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ABSTRACT
The effects of parameters of Al layer thickness and total film thickness on the 
structural and related magnetic properties of Ni/Al multilayer films were inves-
tigated. The films were deposited by a dual sputtering. The Ni content decreased 
gradually while the Al content increased as the Al layer thickness increased. It 
was also observed that the total film thickness had little effect on the film content. 
All films have a face-centred cubic structure. And, the surface morphology of 
Ni/Al films is more uniform and homogeneous than the surface of Ni film. For 
magnetic analysis, the properties were strongly changed with the parameters. The 
saturation magnetisation, Ms of Ni film was obtained as 572 emu/cm3 while the Ms 
of the Ni/Al films decreased from 441 to 298 emu/cm3 with increasing Al content 
in the films caused by the Al layer thickness. And, the increase of total film thick-
ness resulted in a decrease of Ms value. While the coercivity, Hc value of the Ni 
film was 90 Oe, Hc of Ni/Al films was decreased to ~ 39 Oe with the formation of 
multilayer structure. Ni/Al multilayers were obtained magnetically softer than the 
Ni film. The Ms and Hc values were significantly affected by the variation of the 
film content and crystal structure caused by the changes in deposition parameters. 
Therefore, this is a fundamental step for Ni/Al multilayers to improve the prop-
erties of these films for their potential applications in microelectronic devices.

1 Introduction

The high saturation magnetization and low coerciv-
ity of soft magnetic multilayers with nanometer layer 
thickness make them promising candidates for use 
in electromagnetic devices as magnetoresistive sen-
sors and storage devices [1–3]. In recent years, with 
the increasing need to reduce device size, research on 

the production and characterization of new soft mag-
netic multilayers with nanometer layer thicknesses 
exhibiting unusual magnetic properties has acceler-
ated. Production of nanolayered magnetic multilay-
ers can be done by several methods such as sputter-
ing, vapor deposition and electrodeposition [4–7]. 
Among the techniques, DC magnetron sputtering is 
one of the most widely used methods in multilayer 

Received: 12 December 2023 
Accepted: 12 January 2024 
Published online: 
6 February 2024 

© The Author(s), 2024

Address correspondence to E-mail: hkockar@balikesir.edu.tr

E-mail Addresses: nadirkaplan@baun.edu.tr; htopcu@balikesir.edu.tr



	 J Mater Sci: Mater Electron (2024) 35:302302 Page 2 of 9

manufacturing. The technique offers more uniform 
and high quality deposition surface, quick growth, 
composition control and a clean environment free of 
toxic chemicals [8]. The microstructure and physical 
properties of multilayers used for various purposes 
in different technological devices can be controlled 
by adjusting process parameters such as layer thick-
nesses, total film thickness, deposition rate, substrate 
type and temperature [4, 8–11]. In particular, the layer 
thickness is an effective parameter in the sputtering 
process [1, 12].

It is known that multilayers consisting of Ni lay-
ers are frequently investigated by many researchers 
[13–17]. The main reason for this interest is that Ni 
containing multilayers have a wide field of applica-
tions in various advanced devices due to their excel-
lent performance in magnetic, mechanical and electri-
cal properties. Among the Ni containing multilayers, 
focusing on Ni/Al multilayers has many advantages, 
as their applications in technology are rapidly expand-
ing and they can also exhibit attractive magnetic prop-
erties. Besides, Ni/Al is a reactive multilayer thin film 
and has been studied in several researches in joining 
applications as local heat sources for soldering and 
brazing due to their self-propagating nature studied 
the structural changes of Ni/Al multilayers with dif-
ferent modulation periods at increasing temperatures 
[13]. In the study, it was obtained that the structural 
evolution depends on the multilayer period and were 
affected by overall chemical compositions. In addition, 
the sequence of phase formation and the microstruc-
tural evolution of Ni/Al multilayer thin films during 
the heat treatments were investigated by Simones et al. 
[14]. Besides, the effects of the Al/Ni molar ratio on the 
reaction are studied by varying the thicknesses of the 
Al/Ni bilayers by Kuk et al. [15]. Recently, the study 
[16] demonstrated the self-propagating reaction and 
adhesion between the Ni/Al multilayers and silicon 
substrate. When considering the studies done by now, 
researches on the Ni/Al multilayers have focused on 
structural evolution and thermal effects. And there 
is only one study in the literature investigating the 
structural and magnetic properties of Ni/Al multilay-
ers with the effect of Ni layer thickness [17]. To our 
knowledge, there is no investigation on dependency 
of Al layer thickness and total film thickness on the 
properties of sputtered Ni/Al multilayer films. There-
fore, the purpose of this study is to fill in the gap of 
the field and investigate the influence of Al layer thick-
ness and total film thickness on the microstructural 

