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In this investigation, Ni thin films have been deposited by pulsed electrodeposition (PED) method onto n-Si
(111) substrate using different applied potentials ranging from -2.6 to -1.6 V. As a result, the effect of Ni
thickness manipulated by the applied potential on the structural, electrical, morphological, and magnetic
properties of Ni film is investigated. According to the RBS (Rutherford Backscattering Spectrometry), the film
thickness increases from 50 to 390 nm as the applied voltage decreases. The XRD (X-ray Diffraction) results
reveals that the films are of polycrystalline growth with the <111> texture. Besides, all the films show a negative
out-in-plane strain and have a critical value (V,,) of the applied potential of -2.2 V corresponding to the
absolute maximum strain value. Moreover, the average grain size improves proportionally with the film
thickness. AFM (Atomic Force Microscopy) shows that the uniform growth of well-distributed three-
dimensional islands is achieved by applying -2.2 V. Regarding the electrical properties, Ni film deposited with
V. is characterized by the lower electrical resistivity. The coercive field and the squareness factor steadily
improve up to V. In contrast, the parallel saturation field rapidly decreases before reaching V, then continues

to decrease gradually beyond this point. All the above results will be discussed and correlated.
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1. Introduction

Recently, ferromagnetic thin films have attracted
significant attention due to their various applications in
modern technological devices, including data storage
devices, magnetic recording media, sensors, and others
[1-5]. The structural and magnetic properties of thin film
are excellent compared to those of bulk. In general,
various methods for preparing ferromagnetic films with
good structural and soft magnetic properties have been
reported in the literature, such as thermal evaporation,
sputtering, molecular beam epitaxy, PECVD, and electro-
deposition which are among the most widespread in
recent years [6-11]. In particular, the electrodeposition
method has numerous advantages, including flexibility,
low temperature, low cost and high-quality films compared
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to other methods [12-15]. In addition, the latter has been
adopted to study the different phenomena, such as the
corrosion [16, 17], the electrical [18], the mechanical
[19], the oxidation [20] and the magnetic behavior [21,
22]. On the other hand, the morphology, structural,
electrical and magnetic properties of the ferromagnetic
film deposited by this method are highly-sensitive to the
variation of the operating conditions, such as the electro-
lyte bath, pH, additives, and applied potential [23-28].
Basically, the potential is the fine condition that can
attract extensive attention due to their influence on the
surface morphology and structure of the films. In turn,
these latter ones are highly essential factors adopting to
control the magnetic behaviors of the ferromagnetic films.
In fact, several researchers have been reported in
literature focusing on the study of the correlation between
the structural and magnetic properties [29-32]. Moreover,
experimentally, the thickness, stress and grain size can
affect the magnetic properties and modify their magnetic
behavior such as the coercivity, the magnetization and the
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magnetic anisotropy constants [33-35].

In this study, we have examined the effect of the
applied potential (ranging from -2.6 to -1.6 V) and the Ni
thickness (in the 50-390 nm range) on the structural,
electrical and magnetic properties of Ni thin films
elaborated by pulsed electrodeposition on Si substrate.
Rutherford backscattering spectrometry (RBS) and grazing
incidence X-ray diffraction (GIXRD) were carried out to
measure the Ni thicknesses and to obtain the structural
parameters such as the preferential orientation, the out-in-
plane strain £*(%), and the average grain size <D (nm)>.
Atomic force microscopy (AFM) was used to study the
morphology of the Ni films. The electrical properties of
the samples were investigated by the four-point probe
technique (M4PP). The magnetic parameters were
extracted from the hysteresis curves with the means of the
vibrating sample magnetometer (VSM). The variation of
these parameters was studied and discussed as a function
of the applied potential and the Ni thickness. A summary
and a conclusion are given.

