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CoNiMnP permanent magnetic alloys were electrodeposited on copper and brass substrates from a bath
containing 26 g/L CoCl,:6H,0, 24 g/L NiCl,6H,0, 3.6 g/L MnSO,, 4.6 9/L NaH,PO,H,0 as precursors and
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H,BO, NaCl, saccharin, sodium lauryl suiphate and cerium(/?l) sulphate as additives. Influence of the
presence of external magnetic field (2 T) was investigated using vibrating sample magnetometry and SEM/

EDS microscopy.
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Devices based on the micro-electro-mechanical
systems (MEMS) include components for different
applications: microactuators, microsensors, micromotors,
micropumps, microvalves, microswitches, etc [1, 2]. New
and efficient MEMS devices can incorporate permanent
magnetic materials [3 - 5]. Magnetic components can
generate higher forces at a larger distance than their
electrostatic counterparts; the energy density between the
magnetic plates is usually longer than that between the
electric plates [6]. Typical examples of magnetic actuators
among other above mentioned are optical switches and
attenuators, micro-relays and magnetic energy harvesters.
Magnetic sensors applications include thin film recording
read-write heads, magneto-resistive devices and magnetic
field sensors. Magnetic material may be soft
(magnetization direction is easily changed), hard
(magnetization direction is difficult to change) or
magnetostrictive material. The soft magnetic materials
may be NiFe or CoFe, CoPt, PtMn or IrMn thin films.

The hard magnetic materials have a number of
advantages over soft ones, including higher magnetic
energy density, and the corresponding devices may utilize
thicker layers. The hard magnetic films can be prepared
by different techniques: magnetron sputtering [7, 8], PLD
[9, 10], CVD [11], electroless [12], electrodeposition [13].
Recently there has been a growing interest in the realization
of MEMS devices with hard magnetic films having benefits
from constant energy stored in magnet, low power
consumption, favorable scaling and simple electronic
circuit [14 - 16]. However, their fabrication in the micro
scale is limited mainly by technical difficulties in obtaining
precise thickness (in general more than 10 nm, since
magnetic force depends on material volume).

The most facile method for integrate the magnetic
components, but with constraints concerning the minimal
sizes of the permanent magnets, was the production of
bonded magnets, starting from microcrystalline based rare-
earths powders [17].

Electrodeposition is the most promising and efficient
preparation technique already used by us in MEMS
processing [18]. This procedure is recommended for its
simple setup, precisely controlled operation, capability to
handle complex geometries, low cost and potential
compatibility with miniaturization and high performance
packaging. The prepared magnetic thin Glms must have
good adhesion, low-stress, high corrosion resistance, and
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can be thermally stable with excellent magnetic
properties. The properties of materials can be ‘tailored’ by
controlling the solution composition and the deposition
parameters. To date, many researches were focused on
electrodeposition of magnetic films of alloys for MEMS such
as permalloy (Ni, Fe, ) [19 - 21] CoNi and FeCoNi [22 -30],
CoP and CoNiP [28, 31 - 34], CoPt and CoPtP [35], and
CoMnP [36].

There has been an increasing effort for the development
of the permanent magnets in an integrated thick Glms
having a higher coercivity (H,) and maximum magnetic
energy density ((BH)__ ). Ahnand his group [37 - 39] have
successfully eIectroJ‘eposited CoNiMnP alloys and their
composites as microarray configurations in an external
magnetic field. A CoNiMnP array consisted in permanent
magnets with 10 kJ/m?® energy density was first fabricated
[37]. Using EDS elemental analysis, the authors established
that the magnet arrays composition is: 84 - 85% Co, 7 - 9%
Ni, 0.5-1.3% Mnand5-7 % P in atomic percentage scale.
Co content in the film, which is responsible for high
coercivity, was kept at these high values by controlling the
bath composition. In another work [39] these authors have
electroplated CoNiMnP arrays which were integrated into
a MEMS-based silicon cantilever beam magnetic actuator;
the following performances of electromagnets in the arrays
were obtained: H = (0.56 - 0.88)-10°A/m, residual induction
B,=0.17-0.19 T, (BH), 0= 1.9 - 23 kI/m?.

