the rate at which magnetic crystalline anisotropy
decays as temperature increases. Therefore, the non-monotonic
change in AE with annealing temperature is caused by the
competitive evolution of the saturation magnetostrictive coef-
ficient A, internal stress ¢, and anisotropy K. Substituting into
eqn (2) yields the complete expression for the AE effect, which
includes the Arrhenius magnetic domain reorientation model
and the Stoney equation:

ATf(T) = Eiox {ai X exp<7T1”) +ﬁ(T)]

X /150(1 +ax exp(f kEaT)>
B

Ko(T) —0—%/15(T) x {gi x exp(—Tl) +5(T)} -1
oM

x |1+

E¢
(1 —vf)
the variation curve of AE with annealing temperature. Anneal-
ing at 100 °C increased the AE effect from 19.58% to 49.5%,
while annealing at 200 °C reached the peak value of AE. This
peak marks the turning point in the competitive relationship
between magnetic anisotropy and internal stress relaxation.
Low-temperature annealing significantly enhances the AE effect
through the synergistic effect of the saturated magnetostrictive
coefficient, internal stress, and magnetic anisotropy, thereby

where B(T) = X (g — ag) X (T — Tqep). Fig. 2 shows
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Fig.2 Relationship between annealing temperature and the AE effect.
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improving the magnetic induction characteristics of FeCoSiB/Ti
thin films. However, high-temperature annealing further
increases the coercivity, which leads to a decrease in the AE
effect. In addition, attention should be paid to the possible
thermal damage to the substrate at high temperatures and its
coupling effect with the thin film. Therefore, factors such as
process conditions should be comprehensively considered to
determine the optimal annealing temperature.

2.2 Magneto-acoustic synergy optimisation

The AE effect modulates the speed and phase of SAW by altering
the Young's modulus of the thin film, a process known as the
magneto-acoustic coupling effect.>**® This section establishes
the transfer model for the AE-phase sensitivity Sy. The sensi-
tivity of the SAW sensor (S = d¢/dH) represents the phase
response as a function of the external magnetic field and is
related to the magneto-acoustic energy conversion efficiency. Its
expression can be decomposed as:***’
_dqo_d(pxdv dE ¢y dv

Sv =9~ @ " dE .

AE

GE dE " w aEE ©®

do . . .
where —f is the phase of the SAW device as a function of wave
velocity, with the following conversion relationship:***°

Ay Ag

Vo Po

©)

a8 represents the relationship between the change in Young's
modulus of the magnetoresistive thin film and the magnetic
dv
dE
Young's modulus of the propagation substrate on the wave
velocity. This study employs a delay-line surface acoustic wave
(SAW) magnetic field sensor structure operating at a frequency
of 200 MHz. To analyze the intrinsic relationship between the
AE effect and phase sensitivity, a finite element simulation

field strength, i.e., the AE effect. — is the effect of the change in

model based on resonant and anti-resonant modes of Love
waves was established. This model simulates the variation in
wave velocity during resonant and anti-resonant states. As
shown in Fig. 3(a), building upon the group's prior finite
element simulation research,” this model systematically
describes the evolution of Love wave velocity. This resulted in

(a). (b). 500 —o-

450 [=——250¢
20 Oc
40050

350
5300

250 /

200
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Annealing Temperature (°C)
Fig. 3 (a) Finite element simulation model. (b) Simulation curve of the

phase variation of SAW magnetic field sensor with annealing
temperature.
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the simulation curve of the phase change of the SAW magnetic
field sensor with annealing temperature shown in Fig. 3(b). As
the magnetic field strength increases, the change in A¢ with
annealing temperature follows the same trend as the AE effect.
When the external magnetic field reaches 1 mT, the phase
change can get about 350° at 100-300 °C. Combined with the
stress release situation shown in Fig. 2, the 100-300 °C range
has the best stress release effect. At the same time, considering
that the quartz has an upper temperature limit, the annealing
temperature needs to be adjusted in the actual process to
ensure device reliability while improving sensitivity.

3 SAW sensor fabrication
3.1 SAW substrate preparation

In this study, the ST-90°X quartz was utilised as the piezoelectric
substrate, and a semiconductor planar process was employed to
fabricate a delay-line-type SAW magnetic field sensing substrate
with an operating frequency of 200 MHz. The structural
diagram is shown in Fig. 4(a). The interdigital transducers
(IDTs) consist of aluminium electrodes with a width of 200 nm,
with thick fingers measuring 6.24 pm and thin fingers
measuring 2.90 um. Fig. 4(b) presents an optical photograph of
the IDT portion of the SAW sensor, captured using a Leica
DMS8000M optical microscope. The middle layer is a 500 nm-
thick SiO, waveguide layer that acts as an insulating layer.
The centre area of the delay line in the top layer constitutes
a magnetosensitive thin film coating area. The final stage of the
process involved the preparation of a SAW device substrate
based on ST-cut 90°X quartz.

