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ABSTRACT: This study reports a strong ME effect in thin-film
composites consisting of nickel, iron, or cobalt foils and 550 nm
thick AlN films grown by PE-ALD at a (low) temperature of 250
°C and ensuring isotropic and highly conformal coating profiles.
The AlN film quality and the interface between the film and the
foils are meticulously investigated by means of high-resolution
transmission electron microscopy and the adhesion test. An
interface (transition) layer of partially amorphous AlxOy/AlOxNy
with thicknesses of 10 and 20 nm, corresponding to the films
grown on Ni, Fe, and Co foils, is revealed. The AlN film is found to
be composed of a mixture of amorphous and nanocrystalline grains
at the interface. However, its crystallinity is improved as the film
grew and shows a highly preferred (002) orientation. High self-
biased ME coefficients (αME at a zero-bias magnetic field) of 3.3, 2.7, and 3.1 V·cm−1·Oe−1 are achieved at an off-resonance
frequency of 46 Hz in AlN/Ni thin-film composites with different Ni foil thicknesses of 7.5, 15, and 30 μm, respectively. In addition,
magnetoelectric measurements have also been carried out in composites made of 550 nm thick films grown on 12.5 μm thick Fe and
15 μm thick Co foils. The maximum magnetoelectric coefficients of AlN/Fe and AlN/Co composites are 0.32 and 0.12 V·cm−1·
Oe−1, measured at 46 Hz at a bias magnetic field (Hdc) of 6 and 200 Oe, respectively. The difference of magnetoelectric transducing
responses of each composite is discussed according to interface analysis. We report a maximum delivered power density of 75 nW/
cm3 for the AlN/Ni composite with a load resistance of 200 kΩ to address potential energy harvesting and electromagnetic sensor
applications.
KEYWORDS: magnetoelectric effect, thin-film magnetoelectric composites, AlN thin film, low-temperature process, conformal coatings,
PE-ALD, interface

1. INTRODUCTION

The simultaneous exhibition of ferroelectricity (piezoelectric-
ity) and ferromagnetism (anti-, ferrimagnetism) has received
significant attention for both fundamental and practical
purposes. This is because the ferroelectric properties can be
manipulated by an external magnetic field or the magnetic
properties can be controlled by an electrical field or vice
versa.1−6 In multiferroic-based applications, the coexistence of
ferroelectricity (PE) and ferromagnetism (FM) is not enough.
In fact, a strong coupling of the two phenomena, the so-called
magnetoelectric (ME) coupling effect, is highly demanded.
The first observation of the ME coupling effect was in Cr2O3,
even though the Cr2O3 compound is not multiferroic.7 Some
transition metal compounds, such as bismuth ferrite (BiFeO3),
bismuth manganite (BiMnO3), terbium manganite (TbMnO3),
and LuFe2O4, and so on, possess both ferroelectric and
ferromagnetic properties. However, the mechanisms driving
multiferroicity are unique and specific for each compound. In

BiFeO3, it is believed that the mechanism governing multi-
ferroicity comes from two different cations; the off-centring
movement of the Bi3+ ion with the “lone pair” electrons in the
6s orbital induces ferroelectricity, whereas a robust anti-
ferromagnetism is given by the 3d electrons of the Fe ion (Fe3+

and/or Fe2+).8,9 Meanwhile, charge ordering occurring in a
ferrimagnetic LuFe2O4 is believed to be likely to produce
ferroelectricity.10−12 Some other mechanisms have triggered
multiferroicity, such as geometric ferroelectricity in hexagonal
RMnO3 (R = Sc, Y, In, or Dy−Lu)13,14 or spin-driven
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mechanisms as present in Cr2BeO4 or in orthorhombic
TbMnO3.

15−18 Unfortunately, the ME coupling effect of
these single-phase multiferroic materials is often too weak
and/or at very low temperatures, which impedes practical
applications.
Alternatively, ME composites open a pathway to outweigh

the above-mentioned disadvantages of single-phase multi-
ferroics by connecting ferroelectric (piezoelectric) and
ferromagnetic (magnetostrictive) materials into an ME
composite.19 In these composites, the ME coupling is governed
by a strain-mediated interaction between the two phases, i.e.,
the strain induced in the ferromagnetic phase is mechanically
transferred through to the ferroelectric phase via the interface.
The notation, such as 1−3, 0−3, and 2−2, is used to classify
the structure of an ME composite in which the number
describes the dimensional geometry of each phase.20 Various
deposition techniques, such as electrochemical coating,21,22