2. Experimental Details

In this experimental work, pulsed electrodeposition
(PED) is used to elaborate Ni thin films on #-Si (111)
substrates at various applied potentials (-2.6, -2.4, -2.2,
-1.8 and -1.6 V). Electrodeposition of Ni films was
carried out using 0.5 M of Nickel sulfate hexahydrate
(NiSO4:6H,0), 0.4 M of boric acid (H;BO;) and saccharin
dissolved in deionized water at room temperature. The
mixed solution was loaded into a three-electrode Teflon
cell connected to a computer-controlled potentiostat/
galvanostat (VMP3) with EC-Lab express software. Note
that n-Si substrate as the cathode, a platinum plate as the
counter electrode and an Ag/AgCl (sat) as the standard
electrode. The deposition time and the pH of the solution
were fixed to 30 s and 3, respectively.

In this experimental study, the following characteri-
zation techniques were used: (i) the Rutherford back-
scattering spectrometry (RBS) using 2 MeV He" ions (o
particles) delivered by a 3.75 MV Van de Graaf
accelerator, (ii) the grazing incidence X-ray diffraction
(GIXRD) working in the 6-6 mode with wavelength Ac,=
1.54056 A as incident radiation at grazing angle of 1,and
the diffraction angle 26 ranging from 40° to 100° with a
step size of 0.02°, (iii) the atomic force microscopy
(AFM) was used to follow the surface morphology and
the roughness, (iv) the four point probe (M4PP) for
measure the sheet resistance and electrical resistivity of
the samples, and (v) the vibrating sample magnetometer
(VSM) to study the magnetic parameters applying an

— 545

external magnetic field in parallel and perpendicular to
the samples surface.

3. Results and Discussions

3.1. Structural properties

3.1.1. Rutherford backscattering spectrometry RBS

It is well known that the thickness has a significant
impact on the physiochemical properties of thin films. In
this regard, the Ni film thickness has been manipulated by
varying the applied potential from -2.6 to -1.6 V during
the deposition process. Regarding the direct correlation
between the applied potential and the film thickness, RBS
experiments were conducted to measure the film thick-
ness and probe the substrate-film interface. By way of
example, Fig. 1(a) illustrates the RBS spectra correspond-
ing to the lowest applied potential (-2.6 V) simulated
(solid lines) using the RUMP code [36]. There is no inter-
diffusion at the materials interface, as evidenced by the
fact that the contribution signals of the Ni and Si elements
are clearly separated by a very low yield range. Addi-
tionally, for all samples, there are no peaks that can be
attributed to contaminants. The Ni thicknesses measured
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Fig. 1. (Color online) (a) Example of RBS spectra and (b)
example of XRD diffraction spectra for -2.6 V applied poten-
tial (thicker film).
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Table 1. Ni thicknesses t, Texture coefficient T, out-of-plane strain € (%), root-mean-square rms(nm), square resistance R; and
electrical resistivity p for different applied potential.

Potential ~Thickness Texture coefficient Ty € RMS p
; Ry (/D)
V) t (nm) Teai T 00) T220) Tean T2 (%) (nm) (nQ.cm)
-2.6 390 1.26 1.13 1.16 0.71 0.74 -0.15 10.77 0.31 12.09
24 320 1.34 1.16 1.04 0.71 0.75 -0.32 16.25 0.41 13.12
22 254 1.31 1.11 1.11 0.73 0.75 -0.38 12.91 0.45 11.43
-1.8 120 1.40 1.25 1.03 0.73 0.59 -0.14 11.97 1.42 17.04
-1.6 50 1.41 1.17 0.96 0.68 0.78 -0.15 04.32 244 12.2

are equal to 390, 320, 254, 120 and 50 nm corresponding
to -2.6, -2.4, 2.2, -1.8, and -1.6 V, respectively. As a
result, the impact of the applied potential on the Ni
thickness is evident as the Ni film thickness decreases
linearly with increasing applied potential from -2.6 to -1.6
V (see Table 1).