3.2 Magnetic film preparation and annealing

Magnetically sensitive thin films were deposited on SAW
substrates using a direct current (DC) magnetron sputtering
method, followed by an annealing process. First, an induced
background magnetic field was applied, and the chamber was
evacuated to a base pressure of =8 x 107* Pa (with a back-
ground of 0.3 Pa high-purity argon gas and a radio frequency
power of 200 W), followed by sputtering a 10 nm Ti buffer layer.
Subsequently, the argon gas pressure was adjusted to 0.5 Pa,
and FeCoSiB magnetic film was sputtered at a rate of 10
nm min "' to a thickness of 100 nm. The process was repeated
multiple times until the FeCoSiB thickness reached 300 nm.
After film deposition, transfer to a magnetic component
vacuum heat treatment device (back vacuum = 8 x 10 ° Pa),

(a). HOY
Si0, I FeCoSiB/Ti Film l,' .
IDT
ST-cut 90°X Quartz

Output

Fig. 4 (a) Schematic diagram of SAW magnetic field sensing chip
structure. (b) Magnified image of IDT under the optical microscope.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Actual images of SAW chips and magnetic films (a) unannealed,
(b) annealed at 100 °C, (c) annealed at 200 °C, (d) vacuum heat
treatment device diagram.

and perform low-temperature annealing for 1 hour under
nitrogen protection (heating rate 5 °C min ", furnace cooled to
room temperature) to complete low-temperature annealing.
Fig. 5(a)—(c) show the physical images of the SAW chip and film,
and Fig. 5(d) shows the physical image of the magnetic
component vacuum heat treatment device. It was observed that
after the 100 °C annealing process, the number of surface
defects on the thin film decreased significantly, and the inter-
face became more dense and uniform. Annealing at 200 °C or
higher resulted in excessive processing of the thin film surface,
leading to further deepening of interface defects. This
morphological degradation is directly related to the sharp
increase in tensile stress (150 MPa) observed at 200 °C in
Fig. 1(b). Although direct XRD characterization was not per-
formed in this study, high-temperature annealing-induced
lattice distortion—leading to acoustic wave propagation loss—
can be inferred indirectly from the stress model and surface
morphology changes (Fig. 5). Subsequent work will incorporate
structural characterization methods such as XRD for further
validation.

The hysteresis loop and permeability u-H curve of the thin
film were tested using a vibrating sample magnetometer (VSM)
and a vector network analyser (VNA, model E5061B). The
magnetic film parameters of different annealed FeCoSiB
samples (unannealed control group, 100 °C/1 h, 200 °C/1 h, 300
°C/1 h) were measured and summarised in Table 1.

As can be seen from Table 1, the anisotropy field (H,)
decreased significantly with the increase in annealing temper-
ature, from 2.205 mT to 1.59 mT; low-temperature annealing
(100 °C) reduced the anisotropy field Hy from 2.205 mT to 1.917
mT. The initial permeability (u) reached its maximum (an

Table 1 Parameters of FeCoSiB/Ti magnetic films with different
annealing conditions

Annealing

temperature Unannealed 100 °C 200 °C 300 °C
H. (mT) 0.211 0.171 0.194 0.201
H, (mT) 2.205 1.917 1.652 1.590
Permeability u 982.32 1068.69 1132.99 1214.38

© 2026 The Author(s). Published by the Royal Society of Chemistry
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increase of 23.62%). This is due to the redistribution of
magnetic anisotropy caused by internal stress relaxation, which
is consistent with the annealing-induced uniaxial anisotropy
reconstruction mechanism observed in ref. 7. Although the Hj
value decreased, the simultaneous decrease in coercivity H,
(19% decrease) indicates that the magnetic domain rotation
resistance is reduced, which is conducive to enhancing the AE
effect. This phenomenon confirms the synergistic optimisation
of low anisotropy fields and high permeability in magne-
toelastic coupling, rather than simple anisotropy loss. This
proves that annealing at 100 °C can effectively eliminate defects
introduced during thin film growth and improve film quality.
Therefore, the optimal annealing condition was determined to
be 100 °C for 1 hour.

4 Sensing performance experiments

The experimental setup for characterising the SAW magnetic
field sensor consists of a vector network analyser (E5061B),
a Helmholtz coil, a direct current (DC) power supply, and
a personal computer (PC). The Helmholtz coil generates a stable
magnetic field by connecting to an external DC source. The SAW
magnetic field sensor is placed in the centre of the coil, and
images and experimental data are acquired in real time on the
PC.