A comprehensive investigation of the relationship
between the residual stress and the various processing
parameters is needed. It is also important to develop new
residual stress relievers to reduce the film stress and to
eliminate the microcracks. Guan and Nelson [40] reported
the electrodeposition of this kind of CoNiMnP hard magnetic
film with a low residual stress, useful for MEMS applications.
Sodium saccharine and a rare-earth salts mixture of
Ce,(SO,), and Nd,(SO,), were dissolved in the bath for
reducing residual stréss and to improve the surface
morphology. Additionally, the electrolysis parameters
including applied current density, film thickness, electrolyte
agitation, electrolyte pH, and temperature were optimized
to provide thick films with low residual stress. A description
of optimization (using Taguchi design of experiments) of
both electrodeposition bath and electrolysis procedure for
obtaining a 4 um thick electroplated CoNiMnP alloy was
reported by Grapes and Morris [41, 42]; from their work, a
new process recipe resulted which yielded a maximum
energy density of 5.3 kJ/m? a remanence of 220 mT and a
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coercivity of 0.93:10° A’m. Sun, Yuan, Fang and Zhang [43,
44] described the fabrication of an electroplated CoNiMnP
permanent magnet arrays, containing cylinder magnets
with various radius as well as cubic magnets with different
aspect ratio; this system can be utilized for novel
electromagnetic energy harvester.

Qu and Jiao [45, 46] reported the fabrication of the
CoNiMnP- BaFe ,0,, nanocomposites which have been
electrodep03|ted from an aqueous bath containing
BaFe,,0,, nanoparticles. The maximum nanoparticles
fraction of ~21.8 wt. % BaFe_O,. was successfully
embedded [45]. The authors noticeda strong influence of
ferromagnetic nanoparticles concentration in the bath on
the amount of incorporated nanoparticles in CoNiMnP
matrix, as well as the changes in surface morphology,
preferred orientation, coercivity, retentivity, and the
maximum energy density. A main observation shows that
the incorporation of BaFe, O, nanoparticles favors the
electrodeposition of Co and Mn metals, such depressing
the deposition of Ni and P components, but also may
change the grain size and preferred orientation within the
nanocomposite structure. Also, the addition of sodium
lauryl sulphate in the concentration range from 0-8to 4 g
L™ has favored the inclusion of magnetic particles into alloy
deposit [46]. Thus, CoNiMnP-BaFe,,0,, nanocomposite
films with a coercivity of 1438 Oe (114 Ei<A/m), retentivity
of 0.39 T and maximum magnetic energy density of
15.41-10° kJ/ m® has been obtained for a 3 g/L sodium
lauryl sulphate concentration in the bath.

This paper presents experiments of obtaining CoNiMnP
permanent magnetic alloys electrodeposited on copper
and brass substrates in order to optimize the electrolysis
conditions and to obtain suitable properties of the magnetic
films for numerous MEMS applications. Benefited from low
temperature batch fabrication the CoNiMnP thick films can
be easily produced at low cost on the substrate, while
eliminating alignment inaccuracy and controlling precise
dimension in the micro scale. The work is a continuation
of previously published paper [47] about preparation of
cobalt nickel manganese-phosphorus film by electrolysis
in an external magnetic field.

Experimental part

The electrolytic bath used for CoNiMnP electrodeposition
has contained 26 g/L CoCl,:6H,0, 24 g/L NiCl.-6H,0, 3.6 g/
L MnSO,, 4.6 g/L NaH,PO, H O 24 g/LH,BO '3 g/L NaCl,
0.8 g/L saccharln 0.1 g/L Sodium lauryl sul 3hate and 0.01
g/L cerium(lIl) sulphate All reagents were purchased from
Sigma Aldrich. A value of pH=2.8 of the electrolyte was
maintained using an Inolab pH meter. It is worth
mentioning that for the total concentration of Co and Ni
metal ions is recommended to be 0.2 M in equal proportion,
respectively [CoCl,] = [NiCl,] = 0.1 M, and this bath used
complies with this’conditions.

