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Technical Article

Nuts & Bolts:
What This Paper Means to You

This work is a part of AESF Research Project #114, which deals 
with one of AESF’s emerging technology areas, MEMS, or micro-
electromechanical systems technology. Here we’re making 
microsensors, micromotors and frictionless microgears, and 
the focus is on plated magnetic deposits, including iron, nickel, 
cobalt and iron-cobalt alloys. The work explores the conditions 
necessary to make low-stress fi lms with the best magnetic prop-
erties from an additive-free chloride bath.

The ever-increasing demand for faster, smaller and less 
expensive electronic systems, such as integrated circuits 
(ICs), microelectromechanical systems (MEMS) and 
computer hard disk drives (HDDs), have resulted in the 
development of cost-effective processes. The incredible 
rate of increasing aerial density of HDDs (100% per year) 
is a good example of current trends in this technology. In 
order to meet this strong demand for HDDs, soft magnetic 
materials with high magnetic saturation (M

S
) are under 

active investigation by several research groups.1 
 In the case of NEMS/MEMS, hard and soft magnetic 
materials are used in microactuators, sensors, micromotors 
and frictionless microgears because electromagnetically-
actuated NEMS/MEMS are more stable for high force 
and large gap applications. These are more robust in harsh 
environments (e.g., dust, humidity) and can be actuated 
with low cost voltage controllers.2-7 The shapes, structures 
and functionality can be very different depending on the 
application.
 Recently, there has been great interest in fabrication 
of nanostructured magnetic materials (e.g., multilayers, 
nanowires, nanotubes, nanorods and nanoparticles) to 
apply in nanodevices including nanoelectronics, spintron-
ics, drug delivery and bio-separation.
 Figure 1 shows a few examples of the authors’ previous 
NEMS/MEMS devices with integrated electrodeposited 
materials. Figures 1(a) and (b) show the microforce-
detected nuclear magnetic resonance (µFD-NMR) images 
to identify chemical compounds for in-situ planetary 
exploration and nickel nanowires for magnetic and bio-
medical applications (e.g., protein separation), respec-
tively. The nickel nanowires were fabricated by combin-
ing a nanotemplate and electrodeposition. Figures 1(c) and 
(d) show the LIGA** fabricated scroll pump for vacuum 
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because electromagnetically-actuated NEMS/MEMS are 
more stable for high force and large actuation gap appli-
cations. In addition to NEMS/MEMS, there is also great 
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properties with minimum fi lm stress are essential for 
magnetic materials for successful integration to mag-
netic-NEMS/MEMS. In the present studies, various low-
stress iron group metals and iron-cobalt alloy thin fi lms 
were developed. The effect of deposition parameters 
on fi lm compositions, surface morphology, magnetic 
properties and fi lm stress of electrodeposits were inves-
tigated using scanning electron microscopy (SEM), the 
fl exible strip method and vibrating sample magnetom-
etry (VSM). In general, low stress iron group metals and 
iron-cobalt alloys were electrodeposited by applying 
low current density and high operating temperature in 
an additive-free acidic chloride bath. Magnetic proper-
ties including coercivity and squareness were strongly 
infl uenced by fi lm stress.
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roughing pump and the two-dimensional 3 × 3 quadrupole mass 
fi lter, respectively, for a miniaturized gas chromatograph/mass 
spectrometer (GC/MS). The height of these devices is 3 mm. As 
shown in the figures, the layer thickness can vary from a few 
nanometers to a few millimeters depending on the application. In 
addition, the magnetic materials and deposition processes must be 
“tailored” to be compatible with other MEMS processing includ-
ing photo-resistive patterning, vacuum deposition and chemical 
and physical etching.
 There are many different ways to deposit and integrate magnetic 
materials into devices, including vacuum deposition (i.e., sputter-
ing, e-beam evaporation, chemical vapor deposition, molecular 
beam epitaxy) and electrochemical deposition (i.e., electro- and 
electroless deposition). Compared to vacuum processes, electro-
chemical processing is well-suited to fulfi ll the requirements of 
high yield, cost-effective processes. 
 Electrochemical processes have many advantages, including 
precisely controlled room temperature operation, low energy 
requirements, rapid deposition rates, the capability of handling 
complex geometries, low cost and simple scale-up with easily 
maintained equipment. In addition, the properties of materials can 
be “tailored” by controlling solution compositions and deposition 
parameters. Because of these advantages, electroplated soft mag-
netic materials such as NiFe and CoNiFe have been widely used 
as recording head materials by the computer hard drive industry.8 

In the case of magnetic-MEMS/NEMS, the magnetic layers must 
also have good adhesion, low-stress and corrosion resistance, and 
be thermally stable with excellent magnetic properties. 
 Even though there are many studies on electrodeposited iron 
group metals and alloys, there has been a lack of systematic studies 
to develop low stress fi lms and to relate magnetic properties with 
fi lm stress and deposit compositions. In this paper, we investigated 
and compared the effect of solution compositions and electrodepo-
sition parameters on the nature of the fi lms in terms of their com-
positions and stress, structure and magnetic properties.