4.1 S21 parameter evaluation

Changes in insertion loss can indirectly indicate the efficiency
of acoustic wave propagation. High-temperature annealing
(=200 °C) leads to a significant increase in insertion loss,
indicating greater acoustic wave propagation loss. The vector
network analyser was used to evaluate the S21 parameters of
SAW magnetic field sensor devices at room temperature (24 °C),
as shown in Fig. 6. The experimental results show that the
insertion loss of the device after annealing at 100 °C is —21.3
dB, which is only 0.87 dB higher than that of the unannealed
device (—22.17 dB), and the centre frequency shift is less than 10
kHz. When the annealing temperature was increased to 200 °C,
the centre frequency of the device shifted by 50 kHz and the
insertion loss increased by 2.78 dB. Annealing at 300 °C caused
a centre frequency shift of 70 kHz and an increase in insertion

-10f 200.3 MHz 2=z
PR et
-15F Unannealed : %_u :
——100°C > Y
E-ZO- 200:c:'---"": N |
3_25 | —300°C ' T 72000 2002 2004
: : Frequency (MHz)
@\ 3 i N\ e
i
-35
40
199.6 200.0 2004 200.8 201.2
Frequency (MHz)

Fig. 6 Effect of annealing on the S21 frequency response curve of
SAW magnetic field sensors.
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loss of 4.89 dB. When annealing temperatures exceed 300 °C,
irreversible lattice damage occurs in the quartz substrate,
leading to complete device failure. Consequently, higher
temperature experiments were not conducted in this study.
Theoretical analysis shows that moderate annealing at 100 °C
can improve piezoelectric coupling efficiency by eliminating
residual stress, while heat treatment exceeding this tempera-
ture threshold may cause quartz substrate lattice distortion,
resulting in acoustic surface wave propagation loss, which is
consistent with the quartz substrate damage threshold (>250 °©
C) reported in ref. 13. Therefore, the 100 °C annealing process
can effectively optimise the frequency response curve, but
exceeding this threshold will cause structural degradation,
thereby affecting device performance.

4.2 Phase sensitivity experiment

A standard magnetic field of 0-2 mT was applied using
a Helmbholtz coil, with tests conducted in the 0-0.2 mT range
(with 0.02 mT intervals) and the 0.2-2 mT range (with 0.2 mT
intervals). A network analyser recorded the phase response
changes of the device in real time using a fixed-frequency mode.
As shown in Fig. 7, annealing at 100 °C significantly enhances
the sensitivity of the SAW magnetic field sensor. When the
magnetic field strength is in the range of 0 < H < 0.2 mT, the
phase sensitivity of the 100 °C-annealed device increases from
156.34° per mT to 236.19° per mT compared to the unannealed
device, representing a 51% increase; When H increases to 2 mT
(where phase changes approach saturation), the maximum
response change reaches 266.42°, far exceeding the phase
change saturation value of 130.8° for the unannealed device.
Annealing at 200 °C has a poor effect on sensitivity improve-
ment (phase sensitivity of 94.93° per mT), but the maximum
response value can reach 158.61°, representing a certain
improvement compared to the unannealed device; annealing at
300 °C inhibits the sensitivity of the SAW magnetic sensor, with
phase sensitivity suddenly dropping to 8.67° per mT.

4.3 Temperature stability experiment

The piezoelectric layer of the SAW magnetic field sensor and the
thermal expansion effects between layers can cause the device's

—#— Unannealed _e—0—0—o
250 } —e—100°C .,./’
200°C
~ 200 v 300°C /./
< o
2 150f /
s /° A—n—a—n—n
A& 100} [ o
< J
50 F
0f VYVYVVVY y—y—v—v""""

0.0 0.5 1:0 1.5 2.0
H (mT)

Fig. 7 Phase variation with magnetic field under different annealing
conditions.

562 | Nanoscale Adv., 2026, 8, 557-564

(a).

Central Frequency

View Article Online

Paper

200.44
200.42
200.40
200.38
’N200.361
£200.34 4
220032
200.30
200.28
200.26
200.24

i 300C
I

0

]
500 1000 1500 2000

2500 3000 3500 4000

—_~
=3

). 200.40 .
200.38 !
200.36 !
200.34 !

N200.32

£200.30 4

2200.28 ]
200.26 4
200.24 4
200.22
200.20

Central Frequency

1000 1500 2000 2500 3000 3500 4000
Points

0 500

Fig.8 Comparison of center frequency changes with temperature for
(a) unannealed devices and (b) devices annealed at 100 °C.

centre frequency to shift significantly due to changes in
ambient temperature. Fig. 8 shows the change in the centre
frequency of an unannealed and annealed 100 °C SAW
magnetic field sensor with temperature. Tests were conducted
at 15 °C intervals within a temperature range of —15 °C to 60 °C.
At a low temperature of —15 °C, the centre frequency was
200.325 MHz, and when the operating temperature rose to 60 °©
C, the centre frequency only decreased slightly to 200.28 MHz.
Over the 75 °C temperature range, the entire frequency offset is
within 0.045 MHz. This represents a 62.5% reduction compared
to the offset (0.12 MHz) of the unannealed device under the
same conditions. This demonstrates that low-temperature
annealing at 100 °C effectively blocks external temperature
disturbances and improves device temperature stability.