magnetron sputtering,23,24 pulsed laser deposition (PLD),25−29

spark plasma sintering,30 molecular beam epitaxy (MBE),31,32

and metal−organic chemical vapor deposition (MOCVD),33

were used to fabricate ME composites.
On one hand, a 1−3 composite consists of a single-phase

nanopillar (denoted 1) embedded into a matrix of another
phase (denoted 3). Intensive work has been carried out to
design composites with a strong ME effect in both ceramic and
thin-film composites. Bulk ME ceramic composites, such as
BaTiO3−Ni(Co,Mn)Fe2O4

34 and (Sr,La)PbZrTiO3-
(Ni0.7Zn0.3)Fe2O4,

35 were synthesized via cosintering at high
temperatures. Zavaliche and co-workers36 demonstrated the
ME effect in CFO nanopillars embedded in a BiFeO3 matrix.
However, the ME effect in these bulk composites was very
weak because of interfacial interdiffusion and/or interface
reactions, leading to a high leakage current and poor coupling.
This poor coupling generated is due to the high-temperature
treatment for fabrication with a difference in thermal expansion
between the two bulk phases inducing delamination/cracks,
thus reducing the coupling. The 0−3 ceramic composites face
similar issues and a high leakage current in composites, which
is due to the electrically conductive constituent of the
magnetostrictive phase that is embedded in the ferroelectric
matrix with a high particle density. By utilizing the sol−gel
technique, Wan et al.37 reported 0−3 composite films by
dispersing CoFe2O4 (CFO) nanoparticles in Pb(Zr,Ti)O3
(PZT). Exploiting PLD, Ryu et al.28 grew PZT/CoFe2O4
composites on SrTiO3 substrates. Unfortunately, the ME
coefficient was limited because of a poor interface between the
two phases and a high leakage current and/or a strong
clamping effect induced by the substrates. On the other hand, a
high ME coefficient in the 2−2 bulk laminate composites is
expected because of the elimination of the leakage
current.38−42 However, in these bulk laminate composites,
the use of epoxy to connect the two layers as well as the need
of additional electrodes significantly affect the ME response of
the composites with poor coupling interfaces between
consecutive layers.43−45

Compared to bulk ME composites, thin-film composites
have superior transduction properties from a combination of
the layers at the atomic level, precise control of the lattice
mismatch between materials, and the possibility of growing
epitaxial composite films. In addition, a thin-film composite
facilitates its ability to integrate into microelectronics and
microelectromechanical systems (MEMS). Recently, Gupta et
al.29 reported a giant ME coefficient of 130.5 V·cm−1·Oe−1 in

PZT/Ni composite grown by PLD. However, its ME response
is only effective after a nonobvious supplementary stage of
poling of the PZT layer. Furthermore, the authors claimed
nickel oxide was formed due to the high deposition
temperature of PZT at 800 °C, which degraded the
performance of Ni in the composites.
In the current study, we aimed at applying highly conformal

AlN thin films made by PE-ALD to different magnetostrictive
materials to overcome the issues of the thin-film ME
composites processing and the interface between the two
phases. Commercial Ni, Fe, and Co foils with different
thicknesses were exploited as a magnetostrictive layer due to
their nonzero and moderate piezomagnetic coefficient.46

Furthermore, these were shown to have a high electrical
conductivity, simplifying electrode interfacing. AlN films grown
directly on the foils by PE-ALD at a low temperature of 250 °C
were part of a piezoelectric layer. Our earlier work47,48

demonstrated that even at a low deposition temperature,
AlN films show good piezoelectric properties with a direct
piezoelectric coefficient e31,f of 0.37 C/m2. Compared to other
coating methods, such as spin coating, sputtering, CVD, and
PLD, utilizing the PE-ALD technique to design ME
composites is believed to ensure an excellent interface owing
to its low-temperature processes and highly conformal coating
profile. Therefore, the effect of differences in lattice mismatch,
thermal expansion, atomic interdiffusion, and morphology
quality between the two phases can be mitigated. As a result, a
strong ME coupling in these composites is expected.