Experimental
Nickel, iron, cobalt and iron-cobalt alloys were electrodeposited 
from the various plating solutions listed in Table 1. Calcium chlo-
ride was used as the supporting electrolyte in order to enhance the 
current effi ciency. Solution pH was maintained between 0.3 and 
0.4 with HCl or NaOH. The low pH was essential in order to pre-
vent the oxidation of ferrous ions (Fe+2) to ferric ions (Fe+3). Even 
at the low solution pH, the current effi ciency was in the range of 90 
to 100%, and was independent of current density. Dense deposits 
resulted under these conditions.
 Experiments were conducted at different operating tempera-
tures, from 23°C to 70°C (73°F to 158°F) with no stirring. The 
effect of the Fe+2/Co+2 ratio in solution on the deposit composition 
of iron-cobalt alloy fi lms was investigated by varying the Fe+2 and 

Figure 1—A few examples of electrodeposited MEMS devices and nano-engineered materials: (a) Micro-force detector nuclear magnetic resonance (µFD-NMR); (b) 
electrodeposited nickel nanowires using template synthesis methods. The diameter and length of the nanowires are approximately 200 nm and 30 µm long; (c) min-
iature scroll vacuum roughing pump using electroformed nickel from sulfamate baths. The height of the scroll is 3 mm; (d) miniaturized two-dimensional quadrupole 
mass fi lter for a micro-GC/MS instrument using electroformed copper from sulfate acid baths. The height of the quadrupole mass fi lter is 3 mm.

a) b)

c) d)
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Co+2 concentration while holding the total iron group metal ion 
content at 1.5M. Copper-beryllium substrates with surface areas of 
7.74 cm2 (1.2 in.2) were used. Iron, cobalt or nickel were used as 
soluble anodes for the alloy baths. The current density was varied 
from 2.5 to 60 mA/cm2 (2.3 to 55.7 A/ft2) with a fi xed total charge 

of 60 Coulombs. Surface morphology and fi lm compositions were 
examined using scanning electron microscopy (SEM) and energy 
dispersive spectroscopy (EDS), respectively. Magnetic properties 
of electrodeposited fi lms were measured with a vibrating sample 
magnetometer with an applied magnetic field from -1.5 to 1.5 
Telsa*** at room temperature. Film stress was measured by a fl ex-
ible strip method.9

Results & discussion
Electrodeposited nickel, cobalt and iron fi lms
Figures 2 and 3 show the dependence of fi lm stress, magnetic prop-
erties (i.e., coercivity and squareness) of electrodeposited nickel 
and cobalt fi lms as a function of current density at a fi xed tempera-
ture of 70°C (158°F). Film stress in the electrodeposited fi lms is an 
important factor for MEMS using LIGA processes. In many cases, 
this fi lm stress could exceed the strength of the fi lm, resulting in 
cracking, deformation of devices and interfacial failure. As shown 
in Figs. 2(a) and 3(a), the fi lm stress of electrodeposited nickel and 
cobalt fi lms increased monotonically as current density increased. 
For example, electrodeposited nickel and cobalt film stress 
increased from 70 to 202 MPa (10.2 to 29.3 kpsi) and from 105 to 
202 MPa (15.2 to 29.3 kpsi) with an increase in deposition current 
density from 2.5 to 60 mA/cm2 (2.3 to 55.7 A/ft2), respectively.

Table 1
Solution Compositions of Nickel, Cobalt, Iron

and Iron-Cobalt Alloys

Solution Molar Composition

Ni 1.5M NiCl
2
 + 1.0M CaCl

2
 

Co 1.5M CoCl
2
 + 1.0M CaCl

2

Fe 1.5M FeCl
2
 + xM CaCl

2
 (x = 0.0, 0.25, 1.0)

Fe-Co yM FeCl
2
 + (1.5-y)M CoCl

2
 + 1.0M CaCl

2 

(y = 0.0 to 1.5M)

Figure 2—(a) Residual stress, (b) coercivity and (c) squareness [remanence (M
R
)/magnetic saturation (M

S
)] of electrodeposited nickel fi lms as a function of current 

density. Solution pH and operating temperature were 0.3 and 70°C (158°F), respectively.