5 Discussion

The superior performance of the SAW magnetic field sensor
after 100 °C annealing stems from the synergistic optimization
of the FeCoSiB/Ti multilayer film, as demonstrated by the
agreement between our theoretical models and experimental
results. The enhancement can be attributed to three inter-
connected physical mechanisms activated by the annealing
process.

First, interface stress relaxation plays a critical role. The as-
deposited film exhibits a compressive stress of approximately
—100 MPa (Fig. 1(b)). Annealing at 100 °C effectively releases
this stress, bringing it near zero. This relaxation is directly
linked to the 19% reduction in coercivity (H.) (Table 1). A lower
H, indicates that less energy is required for magnetic domain
reorientation, as the reduced stress diminishes pinning sites for
domain walls. This facilitated magnetization process is essen-
tial for efficient magneto-acoustic coupling.

Second, magnetic domain reorientation and the consequent
increase in the saturation magnetostrictive coefficient (1) are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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central to the sensitivity enhancement. Our Arrhenius model
(eqn (3)) quantitatively predicts the rise in A; from 40 x 107° to
46.9 x 10~° at 100 °C (Fig. 1(a)). This predicted enhancement is
confirmed by the experimental 51% increase in phase sensi-
tivity (from 156.34° per mT to 236.19° per mT, Fig. 7). Since A; is
a linear factor in the AE effect (eqn (2)), the observed sensitivity
gain directly validates the theoretically enhanced A and its role
in amplifying the AE effect, which is the fundamental mecha-
nism of the sensor.

Third, annealing-induced reduction of magnetic anisotropy
works synergistically with the above mechanisms. Data in Table
1 show a clear decrease in the anisotropy field (H;) and
a concurrent 23.6% increase in initial permeability (u) after
100 °C annealing. A lower H) and higher u enable easier rota-
tion of the film's magnetization in response to weak external
fields, explaining the improved responsiveness in the low-field
region (<0.2 mT) shown in Fig. 7. The competition between
this beneficial anisotropy reduction and the performance
degradation at higher temperatures (200-300 °C) is captured by
our model in Fig. 2, explaining the non-monotonic performance
trend.

In synergy, these mechanisms create an optimized magneto-
acoustic interface: reduced stress and anisotropy lower the
energy barrier for magnetization, while an enhanced A; maxi-
mizes the strain output. This collective action results in
a dramatically strengthened AE effect, which jumps from
19.58% to 49.5% (Fig. 2). This robust AE effect is the direct
cause of the high sensitivity. Furthermore, the densified and
stress-relieved interface, evidenced by the improved surface
morphology in Fig. 5(b), provides a more stable acoustic prop-
agation path. This translates directly to the observed 62.5%
improvement in temperature stability (Fig. 8), as the device
becomes less susceptible to thermo-mechanical perturbations.
Thus, the low-temperature annealing strategy successfully
engineers the interface physical properties, overcoming the
classic trade-off between sensitivity and stability in SAW
magnetic sensors.

6 Conclusions

This study systematically elucidates the multiple optimization
mechanisms of low-temperature annealing (100 °C) on the
performance of surface acoustic wave (SAW) magnetic field
sensors. Its core innovation lies in the first-ever revelation and
verification that low-temperature annealing synergistically
enhances both the AE effect and magnetoacoustic coupling
efficiency by concurrently regulating the saturated magneto-
strictive coefficient, internal stress, and anisotropy of FeCoSiB/
Ti multilayer films. Leveraging this magneto-acoustic synergy,
the study achieved a 51% increase in sensor sensitivity and
a 62.5% improvement in temperature stability without excessive
damage to the quartz substrate. This breakthrough effectively
overcomes the common technical bottleneck in traditional SAW
magnetic field sensors, where sensitivity and temperature
stability are difficult to balance simultaneously. This research
not only provides new insights and theoretical support for
designing high-performance SAW magnetic field sensors but

© 2026 The Author(s). Published by the Royal Society of Chemistry
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also lays the foundation for their application in high-precision
magnetic field measurement.

Subsequent research will focus on optimising the low-
temperature annealing process, improving material prepara-
tion methods, and sensor structure design to enhance the
performance metrics of SAW magnetic field sensors for high-
precision magnetic field measurement. Future work will
concentrate on further optimising sensor performance,
enhancing adaptability in complex environments, and
exploring potential applications in other fields.
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