2. EXPERIMENTAL SECTION
The AlN thin film was synthesized with a commercial plasma-
enhanced atomic layer deposition PE-ALD reactor (TFS-200, Beneq,
Finland) using standard precursors, such as trimethyl aluminum
Al2(CH3)6 (TMA, Strem Chemicals, Inc., France), and a mixture of
N2:H2:Ar gases with a flow ratio of 100 sccm/80 sccm/30 sccm. The
AlN films presented in this study were grown by 5000 cycles to obtain
a 550 nm thick film. Details in the optimization of AlN film growth
can refer to our previous work.47 The films were grown at a
temperature of 250 °C on three different substrates: (1) 2 × 2 cm2 Ni
(NI000270), Fe (FE000160), and Co (CO000170) foils (Goodfellow
GmbH, Germany), (2) 150 nm thick nickel-coated silicon substrates
by sputtering (Baltec Med-020 high vacuum coating system, Ni target
purity level of 99.999%, reference NI000565, Goodfellow GmbH,
Germany), and (3) pristine (100) silicon substrates (1 × 1 cm2 pieces
of a single-crystal Si(100) wafer, grade Monitor, Siegert GmbH,
Germany). Pristine Si wafers were used for measuring the thickness of
the different AlN film deposits.

The thickness of the AlN films was verified by ellipsometry (J. A.
Woolam Ellipsometer). The film crystal structure was examined by X-
ray diffractometry using a PIXcel3D detector (PANalytical X’Pert Pro)
in grazing incidence (GI-XRD) configuration with an incidence angle
of ω = 0.5°. Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) investigations were carried
out using a JEOL JEM-ARM 200F Cold FEG operating at 200 kV and
equipped with a spherical aberration (Cs) probe and image correctors
(point resolution 0.12 nm in TEM mode and 0.078 nm in STEM
mode). Electron energy-loss (EEL) spectra were collected for O K, Ni
L2,3, Fe L2,3, Co L2,3, N K, and Al K edges in STEM mode. TEM
lamellas were prepared by means of a FIB/SEM FEI Helios NanoLab
600i equipped with a platinum gas injection system.

The tape test following the ASTM D3359 standard49 (“Standard
Test Methods for Measuring Adhesion by Tape Test”) was performed
to evaluate the adhesion between the films and the foils. Details of the
test method are found in Figure S1 in the Supporting Information.

The topographic structure was acquired by commercial atomic
force microscopy (AFM Innova, Bruker Inc., Santa Barbara) in

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c08399
ACS Appl. Mater. Interfaces 2021, 13, 30874−30884

30875

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c08399/suppl_file/am1c08399_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c08399?rel=cite-as&ref=PDF&jav=VoR


tapping mode by maintaining the amplitude of the cantilever first
resonance constant. Images were taken over 2 × 2 μm2 at a scan rate
of 1 Hz. The tips used were denominated HQ:NSC/Hard
(MikroMasch, Bulgaria), Diamond-like carbon-coated, with a nominal
cantilever stiffness of 40 N/m and an apex diameter of below 20 nm.
Dynamic-secondary ion mass spectrometry (D-SIMS, CAMECA

SC-Ultra) was used to analyze the elemental composition of the films
grown. The depth profiles were acquired with a Cs+ bombardment
operating at 1 keV and a 10 nA primary ion beam scanned over an
area of 250 × 250 μm2. A thin gold layer was added to the top surface
of the sample to allow charge evacuation during ionic bombardment.
In addition, an electron gun was used to ensure charge compensation.
For the piezoelectric characterization, AlN films were deposited on

a silicon wafer with a 150 nm thick nickel layer as the bottom
electrode. Thereafter, a 100 nm aluminum layer was sputtered on top
of the deposit as a top electrode. The specific cantilevers for the four-
point bending (4-PB) characterization, in order to measure the
effective transverse piezoelectric coefficient e31,f of the AlN films, were
fabricated using laser lithography and wet-etching processes according
to the protocol of K. Prume et al.50 The magnetization measurement
was performed at room temperature with a vibrating sample
magnetometer (VSM, Cryogenic, UK) with a magnetic field sweep
from −4 to 4 T. The ME coefficient was measured with an in-house
magnetoelectric testing bench (Figure S2, Supporting Information)
following the dynamic method as described by Vidal and co-
workers.51 The dynamic method exhibits several advantages
compared to the static and quasi-static methods owing to a very
efficient reduction of the electronic noise thanks to the phase-sensitive
detection by a lock-in amplifier and elimination of the problem of
charge accumulation observed for certain ceramics.51 Prior to
measurement, a 100 nm thick Al metal as the top electrode was
deposited over 0.3 × 0.3 cm2 on AlN/Ni composites. The ME
voltage, measured between the aluminum top electrode and the nickel
bottom electrode, was extracted using a lock-in amplifier (SR865A, 4
MHz DSP) where composites were exposed to a bias dc magnetic
field (Hdc) from an electromagnet varying from −200 to 200 Oe
superimposed with a small ac magnetic field (Hac) from Helmholtz
coils at an amplitude of 8.5 Oe at a constant frequency of 46 Hz.
Then, the ME coefficient was calculated using the following