and related magnetic properties of Ni/Al multilayer 
films. Increasing Al layer thickness from 0 to 17.5 nm, 
the differences obtained from the compositional and 
structural analysis of the films consequently leads to 
significant changes in their magnetic properties. The 
saturation magnetisation of the Ni/Al multilayers 
decreased with the increase of Al layer thickness and 
total film thickness. It is seen that the structural and 
related magnetic properties of the Ni/Al multilayers 
are sensitive to production parameters and may have 
the potential applications in microelectronic devices.

2 �Experimental

The Ni/Al multilayers were grown on polymer sub-
strates (commercial acrylic acetate sheet) at room tem-
perature by a dual DC magnetron sputtering (MAN-
TIS, Q-Prep 500, UK). The high-purity metallic Nickel 
and Aluminum (Kurt J. Lesker Company, 99.99%) 
approximately 2 mm thick and 50.8 mm in diameter 
were used as targets. Before the growth process of 
the multilayers, the targets and the substrates were 
washed with pure water and then with isopropyl alco-
hol in an ultrasonic bath (Isolab, 621.05.006, Germany) 
for 10 min. After the cleaning process, they were dried 
spontaneously at room conditions. Then, the targets 
placed separately on the DC magnetrons in the vac-
uum chamber of the system. All films were sputtered 
at a pressure of around 4.50 × 10−3 mbar. During the 
sputtering process, the layer thicknesses were moni-
tored by thickness monitor (Sycon, STM-100/MF, US).

In the first series, in order to study the effect of Al 
layer thickness on the structural and magnetic proper-
ties of Ni/Al multilayer films, while the Al layer thick-
nesses were changed as 0, 5.0, 10.0 and 17.5 nm, the 
Ni layer thickness and the total film thickness were 
kept constant at 20 and 150 nm, respectively. A sche-
matic demonstration of the multilayer structure as 
N[tNi(20 nm)/tAl(nm)] is shown in Fig. 1. The bilayer 
number “N” coefficients were taken to be 6, 5, and 4, 
respectively, to give a total film thickness of 150.0 nm. 
In the second series, in order to study the effect of 
total film thickness, the Ni layer thickness and Al layer 
thickness was kept constant at 20 and 5.0 nm, respec-
tively, and the total film thickness was varied between 
100 and 200 nm at 25 nm intervals. Therefore, the “N” 
coefficients were taken to be 4, 5, 6, 7 and 8 to obtain 
N[tNi(20 nm)/tAl(5 nm)] multilayers. The deposition 
rates were kept constant at 0.10 nm/s for Ni and at 
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0.03 nm/s for Al, respectively. All films were deposited 
at the rotation speed of 20 ± 0.2 rpm.

Atomic content analyses of the films were carried 
out by using an energy dispersive X-ray spectroscopy 
(EDX, EDAX Element, AMETEK, USA). And, the crys-
tal structure of the films was studied by using an X-ray 
diffractometer (Bruker, Advance with Davinci Design 
for XRD2, U.K.) with an X-ray detector (LYNXEYE 

XE). The grazing incidence X-ray diffraction (GIXRD) 
patterns of the films were obtained by varying the 2θ 
angle between 30° and 80° in steps of 0.02° with Cu-Kα 
radiation ( � = 0.154056 nm) at an angle of incidence of 
5° to the film surfaces. Also, the surface morphologies 
of the films were observed by using a scanning elec-
tron microscope (SEM; Hitachi, SU5000, Japan). For 
magnetic measurements, the hysteresis loops of the 
multilayer films were obtained by using a vibrating 
sample magnetometer (VSM; ADE TECHNOLOGIES 
DMS-EV9, USA) within a magnetic field of ± 20 kOe at 
room temperature. The magnetisation values in hys-
teresis loops were obtained from magnetic moments 
(VSM) divided by whole films volumes (calculated). 
The magnetic measurement accuracy of the mag-
netometer was 1 × 10−6 emu. In addition, the magnetic 
loops of the films were plotted in a narrower range to 
provide more detailed figures. For the magnetic meas-
urement, the multilayer films were cut into circles with 
a diameter of 6 mm to avoid shape-anisotropy.