The substrate materials, as rectangular Cu or brass
plates, were cut to different sizes. Prior to electroplating,
the substrate surface was polished gradually with 800-2000
grit silicon carbide paper and treated at 25-30°C in the
following sequences: degreasing for 2 min. with acetone
(or ethylic alcohol), rinsing successively with HNO, (1 : 1)
aqueous solution (chemical deoxidation for 0.5 - 7 min. ),
running water and distilled water, and finally drying in alir.
The electrodeposition was carried out at room temperature
in galvanostatic conditions using maximum 2 mA/cm?
current density delivered by a dc power supply of 1 A and
30 V. A thickness of ca. 100 um was expected to be
achieved for an electrolysis time of 24 h. The electrolysis
cell contained the substrate plate (Cu, brass) as cathode
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and a Ni plate and a Co plate as soluble anodes, both with
large surface area. The cell was surrounded with
permanent magnets, assuring the external magnetic field
H =2T

y"rhe electrolyte was stirred moderately using a Heidolph
mechanical overhead stirrer which rotates with a common
rotation rate (40 - 44 rpm). After electrolysis, the cathode
was removed from the cell and the NiCoMnP deposit was
washed well with water and dried.

There were 5 types of investigated samples from which
2 were of macroscopic size (32 and 17 cm?) and 3 were
on microscale size (24 mm?). In order to perform
electrodeposition on micro sized samples five identical
pieces were connected in a comb structure (fig. 1).

Fig. 1. The arrangement of 5 identical pieces in the electrolysis
vessel (a) and their connection in a comb structure (2)

The thickness of coating (d) was determined
gravimetrically and calculated with using eq. (1):

7

where: mp, - the weighed mass of deposit, S- the measured
surface area of sample, p - the alloy density (calculated
using p,,=8.9g/cm®and p. = 8.9 g/cm® and percentages).
The electrodep03|t|on eff|C|ency r was calculated as ratio
between the weighed deposited mass and theoretically
deposited mass, according Faraday’s law, using n = 2 for
the transferred electrons.

Scanning electron micrographs (SEM) of NiCoMnP alloy
films were recorded using FESEM-FIB Auriga Model
microscope (Carl Zeiss) provided with secondary electron
detector. The elemental analysis of coatings was
performed with an EDS (energy dispersive X-ray
spectroscopy) device type IncaPET X3 from Oxford
Instruments. The magnetic measurements were
performed by vibrating sample magnetometry (Lake
Shore type magnetometer), and the main magnetic
characteristics of CoNiMnP alloy films were extracted from
the M = M(H) plotted hysteresis curves.

Results and discussions

Five types of coatings have been experimented, that
are described in Table 1 together with the bath
characteristics and electrolysis conditions, including the
placement in magnetic field. Temperature was always
maintained constant at 25°C (room temperature). Values
of 90 -92% for the current efficiency were determined
proving a good selection of bath and electrodeposition
condition. The last column in table 1 presents the thickness
and general appearance of sample coatings.

Characterization of type 1 CoNiMnP alloys coatings
(deposited on brass, external magnetic field)

Figures 2 show some SEM micrographs recorded for
CoNIMnP coatings deposited onto macrosized brass
substrate (32 cm?). The deposits were smooth, bright and
have alight gray color. However, as figures 2a, b show,some
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Table 1

TYPES OF COATINGS, ELECTROLYSIS CONDITIONS AND COATING CHARACTERIZATION

Surface
ared,
cm?

Substrate
nature

Sample type

Bath
rH

Stirring
of bath

Presence of
magnetic
field

Current
density,
mAfem?

Electrolysis
time, hours

Thickness,
pm, and
appearance
of coating

1 brasz 32

2.8

ves

2

24 100 (adherent,

bright, uniform)

2 Cu 17

2.8

ves

ves

2

24 100 (glossy,

exfoliating)

3 (5 identical 24

pieces)

brass

2.8

ves

ves

0.9

32 = 0.1 {could not

be magnetically

measured)

4 (5 identical 24

pieces)

brazs

2.8

ves

ves

21

72 300 (non-adherent
deposition with
dendrite on the
edges and
agglomerations of

material)

5 (5 identical | brass 24

pieces)

2.8

ves

ves

24 200 (adherent,
glossy, uniform
over the entire

surface)

(d)

microcracks are present on the surface of coatings that
prove the presence of stress forces inside the grown
deposit; this observation may be correlated with both
insufficient concentration of sodium lauryl sulphate or the

3 m-u-.pu
(d)
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Fig. 2. Surface morphology of another type
1 CoNiMnP coating investigated by SEM at
different magnifications: %200 (a), <1000
(b), <5000 (c), <20000 (d), <50000 (), and
%100000 (f)

absence of external magnetic field during electro-
deposition.