3.1.2. X-Ray Diffraction XRD

To investigate the structural evolution of the Ni film as
a function of applied potential (i.e., Ni thickness), grazing
incidence X-ray diffraction (GIXRD) experiment was
carried out on all samples. Deriving the main structural
parameter (texture, out-in-plane strain, and mean grain
size) through the full-profile refinement of the XRD
patterns using the MAUD software based on the Rietveld
method [37], helps to provide a deep insight into the
structural properties of the Ni films. Example of GIXRD
patterns of the Ni films for the lowest applied potential
(thicker film) is shown in Fig. 1(b). When comparing
with JCPDS Card Ref. code. 004-0850 of the Ni [38],
five diffraction peaks were observed for the same
diffraction angle range 20 (40°-100°). The five peaks
have been identified as diffraction planes (111), (200),
(220), (311) and (222) of the face-centered cubic (fcc)
structure of the Ni phase. In fact, no impurity phases were
detected within the X-ray diffractometer's detection limit,
confirming the RBS results, i.e., the elaboration of high-
purity Ni thin films. In a polycrystalline material, the
grains grow along preferred orientations, creating a
crystallographic texture. The latter has a considerable
impact on the properties and performance of the elaborate
thin films.

In our study, the texture coefficients TCyy of the hkl
plane were compared in order to determine the pre-
ferential orientation of the Ni films. For each orientation,
the texture coefficient is determined as [39]:

I(hkl)/la(hkl) (1)
(M NYEN L iy Loy )

Where /) is the measured intensity, los, is the

TC(hkl) =

relative intensity of the corresponding plane given in ref.
[38], and A is the number of reflections.

The texture coefficient values of the diffraction planes
for all samples are presented in Table 1. It is clear that the
(111) diffraction plane exhibits the highest values of 7C
for all samples (ranging from 1.26 to 1.41) in comparison
to the other ones, i.e., the highest 7C values of the {200},
{220}, {311} and {222} planes are all consistently lower
than the lowest 7Cy;;yvalues, indicating that the majority
of grains grow in the <111> direction. The high TCy,
values of the (111) plane might be proof that the Ni films
grow with the <111> texture on all samples. This result is
well-aligned with our earlier research [40]. We believe
that all the samples growth following the direction
parallel to the plane of Si (111) substrate. It is commonly
known that in a face-centered cubic (fcc) material, the
film's (111) plane has the lowest surface energy [41]. On
the other hand, the surface atomic density of Ni (111) is
higher than the other ones; the Ni (111) surface may play
a role of low barriers for surface self-diffusion [30].

The variation of the lattice parameter, a (4), as a
function of applied potential goes through two stages (see
Fig. 2(a)); in the first, as the potential is increased up to a
critical potential V¢, (-2.2 V), the lattice parameter
monotonically decreases to a minimum value equal to
3.5108 A. In the second, or beyond the critical potential,
the value of a (4) increases up to -1.8 V and then nearly
stays constant as the applied potential increases once
again. In order to determine the state of the strain, we
calculated the out-in-plane strain using the measured a,,q
and bulk ay, lattice parameter values, which is defined as
[42]:

hkl
& = (ameas - abulk)/abulk (2)

The strain has been calculated for all samples. Table 1
displays the strain values as a function of applied
potential and Ni thickness. First, we observe that the
strain values are negative, suggesting that the films are
under compressive stress. Second, we observe that the
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Fig. 2. (Color online) Variation of: (a) lattice parameter a (4) vs. applied potential and (b) strain and grain size D vs. applied poten-
tial.
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strain absolute value progressively increases up to V.
(-2.2 V), then decreases beyond V¢, and finally nearly
stays constant as the applied potential is increased further.
On the other hand, it is evident that the stress is relieved
as the thickness goes beyond 254 nm of Ni thickness
which corresponds to the critical applied potential (V).

Fig. 2(b) illustrates the influence of the applied
potential on the mean grain size, <D (nm)>, deduced
from the Rietveld refinement. It is seen that D decreases
when the applied potential increases up to -2.4 V, then D
remains constant up to V¢, and above this potential, D
linearly decreases even further as the applied potential
increases further. In this study, the impact of the applied
potential is noticeable: the increase of the applied
potential seems to induce a monotonous decrease of Ni
thickness, t, which has a proportional effect on the grain
size; when t increases, D increases.