equation51
V t

tHME
outpu

ac
α = , where t is the thickness of the piezoelectric

layer (in the thin-film composites) and Voutput is the ME voltage
extracted in the piezoelectric layer. Both forward (−Hdc → 0→ +Hdc)
and backward (+Hdc → 0 → −Hdc) measurements were acquired.
The power density was calculated by dividing the output power by the
device volume.
The raw/processed data required to reproduce these findings can

be shared on reasonable request.

3. RESULTS AND DISCUSSION
Figure 1 shows the GI-XRD (ω = 0.5°) patterns of 550 nm
thick AlN films grown on 30, 12.5, and 15 μm thick Ni, Fe, and
Co foils, respectively. The AlN film on Ni and Fe exhibits a
highly (002)-preferred orientation; meanwhile, the (100) and
(002) orientations are observed in the film grown on the Co
surface. No formation of metal−oxide phases such as NixOy
and CoxOy is detected. It is noted that the strong noise
intensity background in the GI-XRD data for Fe and Co is due
to a strong fluorescence of these elements.52

The topography of the AlN film surfaces on Ni, Fe, and Co
foils was measured by AFM on Figure 2a, 2d, and 2g,
respectively. The surface roughness was about 38, 8, and 15
nm for the films grown on Ni, Fe and Co, respectively. The
grain-diameter distribution is obtained from particle analysis of
the topography images by a watershed detection method
processed under Mountain SPIP software (Digital Surf,
France). The particle segmented images and its grain-diameter
histogram (the inset) are shown in Figure 2b, 2e, and 2h and

Figure 2c, 2f, and 2k. The mean diameter of the grains
extracted was 77 ± 20, 82 ± 32, and 56 ± 20 nm for the AlN
films grown on Ni, Fe, and Co foils, respectively.
Figure 3 presents TEM observations in a cross-section for

AlN films grown on a 30 μm thick Ni foil. The interface
between AlN and Ni is clear, and no delamination is observed,
as shown in the TEM bright-field (BF) and dark-field (DF)
micrographs (Figure 3a and 3b). The inserted selected area
electron diffraction (SAED) pattern in Figure 3a shows a ring
at a dhkl distance of 0.248 nm, confirming the (002)-preferred
orientation of the AlN film in accordance with the XRD data
(Figure 1). The AlN film presents a columnar structure with
amorphous regions and nanocrystalline grains (20−30 nm).
High-resolution TEM (HR-TEM) was performed to further

study the interface between AlN and Ni as well as the
crystallinity of the AlN film. Figure 3c shows an HR-TEM
image and SAED pattern accompanied by fast-Fourier
transform (FFT) observed at the interface. Notably, a
transition layer of approximately 10 nm is observed in the
AlN layer. The SAED reveals that the crystallinity of AlN at the
interface is poor, highly defective, and disordered; however, at
the top layer the crystallinity of AlN is highly improved, as
illustrated in Figure 3d with the SAED pattern. This evolution
of the film crystallinity has been reported in our previous
study47 and by Schneider and co-workers.53 It results from the
initial inhomogeneous growth regime, which however becomes
less effective when the film is thicker. STEM-EELS (Figure
3e−h) was carried out to study the chemical composition and
elemental diffusion at the interface and the origin of the
transition layer. No significant Ni and Al/N diffusion is
detected through the interface. Significant amounts of O, Al,
and N in the transition layer are observed, implying that the
transition layer is amorphous with AlxOy oxides and a potential
oxynitride forms AlOxNy. It is worth noting that a remarkable
amount of oxygen is also observed in the AlN film that is
coincident with our previous report,47 showing that about 6
atom % of O was presented in the AlN film. No formation of
NixOy has been detected.
Furthermore, Figures 4 and 5 present TEM observations in a

cross-section for AlN films grown on Fe and Co foils,
respectively. Similarly to the AlN film grown on Ni foil, AlN