Figure 3—(a) Residual stress, (b) coercivity and (c) squareness [remanence (M
R
)/magnetic saturation (M

S
)] of electrodeposited cobalt fi lms as a function of current 

density. Solution pH and operating temperature were 0.3 and 70°C (158°F), respectively.

*** A Telsa (T) is a unit of magnetic induction. One Telsa equals one Newton-
Meter/Ampere (0.74 lbf-ft/A).

a) b) c)

a) b) c)
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 Magnetic saturation values (M
S
) of electrodeposited nickel and 

cobalt fi lms were 0.6 and 1.8 T, respectively. These results were 
independent of electrodeposition conditions and in agreement with 
bulk data, as expected. Coercivity (H

C
)† and squareness (S = M

R
/

M
S
)†† were dependent on the deposition conditions, since they are 

extrinsic magnetic properties dependent on the fi lm microstructure, 
including grain size, preferred orientation and stress. As shown in 
Figure 2(b), the coercivity of electrodeposited Ni fi lms increased 
with increasing fi lm stress, which indicates that magnetoelastic 
energy was the dominant anisotropy energy in the electrodeposited 
Ni fi lms. Squareness decreased, as expected from the literature, 
since tensile stress causes a magnetic curve to be less square when 
magnetoelastic energy is the dominant anisotropy energy [Fig. 
2(c)]. Unlike electrodeposited nickel fi lms, there were no clear 
relationships between coercivity and fi lm stress in electrodeposited 
cobalt fi lms, which indicated that magnetoelastic energy was not 
the dominant anisotropy energy [Fig. 3(b)]. In contrast to electro-
deposited nickel fi lms, squareness increased with increasing fi lm 
stress in such cobalt fi lms [Fig. 3(c)]. 
 Figure 4 shows the dependence of fi lm stress, magnetic prop-
erties (i.e., coercivity and squareness) of electrodeposited iron 
fi lms as a function of current density at a fi xed temperature of 

70°C (158°F). Film stress in the iron electrodeposits increased 
monotonically as current density was increased. For example, 
electrodeposited iron fi lm stress increased from 120 to 240 MPa 
(17.4 to 34.8 kpsi) with an increase in deposition current density 
from 5 to 20 mA/cm2 (4.6 to 18.6 A/ft2), respectively. Magnetic 
saturation values (M

S
) of electrodeposited iron fi lms were 2.1 T, 

independent of electrodeposition conditions. As shown in Fig. 
4(b), the coercivity of electrodeposited iron fi lms increased with 
increasing fi lm stress, which indicates that magnetoelastic energy 
was the dominant anisotropy energy. Squareness was decreased in 
electrodeposited iron fi lms, since tensile stress causes a magnetic 
curve to be less square when magnetoelastic energy is the domi-
nant anisotropy energy [Fig. 4(c)].
 Figure 5 shows the SEM micrographs of electrodeposited iron 
fi lms at different current densities [5, 10 and 20 mA/cm2 (4.6, 9.3 
and 18.6 A/ft2)] at 50°C (122°F). As shown in these fi gures, surface 
morphologies for the iron fi lms were infl uenced by deposition tem-
perature. Low current density promoted grain growth, while high 
current densities promoted nucleation and produced smaller grains. 
Higher deposition temperatures [i.e., 70°C (158°F), not shown in 
the fi gure] promoted larger grain growth than lower deposition 
temperatures did.

Electrodeposited iron-cobalt fi lms
Iron-cobalt alloy thin fi lms of varying composition were electro-
deposited by varying the Fe+2/Co+2 ratio in solution, while main-
taining the total iron group metal ions constant at 1.5M. Figure 6 

Figure 4—(a) Residual stress, (b) coercivity and (c) squareness [remanence (M
R
)/magnetic saturation (M

S
)] of electrodeposited iron fi lms as a function of current 

density. Solution pH and operating temperature were 0.3 and 70°C (158°F), respectively.

† The intensity of the magnetic fi eld needed to reduce the magnetization of a 
ferromagnetic material to zero after it has reached saturation.