3 �Results and discussion

The atomic content, crystalline structure and magnetic 
data of the Ni/Al multilayer films produced with dif-
ferent Al layer and total film thicknesses are given 
in Table 1. Compositional analysis with EDX shows 
that Ni film contains 99.8 at.% Ni while the films with 
Al layer thicknesses of 5.0, 10.0 and 17.5 nm contain 
64.0, 50.6 and 49.6 at.% Ni and 35.8, 49.2, 50.2 at.% 
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Fig. 1   The schematic cross-section of the Ni/Al multilayer thin 
film structure

Table 1   Compositional, 
crystalline structure and 
magnetic data of the 
sputtered Ni/Al films 
produced at different Al layer 
and total film thicknesses

Bold values are significant
*Each film contained up to 0.2% of other impurities such as O, H and C

Thickness
(nm)

*Composition 
analysis
(EDX)

Crystalline properties
(GIXRD)

Magnetic properties
(VSM)

Al layer Total film Ni
(at.%)

Al
(at.%)

t (nm) d
(nm)

a
(nm)

MS
(emu/cm3)

HC
(Oe)

0 150 99.8 0.0 7 0.2025 0.3508 572 90
5.0 64.0 35.8 9 0.2363 0.4092 441 38
10.0 50.6 49.2 10 0.2363 0.4092 383 40
17.5 49.6 50.2 10 0.2361 0.4090 298 39
5.0 100 60.4 39.4 8 0.2043 0.4086 450 52

125 – – – – – 446 46
150 57.0 42.8 7 0.2040 0.4081 441 38
175 – – – – – 431 47
200 55.5 44.3 7 0.2041 0.4082 427 45
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Al, respectively. All of the films contain 0.2% impu-
rity atoms such as O, H, and C according to EDX 
analysis. As can be seen, the increase in Al layer thick-
ness caused a gradual decrease in Ni content and an 
increase in Al content. The observed variation in Ni 
and Al content is mainly due to variation of Al layer 
thickness. For the films produced with different total 
film thicknesses, the Ni and Al contents obtained for 
the 100 nm thickness of Ni/Al multilayer were deter-
mined as 60.4 and 39.4 at.%, respectively. When the 
total film thickness was raised to 150 nm, the Ni and 
Al contents in the multilayer were determined as 57.0 
and 42.8 at.%, respectively. In the elemental analysis of 
the multilayer with a thickness of 200 nm, it was deter-
mined that the film contain 55.5 at.% Ni and 44.3 at.% 
Al. And, a slight change in the film content is observed 
as the total film thickness changes.

Figures 2 and 3 show the GIXRD patterns of Ni/
Al multilayer thin films sputtered with different Al 
layer thicknesses and total film thickness, respec-
tively. The patterns only reveal the presence of dif-
fraction peaks of face-centred cubic (fcc) Ni and Al, 
which indicates that all films are crystalline in the 
fcc phase. Although the multilayers were on the sub-
strate, no peak of the substrate was observed in the 
patterns due to the amorphous structure of the sub-
strate (data not shown). As seen in Fig. 2a, the GIXRD 
pattern of the Ni film has the (111) and (200) peaks of 

fcc Ni at 2θ ≈ 45.5°and 52.0°, respectively , according 
to the JCPDS 88-2326. However, with the increase in 
Al layer thickness, the presence of strong fcc Al peaks 
co-existing with Ni peaks was observed. In Fig. 2b–d 
the Ni/Al films produced with Al layers thicknesses 
of 5.0, 10.0, 17.5 nm also show the Bragg reflections of 
(111), (200), (220) and (311) planes of the fcc phase for 
Al at 2θ ≈ 38.4°, 44.7 °, 65.1° and 78.2°, respectively, 
according to the JCPDS 04-0787. As can be seen from 
Fig. 2, the intensity of the Al (111) peak at about 38° 
is gradually increased with increase in the Al layer 
thickness with the increase of Al content in the films. 
Besides, the peak formed at 2θ ≈ 45° in the GIXRD 
patterns of Ni/Al multilayers also exist in the GIXRD 
pattern of the Ni film, thus this peak is occurred from 
the reflections of the Ni (111) and as well as Al (200) 
planes. Therefore this peak is shown as Ni (111) + Al 
(200) in patterns of Ni/Al multilayers. These peaks 
were also observed in [18]. And, the (200) peak of Ni 
film at 2θ ≈ 52° in Fig. 2a disappeared in Ni/Al multi-
layer films with the increase of Al content in the films 
caused by the Al layer thickness. The peaks of Al (220) 
and Al (311) were not observed in the same study [18]. 
The crystallite sizes, t values of the highest peak of 
(111) plane in the patterns of the multilayers were cal-
culated by the Scherrer Eqs. [19, 20]. The sizes of the 
(111) crystallites in Ni film were found to be ~ 7 nm. 
For Ni/Al multilayers, the  t values of Al (111) plane 