Figure 1. GI-XRD (ω = 0.5°) patterns of a 550 nm thick AlN film
deposited on 30 μm thick Ni, 12.5 μm thick Fe, and 15 μm thick Co
foils.
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films grown on Fe and Co foils show a sharp interface without
delamination. It is also observed that the nanocrystalline grains
are embedded in an amorphous phase and that a columnar
structure is present. The SAED patterns inserted in Figures 4a
and 5a reveal that AlN films grown on Fe and Co foils have a
(002) preferred orientation. Among the three samples, AlN
films grown on Ni and Co show better crystallinity compared
to the film grown on Fe, as sharp and intense rings are
observed.
Transition layers of 30 and 20 nm are observed in the Fe

and Co samples, as shown in Figures 4c and 5c, respectively.
These layers are partially amorphous, consisting of AlxOy,
AlOxNy, and AlN layers. These are further confirmed by
chemical analyses (EEL spectra shown in Figures 4e−h and
5e−h). Otherwise, the FFT shows strong diffuse amorphous
rings (Figures 4c and 5c). As the films grows, its crystallinity
increases with a (002) preferred orientation (Figures 4d and
5d). It can be noted that an iron oxide layer of 10 nm is
observed in STEM-EELS (Figure 4e−h), which may be due to
iron foil processing. Furthermore, no significant diffusion of
elements through the interface can be detected. The origin of
the formation of amorphous AlxOy and AlOxNy layers is due to
the presence of hydroxyl groups on surface substrates that act
as radical groups in the ligand exchange reaction, causing the

formation of a transition layer. In addition, the presence of
residual water molecules and oxygen gas inside the reaction
chamber during the first stages of the PE-ALD process is also a
source of oxygen atoms participating in the chemical reaction
of the film deposition. During the process, complete saturation
of the reactor chamber with the nitrogen/argon/hydrogen
gases lowers the presence of the water and O2 molecules.
Notably, the film microstructure grown on Ni and Fe is quite
different from the film grown on Co. The continuous columnar
structure is observed in AlN/Ni and AlN/Fe samples, as
shown in Figures S3 and S4. It is still obtained in the AlN/Co
sample; however, “twin boundaries” are also present (Figure
S5). The twin boundaries are formed due to the misalignment
between AlN grains, which originates from the microstructure
of the Co substrate, whereas Ni and Fe foils are constructed by
grains with different sizes and different orientations causing a
smooth surface. The misalignment of crystalline grains may
cause a cancellation among the electrical dipoles in the
conformal AlN film, leading to a decrease in the piezoelectric
response, as well as magnetoelectric transduction in the AlN/
Co composite. This will be discussed further in the section
about the magnetoelectric measurements.
Depth-profile SIMS analysis for the AlN films grown on Ni,

Fe, and Co foils was carried out to further study the depth

Figure 2. AFM topography, particle segmentation images, and grain-diameter histogram extracted from the watershed detection method of (a−c)
AlN film on a 30 μm thick Ni foil, (d−f) AlN film on a 12.5 μm thick Fe foil, and (g−k) AlN film on a 15 μm thick Co foil. Scale bar is 500 nm.
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profile of Al and N as well as defect levels such as O, C, and H,
as shown in Figure 6. The distributions of Al and N were found
to be constant though the whole film thickness for all three
samples. The O, C, and H impurities are clearly present. Due
to the lack of a standard sample, the atomic percentage cannot
be determined. However, the level of impurity can be
compared. The film grown on a Co foil contains the highest
C contamination, whereas the film grown on a Ni foil contains
the highest O contamination. In addition, the previous study47

reported that the atomic percentages of C and O in the bulk
were about 2 and 7.5 atom %.