†† The remnant magnetization force after the magnetic fi eld was reduced to zero 
divided by magnetic saturation.

a) b) c)

Figure 5—SEM micrographs of electrodeposited iron fi lms at different current densities: (a) 5 mA/cm2 (4.6 A/ft2), (b) 10 mA/cm2 (9.2 A/ft2) and (c) 20 mA/cm2 (13.8 
A/ft2); Temp. = 50°C (122°F).

a) 5 mA/cm2 b) 10 mA/cm2 c) 20 mA/cm2
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shows (a) the deposit Fe content and (b) fi lm stress as a function of 
solution composition at various current densities. As shown in Fig. 
6(a), the deposit iron content increased with increasing Fe+2/Co+2 
ratio, as expected. The maximum fi lm stress in the iron-cobalt thin 
fi lms was observed at a deposit iron content of 5 to 10 atomic %. 
 Figure 7 shows SEM micrographs of electrodeposited iron-
cobalt fi lms with different fi lm compositions at a current density 
of 5 mA/cm2 (4.6 A/ft2). As shown in the images, the surface 
morphology of the iron-cobalt fi lms dramatically changed with 
the iron-cobalt fi lm composition. The grain size increased with 
an increase in iron content. Small grains were observed in 3.8 Fe 
/ 96.2 Co fi lms [Fig. 7(a)]. The fi lm fi lm stress in the iron-cobalt 
fi lms decreased with increasing grain size. An earlier report10 had 
also demonstrated that electrodeposited mixed phase iron-cobalt 
alloys produced fi lms with smaller grain size. Magnetic saturation 
of iron-cobalt alloys increased with increasing in deposit iron con-
tent. For example, magnetic saturation values of 1.6 T, 1.9 T and 
2.0 T were measured for iron-cobalt electrodeposits with deposit 
iron contents of 3.8%, 35.1% and 45.4%, respectively.
 Figure 8 shows the fi lm stress of iron-cobalt fi lms as a func-
tion of fi lm thickness. As expected, the fi lm stress decreased with 
increasing fi lm thickness. High initial stress is attributed to lattice 
and grain size mismatch between the deposits and the underlying 
substrate.9 Film stress decreased to a steady state value as the 
deposit increased in thickness. 

Conclusion
The electrodeposition of nickel, cobalt, 
iron and iron-cobalt alloys thin films 
from additive-free acidic chloride baths 
with calcium chloride as a supporting 
electrolyte was investigated. In general, 
low fi lm stress was achieved by operat-
ing at a low current density and higher 
temperature. SEM micrographs indicated 
that these conditions promoted grain 
growth over nucleation. Magnetic proper-
ties, including coercivity and squareness, 
were strongly infl uenced by fi lm stress. 
Coercivity in electrodeposited nickel 
and iron fi lms increased with increasing 
fi lm stress while squareness decreased, 
indicating that magnetoelastic energy was 
the dominant anisotropy in electrodepos-
ited nickel and iron fi lms. No such trends 
were observed in electrodeposited cobalt 
fi lms, which indicated that other anisot-

ropy energies (e.g., crystal anisotropy) were dominant. In the case 
of iron-cobalt thin fi lms, fi lm composition played an important role 
in determining fi lm stress. 

Acknowledgements
This work is supported by AESF Grant #114 and the Korea Science 
and Engineering Foundation (KOSEF). Funding support from 
these agencies is greatly appreciated.

References
1. T. Osaka, M. Takai, K. Hayashi, K. Ohashi, M. Saito & K. Yamada, 

Nature, 392, 796 (1998).
2. T.S. Chin, J. Magnetism & Magnetic Materials, 209, 75 (2000). 
3.  J.W. Judy & R.S. Muller, IEEE J. Microelectromechanical Systems, 6 

(3), 249 (September 1997).
4.  J.W. Judy & R.S. Muller, J. Sensors and Actuators A: Physical, 53, 392 

(May 1996).
5.  J.W. Judy, R.S. Muller & H.H. Zappe, IEEE J. Microelectromechanical 

Systems, 4 (4), 162 (December 1995).
6.  C.H. Ahn & M.G. Allen, IEEE Trans. Ind. Electronics, 45 (6), 866 

(December 1998).
7.  T.M. Liakopoulos, M. Xu & C.H. Ahn, Technical Digest IEEE Solid-

State Sensor and Actuator Workshop, Hilton Head Island, SC, IEEE, 
Piscataway, NJ, 1998; p. 19.

Figure 6—Deposit iron content and fi lm stress as a function of solution composition at different current densi-
ties [5 to 20 mA/cm2 (4.6 to 18.4 A/ft2)]; Temp. = 70°C (158°F): ■ 0.15M Fe+2 + 0.135M Co+2; • 1.05M Fe+2 
+ 0.45M Co+2; ▲ 1.275M Fe+2 + 0.125M Co+2.