3.1.3. Atomic Force Microscopy AFM

As mentioned above, varying the applied potential
influences directly the surface morphology of the Ni
films, and thus, the electrical and magnetic properties are
affected. In this respect, Figs. 3 display the 3D topo-
graphic AFM-images of the Ni films deposited at
different applied potentials (-1.6, -1.8, -2.2, -2.4, and -2.6
V), similarly recorded in a scan area of (§x8 um) with a
scan rate of 2.00 Hz. Besides, the RMS (Root-Mean-
Square) surface roughness and histograms regarding the
mean height distribution of different surfaces are pre-
sented in the same figure. Note that the AFM-images
processing, RMS calculation, and height histograms were
carried out using Gwyddion- data analysis software. The
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Fig. 3. (Color online) 3D topographic AFM images, Sa (mean
roughness), and histograms of median height distribution sub-
mitted to the Gaussian deconvolution, corresponding to differ-
ent applied potentials (-1.6, -1.8, -2.2, -2.4, and -2.6 V) for Ni
thin film deposition.
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histograms were fitted using Gaussian deconvolution.
With the high applied potential (-1.6 V), the beginning of
irregular growth of three-dimensional islands can be
observed on the surface. By contrast, the growth is most
evident by decreasing the applied potential up to -2.6 V.
What is interesting is that only with a potential of -2.2 V,
a uniform distribution of linear island chains in different
directions along the surface appears. Beyond -2.2 V, the
grown islands show a high tendency to cluster to form
large ones. From a quantitative perspective, the sample
prepared at -1.6 V exhibits a homogeneous surface
characterized by uniformly distributed islands with an
average height of 24 nm. A low density of taller islands,
averaging 35 nm, is also present. At -1.8 V, the surface
becomes inhomogeneous: the density of shorter islands
(=48 nm) decreases in favor of taller ones (=76 nm). At
the critical potential (V.= -2.2 V), the surface becomes
highly homogeneous and densely covered with uniformly
sized islands averaging 94 nm in height. However, when
the deposition potential is further increased to -2.4 V, the
surface again becomes inhomogeneous, with a higher
density of taller islands (91 nm) compared to shorter ones
(73 nm). This trend contrasts with that observed at lower
deposition potentials, although the surface remains globally
inhomogeneous. Meanwhile, RMS steadily improves with
the applied potential from 04.32 nm for -1.6 V to 16.25
nm for -2.4 V and then diminishes beyond. The latter can
be attributed to the 2D growth of grains (i.e, horizontal
aggregation) that occurred with the low potential (-2.6 V).
On the other hand, the Gaussian deconvolution of height
histograms reveals the existence of two peaks for all
samples except for -2.2 'V, reflecting the presence of two
kinds of height distribution. The latter indicates a homo-
geneous islands distribution shown only with the -2.2 V
sample, centered around the lowest height (94 nm)
compared to the other samples. Note that the RMS
roughness increases proportionally with the mean value
of height distribution. Based on the above, the uniform
growth of well-distributed three-dimensional islands can
be achieved by applying an electrodeposition potential at
around -2.2 V.

3.2. Electrical properties

The variation of the sheet resistance R;(Q2)=p/t and the
electrical resistivity p (u€Q-cm) with applied potential for
all sample sis shown in Table 1. We observe that R,
monotonously decreases with increasing applied potential.
We believe that the decrease of R; is due to the increase
of film thickness; this behavior indicates that diffusion of
conduction electrons at the surface is probably the major
contribution to the sheet resistance R;. Note that the lower
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potential (thicker film) is characterized by a smoother
surface (as pointed out before in the AFM part, Sect. A.
3) which induced to lower conduction of electrons at the
surface. On other hand, R; decreases with increasing
grain size D. It can be said here that even diffusion at the
grain boundaries contributes to the decrease of the sheet
resistance. In same Table, the electrical resistivity p
values are between 11.43 and 17.04 pQ.cm. It should be
noted that the lowest electrical resistivity value corre-
sponds to the film deposited by V. On the other hand,
we can see clearly that the evolution of electrical
resistivity with an increasing of root-mean-square rms
shows two behaviors, i.e., p monotonously decreases
simultaneously increasing root-mean-square up to rms
equal to 12.91 nm (which corresponds to V), then
increases as the rms is increased further. Moreover, we
note that all the films exhibit higher resistivity than of the
Ni bulk (pp. = 6.8 uQ.cm [43]). For the applied potentials
-1.8, -2.4 and -2.6 V, we see a monotonous decrease of p
with thickness 7 and grain size D.