Fig. 2   The GIXRD patterns 
of the Ni film and Ni/Al 
multilayers produced with 
different Al layer thicknesses
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were obtained as ~ 10 nm for all films produced with 
different Al layer thicknesses. The ~ 7 nm crystallite 
size of (111) plane for Ni film slightly increased to 
~ 10 nm for Ni/Al multilayer films produced with dif-
ferent Al layer thicknesses. The interplanar spacing, d 
values were calculated from Bragg formula [20] and 
given in Table 1. They are not much changed. Besides, 
the lattice constant, a value of the Ni film was calcu-
lated as 0.3508 nm from GIXRD data of all peaks, while 
the  a values of Ni/Al multilayers were ~ 0.4092 nm 
which are higher than that of Ni film. The high Al con-
tent results an increase in the  a values of the multilay-
ers since the  a values of bulk Ni and Al  are 0.3524 and 
0.4049 nm, respectively.

In the case of total film thickness, the GIXRD pat-
terns of the films are shown in Fig. 3. The fcc (111) 
peak of Al is the highest peak for all of the multilayers. 
In Fig. 3, unlike the GIXRD patterns of the multilay-
ers produced with different Al layer thicknesses, the 
peak belongs to the (200) plane of Ni content begun to 
appear at ~ 53° in the pattern of the film which has a 
total film thickness of 150 nm and the intensity of this 
peak increased when the total thickness was 200 nm. 
The crystallite size was found to be nearly same as 
~ 8 nm irrespective of different total film thickness. 
The a values of the Ni/Al films deposited at different 
total thicknesses  are between 0.4081 and 0.4086 nm as 
indicated in Table 1.

SEM images of the multilayers sputtered at different 
Al layer and total film thicknesses were given in Figs. 4 
and 5, respectively. As seen in the images, the surface 
of the multilayer films has granular structure. And 
these granules are uniformly and closely distributed 
on the surface of the films. Besides, as seen in Fig. 4a, 
unlike the surface of multilayer films, the presence of a 
small number of clustered granules with sizes varying 
around 1–2 μm is also noticed on the surface of the Ni 
film. And these clustered granules were not formed 
when the multilayered structure forms in Fig. 4b–d. 
As can be seen from Fig. 4, all multilayers produced 
considering different Al layer thicknesses show quite 
similar morphologies. And, the multilayer surfaces 
were homogeneously covered with nanoscale granules 
with a diameter of ~ 100 nm. The results show the sur-
face homogeneity of Ni/Al multilayers is larger than 
Ni thin film. For the film surfaces with different total 
film thicknesses in Fig. 5a–c, it is obvious that the size 
of the granules were almost similar for the total film 
thicknesses of 100 and 150 nm, but slightly increased 
for the total film thickness of 200 nm.

Hysteresis loops of Ni/Al multilayer thin films with 
different Al layer and total film thicknesses are plot-
ted at ± 5 kOe as shown in Figs. 6 and 7 (loops at ± 300 
Oe are shown in the inset), respectively. Magnetiza-
tion studies indicate that all Ni/Al multilayer films are 
ferromagnetic in nature. As can be seen from Fig. 6, 
the saturation magnetization, Ms of 572 emu/cm3 was 

Fig. 3   The GIXRD patterns 
of the Ni/Al films produced 
with different total thick-
nesses