It is noted that the presence of H was clearly observed
through the whole film by D-SIMS. The remarkable presence
of oxygen inside the films strongly affects not only the crystal
quality but also the piezoelectric response of the AlN film as
demonstrated by Akiyama et al.54 and Vergara et al.55 Vergara
and co-workers55 showed that the electromechanical coupling
factor was drastically decreased on increasing the oxygen
concentration. Akiyama et al.54 revealed a significant increase
of the full width half maximum of the (002) diffraction peak
and a remarkable decrease of the piezoelectric response as the
oxygen concentration increased. That could explain why a low
piezoelectric coefficient e31,f of 0.37 C·m

−2 was obtained in our

Figure 3. (a) Bright-field (BF) micrograph and inserted SAED pattern of a cross-section of the AlN layer. (b) Dark-field (DF) TEM micrograph of
the AlN film on a 30 μm thick Ni foil. HR-TEM images and inserted fast-Fourier transform at (c) the interface between AlN and Ni (blue dashed
square in a) and (d) the top layer of AlN (brown dashed square in a). (e−h) STEM-EELS mappings for O K, Ni L2,3, N K, and Al K edges,
respectively. Scale bar in the STEM-EELS images is 100 nm.

Figure 4. (a) Bright-field (BF) micrograph and inserted SAED pattern of a cross-section of the AlN layer. (b) Dark-field (DF) TEM micrograph of
the AlN film on a 12.5 μm thick Fe foil. HR-TEM images and inserted fast-Fourier transform at (c) the interface between AlN and Fe (the blue
dash square) and (d) the top layer of AlN (brown dashed square). (e−h) STEM-EELS mappings for O K, Fe L2,3, N K, and Al K edges,
respectively. Scale bar in the STEM-EELS images is 100 nm.
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films.47 However, those impurity levels are comparable to
those found in the literature.56,57 Minimization of those
impurities is really challenging in chemical vapor deposition
due to the presence of residual moisture in the reactor
chamber and the carrier gases.
The tape test was carried out to evaluate the adhesion of the

AlN films on the magnetostrictive foils. Figures S6, S7, and S8
show the results of the tape test of the AlN/Ni, AlN/Fe, and
AlN/Co samples, respectively. The tests on the three samples
were classified as class 5 according to the ASTM D3359
standard,49 i.e., the edges of the cuts are completely smooth;
none of the squares of the lattice are detached. The tape test
verified an excellent adhesion of the AlN films on the Ni, Fe,
and Co foils.
Figure 7a shows the magnetization measurement data of a

pristine Ni foil and Al/Ni composites. All of the Al/Ni samples
show ferromagnetic behavior with typical symmetric magnetic
hysteresis loops. It should be noted that a pure AlN thin film is
diamagnetic in nature. Therefore, the ferromagnetic character-
istics of the AlN/Ni samples stem from the Ni foils. It can be
seen that the magnetic hysteresis loops are the same among the
Al/Ni composites regardless of the thickness of the Ni foils.
The saturation magnetization of a pure Ni foil and Al/Ni
composite is approximately 56 emu/g, which is quite close to
the expected value for a bulk Ni of 58.6 emu/g.
Figure 7b illustrates the ME coefficient (αME) as a function

of a dc-biased magnetic field (Hdc) for AlN/Ni thin-film
composites, measured at an off-resonance frequency of 46 Hz.
The asymmetry of the ME coefficient curve is related to the
asymmetry of the magnetostriction nature of nickel.58 When a
dc magnetic field superimposed with a weak ac magnetic field
is applied parallel to the plane of the AlN/Ni samples, spins
present in nickel are aligned to the direction of the applied
magnetic field. The alignment of spins causes the magnetic
domain movements and surface modulations. This magnetic
domain switching results in magnetoelastic deformation, which
is then mechanically transferred to the AlN film via the
interface, subsequently generating charges and an electrical
field in the piezoelectric film. For all measurements, αME
exhibited a typical Hdc dependence showing the hysteresis
behavior during the Hdc sweep and a sign change with respect

to the reversal of the Hdc direction. The Hdc dependence of
αME is correlated to the first derivative of the magnetostriction
or the piezomagnetic coefficient, dλ/dH, where λ is the
magnetostriction and H is the applied magnetic field.58 In
general, the αME increases as Hdc increases, reaching its
maximum value at a particular Hdc value at which the
maximum piezomagnetic coefficient is achieved, after which
it drastically decreases as Hdc continues to increase.
Interestingly, in our AlN/Ni thin-film composites, a maximum
αME was obtained at a zero bias field (Hdc = 0 Oe). The nearly
maximum αME at zero dc magnetic field has also been reported
in other composites such as Ni/PMT (0.8[Pb(Zr0.52Ti0.48O3] +
0.2[Pb(Zn1/3Nd2/3)O3] + 2 mol % MnO2),