3.3. Magnetic properties

Hysteresis curves, normalized magnetization M/Ms vs.
applied magnetic field H, have been obtained with the
vibrating sample magnetometer for two configurations
[(a) H in the film plane and (b) H perpendicular to the
film plane]. Examples of hysteresis curves are shown in
Fig. 4 for the applied potential equal to -2.2 V (V).
From the shape of the hysteresis curves, one can infer that
all samples are characterized by a magnetic anisotropy in
the plane of the film. The magnetic parameters of the
films obtained indicated the strong influence of the
applied potential on the magnetic behavior of the samples.

Normalized magnetization (M/Ms)
o

-1 - -

-300 0 300
Applied magnetic field (Oe)

Fig. 4. (Color online) Examples of hysteresis curves for -2.2 V

applied potential in two configurations [(a) H in the film plane

and (b) H perpendicular to the film plane.
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3.3.1. The coercive field

The variation of the coercive field, H., as a function of
the applied potential, for both configurations is shown in
Fig. 5. For the parallel configuration, the coercive field,
H_,, increases slightly with increasing applied potential
up to Vg(-2.2 V), beyond this potential, H., mono-
tonously decreases from 23 Oe to 13 Oe when the applied
potential increases from Ve, to -1.6 V. While for the other
configuration, the perpendicular coercive field, H., has
three behaviors; H, increases up to -2.4 V, then remains
constant (~18.7 Oe) from -1.8 to -2.4 V and beyond this
latter potential, H., is increases again. We can see
H. progressively decreases with increasing mean grain
size D(nm) for all samples. The same behavior was found
for the parallel coercive field in the potentials range less
than V¢,, beyond this critical potential, H., is decreased.
It is necessary to note that stress factor may play an
important role in the behavior of the magnetic parameters.
Indeed, a clear correlation between the behavior of H,
and g4(%) was observed; Hc,(&4(%)) progressively
increases (decreases) with increasing applied potential up
to V¢, beyond the critical potential, stress is relieved (i.e.,
relaxation) and H., decreases. We believe that the
increasing of H with the applied potential (for V' < V¢,),
hence with decreasing Ni thickness, is probably due to the
many of pinning centers for magnetic domain walls in the
film surface. While, for V' > V,, the decrease of H is due
to the enhancement of magnetic dipole interactions that
results in decreasing the coercive force [44]. This
decrease may follow the expected Neel’s relation Ho =
At™ (¢ is the film thickness) [45]. On the other hand, the
behavior of Hc with the mean grain size D (the increase
of H¢ with increasing D) makes it possible to say that our

Coercivity (Oe)

-2.6 -24 -2.2 -2.0 -1.8 -1.6
Applied potential (V)
Fig. 5. (Color online) Variation of the coercive field H¢ vs.

applied potential for H parallel and perpendicular to the film
plane.
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results follow the Hoffmann’s theory which proposes a
proportional relation between Hc and D [46]. However,
the decrease of H with increasing D (for H.;,, when the
applied potential is lower than V,, more precisely, when
the grain size D is above 16 nm.) indicates that pinning at
the grain boundaries seems to be the major contribution to
coercivity. Indeed, probably this decrease is due to the
variation of Nano crystallite’s volume associated with the
shape anisotropy [30]. It is well known that the coercivity
of an assembly consisting of magnetic particles increases
while its size decreases until it reaches a maximum value
at a critical size, and then it decreases to zero in the super
paramagnetic area [47, 48].