Figures 3a - f represent the results of elemental analysis
obtained by EDS spectroscopy in 6 points of the two

Fig. 3. Secondary electron images (a, d)
for a CoMnNiP alloy electrodeposited in
the absence of external magnetic field.
EDS spectra (b,e) were determined in the
two selected areas: microarea 1 (a-c) and
microarea 2 (d-f). Distributions of
concentration for each element with
distance between points (relative
distributions) are shown in (c) and (f),
respectively
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selected microareas of the same CoMnNiP sample. Both
secondary electron images show an insular-type
morphology containing fine spherical nodules that are
evenly spread, whose composition is rich in cobalt
according to distributions (c) and (f) in figure 3. For the
microarea 1, the coating composition was: 72 - 85 wt.%
Co,6.5-7.7wt.% Ni, 0.5-0.8wt.% Mnand 2.6 - 3.7 wt.% P
For microarea 2 of the same sample it is found that the
deposited alloy also has a high content of cobalt (75 - 85
wt.% Co), whereas the nickel content is between 6.70 and
7.90 wt. %, the manganese content is between 0.60 and
0.74 wt.% and the phosphorus is 2.9 - 3.0 wt.%. The
distributions of the concentration of the highlighted
elements show that this sample is relatively homogeneous
in both areas, from a compositional point of view. In some
locations it was observed that the deposit was not
continuous, because in EDS analyzes was observed the
presence of copper and zinc, specific elements of the brass
substrate. Also, the presence of oxygen in elemental
analysis is due to contamination of samples with water
during their handling; it was visually observed that
manganese oxide led to a blackish color of some zones.

The magnetic characterization of CoMnNiP coating
electrodeposited in the absence of outer magnetic field
was performed by vibrating sample magnetometry,
plotting the hysteresis curve (fig. 4), the sample hysteresis
loop being also measured after its reorientation to 90°, to
estimate the magnetic anisotropy. From the allure of these
two curves, can be observed that the material is isotrope
and the squareness of loops is typical for ferromagnetic
materials.Table 2 presents the main magnetic
characteristics, determined from the hysteresis curves (fig.
4).

The magnetization data are in good agreement with the
finding reported previously [47]. The values of remanence
and saturation magnetization show that all CoNiMnP films
are able to be magnetized and may be used rather as
magnetically soft materials. The coercive force in-plane
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Fig. 4. The magnetic hysteresis curves of the CoMnNiP alloy
deposited on brass substrate, without the external magnetic field

position of the coating is 92 kA/m (1155 Oe), which is a
value less than twice comparing to the coercive force ina
perpendicular position.

Characterization of type 2 CoNiMnP alloys coatings
(deposited on copper foil in the presence of magnetic field)

Figures 5 a - ¢ present the morphology of the CoNiMnP
alloys coating also deposited on a macro size substrate,
which is in this case a copper foil of 17 cm? surface area.
The SEM micrographs were made for different areas, at
different magnifications, from %2000 to <50000. From the
SEM micrographs shown in these figures it can be observed
that the morphology of the coating is homogeneous and,
unlike the micrographs of the CoNiMnP alloy deposited in
the absence of the external magnetic field (shown in fig.
2), there have no microcracks. The surface morphology
consists in crystalline grains of about 1um in size,
distributed as inflorescence aggregates.

Figures 6 show the results of EDS elemental analysis of
type 2 coating. They are presented the secondary electron
SEM image of CoMnNiP alloy deposited on copper foil in

Table 2
Remanent Saturation Coercivity THE MAIN MAGNETIC FEATURES
State of the sample magnetization | magnetization OF CoMnNiP ALLOY COATING
(emu/g) (emu/g) (ka/m) | (Oe) OBTAINED BY
CoNiMuP film measured at 0° (in plane) 2047 8574 02 1155 ELECTRODEPOSITION
CoNiMnP film measured at 90° 15.70 5681 160 2125 WITHOUT EXTERNAL
MAGNETIC FIELD

S—

Fig. 5. Surface morphology of a type 2
CoNiMnP alloy coating exhibited by SEM
images at different magnifications: %2000 (a),
%20000 (b), and 50000 (c)

e
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- ; Fig. 6. Secondary electron image
(a) for a type 2 CoNiMnP alloy
coating electrodeposited in the
presence of external magnetic

field, EDS spectra (b) determined

in 6 points, and relative
distributions of concentration for
each element (c)