59 Ni/MFC
(macrofiber composite),60 and Ni/SFC (single-crystal fiber
composite).41,61 The intrinsic self-biased αME is attributed to
the hysteretic magnetic nature of the Ni foil. Zhou et al.59

demonstrated that Ni foil possesses macrosized domains with a
long-range ordering, which resulted in the larger coercive field.
When the magnetic domains are reoriented, a higher magnetic
field is required to achieve the random state, causing larger
hysteresis in the magnetization curve. In the present study, the
maximum αME values were about 3.3, 2.8, and 3.1 V·cm

−1·Oe−1

for AlN/Ni thin-film composites with a Ni foil thickness of 7.5,
15, and 30 μm, respectively. Greve et al.62 reported a giant ME
coefficient of 3.1 V·cm−1·Oe−1 measured at an off-resonance
frequency of 100 Hz in an AlN/Metglas thin-film composite
coated in a free-standing cantilever. The AlN layer used is 1.8
μm thick with an e31,f value of 1.2 C·m−2, which is
approximately three times thicker than our AlN thin film
with a piezoelectric coefficient e31,f of 0.37 C·m−2.47 Moreover,
the piezomagnetic coefficient of Metglas of about 1.4 ppm/Oe
is also almost three times higher than that of Ni with a value of
0.3 ppm/Oe.63 Therefore, the high αME obtained in our AlN/
Ni thin-film composites can be attributed to an excellent
interface quality between the AlN thin film and the Ni foils
produced by a highly conformal coating by PE-ALD and a low-
temperature process limiting atomic interdiffusion, micro-
cracks, and delamination due to the different coefficients of
thermal expansion of the two layers.
Figure 8a and 8b shows the magnetization and magneto-

electric measurements for the AlN/Fe and AlN/Co samples.

Figure 5. (a) Bright-field (BF) micrograph and inserted SAED pattern of a cross-section of the AlN layer. (b) Dark-field (DF) TEM micrograph of
the AlN film on a 15 μm thick Co foil. HR-TEM images and inserted fast-Fourier transform at (c) the interface between AlN and Co (blue dashed
square) and (d) the top layer of AlN (orange dashed square). (e−h) STEM-EELS mappings for O K, Co L2,3, N K, and Al K edges, respectively.
Scale bar in the STEM-EELS images is 100 nm.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c08399
ACS Appl. Mater. Interfaces 2021, 13, 30874−30884

30879

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c08399/suppl_file/am1c08399_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08399?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08399?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08399?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08399?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c08399?rel=cite-as&ref=PDF&jav=VoR


The saturation magnetization is about 205 and 160 emu/g for
AlN/Fe and AlN/Co, as shown in Figure 8a. The maximum
magnetoelectric coefficient, αME, of the AlN/Fe and Al/Co
composites (Figure 8b) was measured as being approximately
0.32 and 0.12 V·cm−1·Oe−1 at 46 Hz with a bias magnetic field
(Hdc) of 6 and 200 Oe, respectively. Compared to the AlN film
grown on Ni foils, the magnetoelectric response in Al/Fe and
Al/Co samples is about 1 order of magnitude weaker. This can
be attributed to a stronger magnetostrictive effect in Ni
compared to Fe and Co. Klokholm et al. reported magneto-

strictive hysteresis loop measurements on nickel, iron, and
cobalt in the shape of thin polycrystalline films.58

The authors highlighted the maximum magnetostriction
coefficients of λ = −6, −3.5, and −11.2 ppm for iron, cobalt,
and nickel, respectively. The same authors experienced a large
variation of this saturation magnetostriction coefficient for
cobalt, which is quite sensitive to the deposition process
(sputtering and thermal evaporation in this study) and
postannealing eliminating the fcc phase with an unusual
change in the magnetostrictive behavior. This is also confirmed
by the trend we observed about the maximum magnetoelectric
coefficient values we measured for these three metals. In our
case, we could explain the lowest αME coefficient in the AlN/
Co composite as due to the misalignment of the (002)-
oriented columnar grains of the piezoelectric AlN film
conformally grown on a Co surface, as revealed by the HR-
TEM micrographs in Figure S5 (Supporting Information).
For potential applications of such ME composites in energy

harvesters, output voltage and power density as a function of
load resistance were determined on the AlN/Ni sample, as

Figure 6. D-SIMS depth-profile analysis for the AlN films grown on
(a) 15 μm thick Ni, (b) 12.5 μm thick Fe, and (c) 15 μm thick Co
foils. Dark green dashed lines are used to indicate the transition
between the films (left) and the foils (right).