Figure 7—SEM micrographs of electroformed iron-cobalt fi lms: (a) 3.8% Fe, (b) 35.1% Fe, (c) 45.4% Fe; CD = 5 mA/cm2 (4.6 A/ft2) and Temp. = 66 to 68°C (151 
to 154°F).

a) b)

a) 3.8% Fe; 174 MPa b) 35.1% Fe; 184 MPa c) 45.4% Fe; 118 MPa

0418 tech   28 1/3/05, 3:11:53 PM



Plat ing & Surface Finishing • January 2005 29

Figure 8—Residual stress of iron-cobalt electrode-
posits as a function of fi lm thickness: iron-cobalt 
fi lms were electrodeposited from 1.275M FeCl

2 
+ 

0.225M CoCl
2
 + 1.0M CaCl

2
; pH = 0.3; Temp. = 

70°C (158°F).

8.  P.C. Andricacos & N. Robertson, IBM J. 
R&D, 42 (5), 671 (1998) and references 
therein.

9. J. W. Dini, Electrodeposition: The Material 
Science of Coating and Substrates, Noyes 
Publications, Park Ridge, NJ, 1992; p. 292.

10. N.V. Myung & K. Nobe, J. Electrochem. 
Soc., 148 (3), C136 (March 2001).

About the Authors
Miss Sara Kelcher graduated Summa Cum Laude in 2004 from the University of California – 
Riverside (UCR), receiving her B.S. in Chemical Engineering. She has been awarded a 2004 Student 
Scholarship Award from AIChE (American Society of Chemical Engineers), in recognition of her 
excellent achievement in areas of academics, extracurricular activities and AIChE involvement. Sara 
was Co-President of the student chapter of AIChE. 
 Dr. Doek-Yong Park is a full-time lecturer in the Department of Applied Materials Engineering at 
Hanbat National University, Republic of Korea. He received his BS degree (1986) and MS degree 
(1988) from Hanyang University, Republic of Korea. In 2000, he obtained his PhD degree in materials 
science and engineering from the University of California-Los Angeles, USA. From 1988 to 1995, 
he worked at the Research and Development Center of LG Metals, Republic of Korea as a senior 
research engineer. Prior to his current position, he worked in the Chemical Engineering Department, 
University of California-Los Angeles from 2000 to 2002 as a postdoctoral researcher. 
 Dr. Bongyoung Yoo is a postdoctoral researcher in the Department of Chemical and Environmental 
Engineering at UC Riverside. He received Ph.D. degree in materials science and engineering from 
UCLA in 2003, and B.S. and M.S. from Yonsei University in South Korea. Currently, he is working on 
electrochemical process for nanowire devices and the fabrications of nanostructural materials.
 Dr. Nosang V. Myung is Assistant Professor in the Department of Chemical and Environmental 
Engineering at University of California – Riverside. He holds a B.S., M.S. and Ph.D. in Chemical 
Engineering from UCLA. He is the 2001 winner of the AESF Gold Medal Award for Best Paper. Prior 
to his current position, he worked in the MEMS Technology Group, at the Jet Propulsion Laboratory 
(Caltech), NASA Pasadena, CA. His research interests include material electrochemistry, MEMS/
NEMS, sensors, nanowires, magnetic thin fi lms and thermoelectric materials. He is a member of 
the American Institute of Chemical Engineers, the Materials Research Society, The Electrochemical 
Society and the International Society of Electrochemistry.

What’s Ahead for the
Vacuum Coating Industry?
What’s Ahead for the
Vacuum Coating Industry?

Stay Updated

48th Annual SVC Technical Conference
and Smart Materials Symposium

48th Annual SVC Technical Conference
and Smart Materials Symposium

April 23–28, 2005 Adam’s Mark Denver Hotel, Denver, ColoradoApril 23–28, 2005 Adam’s Mark Denver Hotel, Denver, Colorado

Technical Program
April 25–28

Including the second annual Smart
Materials Symposium, co-sponsored

by Elsevier!

Exhibit and
Innovators Showcase

April 25–26

Exhibitors: Don’t Wait! Sign up early
for the only Exhibit devoted entirely

to vacuum coating.

Education Program
April 23–28

Choose from more than 30 high-
quality, practical courses taught by

industry experts.

Join us in the “Mile High City” for six days of education, innovation,
and information on vacuum coating!

Society of Vacuum Coaters    505/856-7188    Fax 505/856-6716    E-mail svcinfo@svc.org

Get more information or register on-line at: www.svc.org

Free Details: Circle 113 or visit www.aesf.org

Kelcher Park Yoo Myung

0418 tech   29 1/3/05, 3:11:58 PM