T e ]
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o THE MAIN MAGNETIC FEATURES OF TYPE 2 CoMnNiP ALLOY COATING
o OBTAINED BY ELECTRODEPOSITION IN EXTERNAL MAGNETIC FIELD
Eemanent - — Coercivity
State of the sample magnetization Satl.n'atlu(ne:: /) ton
(emu/g) (kAm) (Oe)
CoNiMnP measured at 0° (in plane) 5395 8980 63 g12.8
CoNiMnP measured at 907 8355 75.66 733 0473

the presence of an external magnetic field (H=2T), EDS
spectra of semicantitative composition in 6 points of a
selected microarea and the distribution of the elements
concentration, depending on the distance between the
points. Itis found that the deposited alloy had a diminished
content in cobalt component (compared with films
obtained without external magnets), on average approx.
50 wt.% Co, with a minimum of 18% and a maximum of
74.5%. The nickel content was between 7 and 14.8 wt.%,
higher than the deposited coating without magnetic field.
Manganese content is between 0 and 2 wt.%, whereas the
phosphorus content is between 2.7 wt.% and 7 wt.%.
However, the analyzed sample had a high oxygen content
of 25 wt.%, proving the existence of metal oxides in the
deposit; the content in oxygen is less for the sample with
the highest cobalt concentration (74.5 %). The distribution
of the element concentration as well as the values of the
actual concentrations of these elements show that the
sample is non-homogeneous from a compositional point
of view.

The magnetic characterization of a type 2 CoNiMnP
alloy coating was performed by magnetomety, the sample

being measured at 0° and at 90° (see the hysteresis loops
presented in fig. 7). It is noticed from the two hysteresis
curves that the sample is magnetic anisotropic: the
hysteresis curve at 0° is the one specific to the hard
magnets, while for the 90° reorientation, the curve
squareness of the magnetic material is low.

Table 3 lists the main features of the type 2 CoMnNiP
magnetic layers, depending on the deposition conditions.
Compared to previously analyzed samples, deposited on
brass substrate without external magnetic field, there is a
higher value of remanent magnetization (about 54 emu/
g), but lower value of the coercive field due to the low
concentration of cobalt in the electrodeposited alloy.

Characterization of types 3-5 CoNiMnP alloys coatings
(deposited on brass substrate in the presence of magnetic
field)

Figures 8 - 10 present the surface morphology and
results of EDS analyses of the types

3 - 5 CoNiMnP alloys coatings in the presence of 2 T
external magnetic field. In these cases, the films were
electrodeposited on a micro size brass substrate, which
had 0.24 cm? surface area for each microsample.

Lt b . 1.}

Fig. 8.Secondary electron image (a) for
a type 3 CoNiMnP alloy coating
electrodeposited in the presence of
external magnetic field, EDS spectra (b)
determined in 6 points, and relative
distributions of concentration for each

element (c)

o o (bj
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Fig. 9. Secondary electron image (a) for a type 4 CoNiMnP alloy
coating electrodeposited in the presence of external magnetic
field, EDS spectrum (b) determined in a single location
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Fig. 10. Secondary electron image
(a) for a type 5 CoNiMnP alloy
coating electrodeposited in the
presence of external magnetic

field, EDS spectra (b) determined

in 6 points, and relative
distributions of concentration for
each element (c)

(e)

04 L -_: r s
. l'l?l- . . . .
rf'. A Fig. 11. The magnetic hysteresis curves of the CoMnNiP
. " r‘ r alloy deposited on brass substrate in the presence of
E o i o the external magnetic field
-5 4 IER |2z
ke ="=-:'- "
-:;nc" oo 5-::::1-3"
HAm
Femanent Saturation Coercivity
State of the sample magnetization magnetization Table 4
(emu/g) {emu/g) {kA/m) (Oe) THE MAIN MAGNETIC FEATURES
- - OF TYPE 5 CoMnNiP ALLOY
CoNiMuP microsample 5 19.69 73.80 88.5 1111 COATING
(2 mA/cr, 24h) OBTAINED BY
é‘ﬂ’ﬂifﬁfﬁmfﬂe 6 20.04 71.79 91.2 1146 ELECTRODEPOSITION IN
— EXTERNAL MAGNETIC FIELD
CoNiMaP microsample 7 2077 73 99 950 1188
(2 mA/cm?, 24h) - = :
CoNiMaP microsample 8
(2 mA/em?. 24k) 15.86 64.16 02.0 1135