Figure 7. (a) Magnetization measurements of nickel samples with
thicknesses of 7.5, 15, and 30 μm with a 550 nm thick AlN film
deposited on top and a pristine 100 μm thick Ni foil. (b)
Magnetoelectric coefficient (αME) measurements, performed at a
constant ac magnetic field amplitude of 8.5 Oe and a frequency of 46
Hz, of AlN/Ni composites. Magnetic dc bias forward (−Hdc → 0 →
+Hdc) and backward (+Hdc → 0 → −Hdc) ME measurements were
both performed.

Figure 8. (a) Magnetization measurements of 12.5 μm thick Fe and
15 μm thick Co samples with a 550 nm thick AlN film deposited on
top. (b) Magnetoelectric coefficient (αME) measurements, performed
at a constant ac magnetic field amplitude of 8.5 Oe and a frequency of
46 Hz, of AlN/Fe and AlN/Co composites. Magnetic dc bias forward
(−Hdc → 0 → +Hdc) and backward (+Hdc → 0 → −Hdc) ME
measurements were both performed.
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illustrated in Figure 9. It is interesting to point out that a
maximum power density of approximately 75 nW/cm3 on a

load resistance of 200 kΩ was obtained. Although a strong ME
effect was achieved in PZT/Ni,29 PZT-NiFe2O4−PZT,64 PZT
on amorphous Metglas foil,65 and (Fe90Co10)78Si12B10/AlN

62

thin-film composites, an output power has not been reported.
Recently, Ghosh et al.66 reported a peak output power density
of 50 nW/cm3 in 0−3 ME films with a thickness of 9 μm made
of NiFe2O4 nanoparticles added to P(VDF-TrFE). It has been
reported that the ME coefficient as well as the power density
can be further improved using the resonance structures.41,61,62

It, therefore, will be a future approach by which to upgrade the
performance of our composites.

4. CONCLUSION
Thin-film magnetoelectric composites made of piezoelectric
AlN thin films and magnetostrictive foils were synthesized with
a detailed analysis of the interfaces in order to optimize the
mechanical energy transfer. The AlN film deposited using
plasma-enhanced atomic layer deposition (PE-ALD) at a low
temperature of 250 °C exhibited a preferred (002) orientation
and a usable piezoelectric response with a direct piezoelectric
coefficient e31,f of 0.37 C/m2. The film crystal properties and
the interface between the films and the foils were carefully
investigated by high-resolution transmission electron micros-
copy. It was found that a transition layer of amorphous AlxOy/
AlOxNy was formed between the films and the foils. The
thicknesses of transition layers were 10, 30, and 20 nm for the
films grown on Ni, Fe, and Co. The evolution of the
crystallinity of the AlN film was studied, showing that the film
was amorphous at the interface and significantly improved
during the ALD growth. The interface between the AlN films
and the foils was clear and continuous. A strong self-biased
magnetoelectric coefficient was achieved in AlN/Ni compo-
sites, namely, the maximum magnetoelectric coefficients of the
AlN/Ni composites with Ni foil thicknesses of 7.5, 15, and 30
μm were 3.3, 2.8, and 3.1 V·cm−1·Oe−1 measured at an off-
resonance frequency of 46 Hz and at a zero-bias dc magnetic
field. Moreover, the magnetoelectric effect was studied in
composites made of 550 nm thick films grown on 12.5 μm
thick Fe and 15 μm thick Co foils. The maximum

magnetoelectric coefficient of AlN/Fe and Al/Co composites
was approximately 0.32 and 0.12 V·cm−1·Oe−1 characterized at
46 Hz with bias fields (Hdc) of 6 and 200 Oe. A maximum
power density of 75 nW/cm3 was produced on a load
resistance of 200 kΩ. A strong magnetoelectric coupling
obtained in AlN/Ni composites, compared to Fe and Co
samples, can be attributed to the higher magnetostrictive
response of nickel and an excellent interface quality between
the AlN film and the Ni surface, which is due to a highly
conformal coating profile and a low-temperature process. With
these advantages, plasma-enhanced atomic layer deposition
opens up a simple and efficient pathway to design a novel
material compatible with cleanroom facilities for MEMS
energy harvesters and electromagnetic sensors in which the
interface effects, such as morphologic roughness, microcracks,
delamination, and interdiffusion, can be alleviated.
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