	 J Mater Sci: Mater Electron (2024) 35:302302 Page 6 of 9

achieved in the Ni film. When multilayered struc-
tures containing Al layers were formed the Ms value 
decreased. For Ni/Al multilayer films with Al layer 
thicknesses of 5.0, 10.0 and 17.5 nm, the Ms values were 
obtained as 441, 383 and 298 emu/cm3, respectively. It 
is clearly seen in Fig. 6 that Ms decreases with increas-
ing Al layer thickness due to the increase of Al content 
in the film. Since Ms depends on the type and percent-
age of the magnetic components, Ms values of the mul-
tilayers were consistent with the elemental analysis as 
seen in Table 1. Accordingly, the increase of Al content 
and the decrease of Ni content with increasing Al layer 
thickness caused a decrease in the Ms value. Magneti-
sation studies for the total film thickness showed a 
slight and gradual decrease of Ms from 450 to 427 emu/
cm3 with increasing total film thickness from 100 to 
200 nm as seen in Fig. 7. This is expected since the Ni 
content of the multilayers decreases slightly from 60.4 
to 55.5 at.% with the increasing total film thickness. 
The saturation magnetization of Ni/Al multilayer thin 
films were shown to be quite sensitive to the Al layer 
and total film thicknesses.

On the other hand, the coercivity, Hc values of the 
multilayers was ~ 39 Oe for different Al layer thick-
ness. The Hc of the Ni film was obtained as 90 Oe and 
this value was found to be almost two times higher 
than the Hc of the multilayers, see Table 1. This can 
be attributed to the clustered granules of different 
sizes seen in the SEM image of Ni film. Since, Hc can 
be affected by the structural properties especially the 
change in the microstructure such as the size of sur-
face grains [21]. In addition, the similar SEM images 
of the Ni/Al multilayers may cause that the Hc values 
are between 38 and 52 Oe according to the different 
total film thicknesses. In both cases, the Hc values are 
between the limits of soft (12.5 Oe) and hard (125 Oe) 
magnetic properties [2].

4 �Conclusions

Ni/Al multilayer films were produced on acrylic 
acetate substrate by a dual magnetron sputtering. 
The effects of different Al layer thicknesses and total 
film thickness on the structural and related magnetic 

(b) 5.0 nm

(c) 10.0 nm

(d) 17.5 nm

(a) Ni filmFig. 4   SEM images of the a Ni film and Ni/Al multilayers pro-
duced with b 5.0, c 10.0 d and 17.5 nm thicknesses of the Al lay-
ers

▸
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properties of Ni/Al multilayer thin films were investi-
gated. The Ni film was also produced and compared 
with the properties of Ni/Al multilayers. Composi-
tion analysis showed that with increasing Al layer 
thickness, the Al content of the multilayers increased 
while the Ni content decreased. Besides, the Ni and 
Al content of the multilayers varied slightly with the 
total film thickness. GIXRD analysis indicated that 

all multilayer films presence the fcc phase and the 
Al (111) peak intensity increased with the increase of 
Al content in the films caused by the Al layer thick-
ness. The morphological analysis showed that Ni/Al 
multilayer films have uniformly distributed granular 
surfaces. On the other hand, the surface of the Ni 
film has clustered granules with the size of ~ 1–2 μm. 
None of these clustered granules were formed on the 
surface of the Ni/Al multilayers. With the increase of 
the total thickness, the size of the granules increased 
slightly. For the magnetic analysis, Al layer thickness 
was found to have a significant impact on the satu-
ration magnetisation of the Ni/Al multilayer films. 
The Ms of the Ni film was obtained as 572 emu/cm3. 

(a) 100 nm

(b) 150 nm

(c) 200 nm

Fig. 5   The SEM images of the Ni/Al multilayers films with a 
100, b 150 and c 200 nm total thicknesses

Fig. 6   Hysteresis loops of Ni film and Ni/Al multilayers pro-
duced with different thicknesses of Al layers plotted at ± 5 kOe 
(Inset presents the loops at ± 300 Oe)

Fig. 7   Hysteresis loops of Ni/Al multilayers produced with dif-
ferent total thicknesses plotted at ± 5 kOe (Inset presents the 
loops at ± 200 Oe)
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And, the gradually decrease in Ms of the Ni/Al mul-
tilayers from 441 to 298 emu/cm3 can be explained 
by the increase in Al content and the decrease in Ni 
content as the Al layer thickness increases from 5.0 
to 17.5 nm. And, a slight decrease in Ms value was 
observed with increasing total film thickness. And, 
the Hc of the Ni film was detected as 90 Oe. The Hc 
value of the multilayers for different Al layer thick-
ness was ~ 39 Oe which is softer than the Ni film. The 
lack of clustered granules on the multilayer surfaces 
may result in the decrease of Hc value. It is observed 
that the parameters of Al layer thickness and total 
film thickness helped to understand the structural 
and related magnetic properties of Ni/Al multilayer 
films suitable for wide range of magnetic applica-
tions as microelectronic devices.
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