1360

In the following, for the revealed microarea shown in
figure 8a, the average values of the elements concentration
(expressed in weight percentage) will be discussed. It is
observed in figures 9b,c that the deposited alloy has high
content of cobalt, on average 83.5%. Nickel content was
9.2%, manganese content was 1.0% and phosphorus was
3.0%. Interestingly, the concentration of metal oxides was
low, the analyzed sample having content in oxygen
averaging 3.22%. The profile of the distribution of the
concentration of the highlighted elements, as well as the

values of the actual concentrations of these elements show

that the sample is homogeneous from the point of view of
chemical composition.

Figures 9 show the SEM image for a type 4 CoNiMnP
alloy coating electrodeposited in the presence of 2 T
external magnetic field, as well as the EDS spectrum
determined in a single point. The elemental analysis
revealed that the chemical composition of CoNiMnP alloy
was: 83.5% Co, 9.1% Ni, 1.0% Mn, 3.0% P and around 3.0%

oxygen.

Figures 10 refer to EDS elemental analysis in 6 points of
amicroarea of type 5 CoNiMnP alloy. The average contents
of coating were: 83.5% Co, 9.2% Ni, 1.02% Mn, 3.01% P
and 3.22% oxygen. As with figures 9 and 10 (corresponding
to types 3 and 4 alloys, respectively), the results confirm
high cobalt concentration values for micro size samples
obtained in the presence of external magnetic field as well
as their homogeneity from compositional point of view.

http://www.revistadechimie.ro

The magnetic characterization of four different pieces
(denoted as samples 5, 6, 7 and 8) belonging to type 5
CoMnNiP coating, as micro size samples, was also
performed by drawing their hysteresis curves using the
vibration sample magnetometer. Figure 11 shows only the
magnetic hysteresis curves for 0° orientation (in plane to
magnetic field) and their shape suggests a hard magnetic
material. The values of the main magnetic characteristics
calculated from the hysteresis curves of these samples
are listed in table 4. The remanent magnetization ranged
from 15.9 to 20.8 emu/g, saturation magnetization was in
the range 64 - 74 emu/g, and coercivity was in the 1111 -
1188 Oe range.

Conclusions

CoNiMnP permanent magnetic alloys were successfully
electrodeposited on copper and brass substrates from a
bath containing CoCl,, NiCl,, MnSO,, NaH,PO, as precursors
and H,BO,, NaCl, saccharin, sodium lauryl sulphate and
cerium(lﬁ) sulphate as additives. In the absence of
magnetic field some microcracks are present on their
surface that proves the presence of stress forces inside
the grown deposit. The coatings obtained using external
magnetic field (of 2 T) on macro size (17 cm?) copper
substrate were continuous, homogeneous, smooth, and
have a bright gray color. The SEM images showed an insular-
type morphology containing fine spherical nodules evenly
spread, whose composition is rich in cobalt according to
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EDS elemental analysis. Grain crystals of about 1 im in
size are distributed as inflorescence aggregates.

The magnetic characterization of CoNiMnP macro size
coatings by their hysteresis loops at different angles, 0°
and 90°, indicates a magnetic isotropy and a shape of loops
that is typical for ferromagnetic materials with rather soft
magnetism. In the absence of external field during
electrodeposition the coercive force in-plane position of
the coating is less than twice comparing to the coercive
force ina perpendicular position. However, in the presence
of a2 T magnetic field both values of coercitivity are similar.

The CoNiMnP coatings electrodeposited on micro size
brass substrate were homogeneous from compositional
point of view, with the average content (in weight
percentage) of 83.5% Co, 9.2% Ni, 1.0% Mn, 3.0% P and
3.2% oxygen. The shape of their magnetic hysteresis curves
for 0° orientation suggests a hard magnetic material.
Regarding the magnetic characteristics calculated from
the hysteresis curves, values of remanent magnetization
ranged from 15.9 to 20.8 emu/g, saturation magnetization
was in the range 64 - 74 emu/g, and coercivity was in the
1111 - 1188 Oe range.
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