3.3.2. The squareness factor S

The squareness factor allows us to obtain information
on the remnant state of a magnetic material and the
mechanisms of the magnetization reversal. In Fig. 6, we
show the variation of the squareness factor S as a function
of the applied potential, for both configurations. It is
necessary to note that, for comparison, all squareness
factor values are lower than the polycrystalline bulk Ni
material, S is equal to 0.866 [49]. On the other hand, we
can see clearly the effect of the applied potential on the
squareness factor, and also the presence of a critical
applied potential, V¢, The parallel squareness factor S,
monotonically increases with increasing applied potential
up to V¢, then, S, sharply decreases when the applied
potential increases again. The same behavior was
observed for the perpendicular squareness factor S,, but
with a slight increase of S, followed by a slight decrease.
As the applied potential increases up to Vg, the
squareness factor S (S, and §,) increases with decreasing
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Fig. 6. (Color online) Variation of the squareness factor S vs.
applied potential for H parallel and perpendicular to the film
plane.
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mean grain size D. Beyond this critical potential, S and D
decrease. In fact, this decrease can be explained by the
refinement of the grains size which, in turn, reduces the
effective  anisotropy constant and reinforce the
ferromagnetic exchange coupling [50]. It should be noted
that in a previous section (Sect.A.2), we found that the
stress (mean grain size) increases (decreases) when the
applied potential increases up to V,, thus one may relate
the increase of S to the increase of stress. While beyond
Ve, the decrease of S may be due to the relaxation of the
stresses and also to the increase of the mean grain size.
Note that this behavior is similar to the one found in
reference [31].

3.3.3. The saturation fields

The behavior of the saturation field H,, makes it
possible to distinguish between the hard and easy direc-
tions and offers an indication on the magnetic anisotropy.
The variation of the saturation field as a function of the
applied potential, for both configurations, is shown in Fig.
7. We see that the parallel saturation field H,,,,
monotonously decreases with increasing applied potential,
but with a sharp decrease up to V. followed by a slight
decrease beyond this critical potential. The same behavior
was observed for the perpendicular saturation field H,,, |
in the potential range greater than V.. For all samples,
except for the sample with -1.8 V, H,,,, has the highest
values than that of H,, . Incidentally, this sample is
associated with a low stress and a higher resistivity value
(see Table 1). The decrease of H,, with increasing applied
potential (decreasing Ni thickness) may indicate a change
in the magnetic easy direction, such as from in-plane to
out-of plane [35]. This is probably due to the reduction in
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Fig. 7. (Color online) Variation of the saturation field H,, vs.
applied potential for H parallel and perpendicular to the film
plane.
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the in-plane magnetic anisotropy caused by the increasing
of effective random magnetic anisotropy which randomizes
the orientation of magnetization [51]. Therefore, we
conclude this from the H,, behavior along with the shape
of the hysteresis curves that the magnetization is in the
plane of the films for the considered applied potential
(thickness) range. Also, a transition of the easy axis of
magnetization from in-plane to out-of-plane with increas-
ing nickel film thickness was found in the literature [52,
53]. Regarding the behavior of the saturation field with
grain size D, we found that H, progressively increases
with increasing D.

4. Conclusion

In this present study, we concluded that the variation of
the applied potential (from -2.6 to -1.6 V) can be affect
the surface morphology, improving the structural and
electrical stability, and enhancing magnetic properties of
Ni films electrodeposited onto »n-Si (111) substrate. We
found a strong <111> texture confirmed by the high
TCyuy values of the (111) plane. The mean grain size
monotonically decreases with increasing the applied
potential. Also, a compressive internal stress on the films
was found, the stress increases up to a critical potential
Ved(-2.2 V), then it is relieved. Internal stress can affect
the magnetic properties; the parallel coercive field H,
and the squareness factor S (S, and S,) increases
concurrently with increasing internal stress when the
applied potential is increased up to V. Beyond the
critical potential, stress is relieved and the parallel
coercive field and the squarness factor decrease. On the
other hand, the variation of Hc with Ni thickness () may
follow the expected Neel’s relation Hc=At". The
observed increase in He with D indicates that our findings
align with Hoffman’s model. All the while, the parallel
saturation field H,, monotonously decreases with
increasing applied potential. The film electrodeposited at
larger applied potential has a higher surface roughness
which will be smoother for the lower applied potential.
The sheet resistance monotonously increases with an
increasing applied potential, simultaneously decreasing Ni
thickness and grain size. It should be noted that the
electrical resistivity, p decreases up to rms equal to 12.91
nm (which corresponds toV¢,), then increases as the rms
is increased further.
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