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In this paper we present results of the mechanical characterization of electroplated
nickel-iron (permalloy). The investigated plating bath is commonly used for MEMS
applications, but no detailed mechanical characterization has been performed before. The
following properties were investigated: residual stress, plane strain modulus, coefficient of
linear thermal expansion (CTE) and mass density. The residual stress and plane strain
modulus were derived from load-deflection measurements on long rectangular mem-
branes. The CTE was extracted using the wafer curvature method. To obtain homoge-
neously thick electroplated films, the influence of the seed layer thickness on the current
density distribution was investigated theoretically.

1. Introduction

Electroplated magnetic materials are of great interest in many MEMS devices such as
magnetic yokes in printing heads,"” magnetic flux concentrators for magneto-transistors,?
u-relays®# and electromagnetic actuators.’>® Most magnetic microsystems demonstrated
thus far have not depended on the mechanical properties of the plated layers since no
movable structures have been included. If, however, devices such as y-relays are to be
fabricatcd, detailed information about the mechanical properties is required.

The elastic coefficients of MEMS materials influence the static and dynamic behavior
of mechanical transducers. Residual stresses can cause devices to curl or buckle and layers
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to crack or delaminate. An elegant approach to the extraction of these parameters is the
load-deflection method.” In this method a membrane made of the material to be character-
ized is fabricated and subsequently loaded using hydrostatic pressure. From the linear and
nonlinear deflection response the mechanical properties of the membrane material such as
residual stress and Young's modulus are derived.

Thermal properties of materials influence device operation at elevated temperatures.
The coefficient of linear thermal expansion is extracted using the wafer curvature method,
in which the thermally induced stress in a thin film on substrates with different CTEs is
measured.

Electroplating a magnetic material such as permalloy (80% Ni, 20% Fe) is relatively
difficult in comparison with electroplating pure metals such as nickel. Typically, the
application sets specific requirements for the magnetic and mechanical propeities of the
deposit, e.g., high permeability and low residual stress. As the magnetic and mechanical
properties and composition and thickness of the plated layer depend on plating parameters
such as current density, stirring and temperature, care must be taken to control these
parameters precisely.

2. Fabrication

Nickel-iron membranes for load-deflection measurements were fabricated by the
following process sequence (Fig. 1). Double polished 4" <100> Si wafers 380 pm thick
were coated with 1.1-um-thick low-stress PECVD silicon nitride. On the front of the
wafers a 30-nm-thick Ti adhesion layer and a 300-nm-thick Cu seed layer were sputtered.
A 7-um-thick photoresist layer (Hoechst AZ4562) was spun on top of the seed layer and
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Fig. 1. Process sequence for the fabrication of nikel-iron membrance. a) Nickel-iron is electroplated
in photoresist molds on top of a silicon-nitride coated wafer. b) Membranes are formed by anistropic
etching of the Si wafer. c) Finally, the etch mask and seed layer are removed.
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patterned to form electroplating molds for the membranes. Nickel-iron alloy was plated in
the molds preceded by an activation of the seed layer in a fluorine-based acid (Fig. 1(a)).
After stripping of the photoresist, a new layer of AZ4562 was spun and patterned on the
backside of the wafers. Long rectangular windows were etched in the back surface silicon
nitride using a SFg plasma, and subsequently the silicon was anisotropically etched in KOH
(Fig. 1(b)). During etching the front surface of the wafers was protected. Finally, the front
surface silicon nitride and the seed layer were removed (Fig. 1(c)).

Electroplating of nickel-iron was performed at room temperature using the bath
formulation given in Table 1. The bath is known to give alloy deposits of approximately
80% Ni and 20% Fe.® Tt has been studied extensively because of its capability of
producing soft magnetic films.>*? The wafer was mounted on a holder, which ensured
electrical contact to the seed layer around the entire edge of the wafer. A separate cathode
surrounded the wafer to "catch" stray current and thus improved the macroscopic material
distribution across the wafer. A schematic of the electrode configuration is shown in Fig. 2.
Two separate cathodes are required to control the amount of charge supplied to the wafer.
Each membrane was surrounded by a 1-mm-wide nickel-iron ring to improve the material
distribution across the membrane. In this way the variation in thickness of each membrane

Table 1.
Composition of nickel-iron electroplating bath. The bath is known to give alloys of approximately
80% Ni and 20% Fe.®

Nickel sulphate, NiSO,-7H,0 200 g/i

Iron sulphate, FeSO,-6H,0 8 g/l

Nickle chloride, NiCl,-6H,O 5gl/l

Boric acid, H;BO, 25 g/l

Saccharin 3 g/l
V=V

%5% -Cathode 1 (wafer)
-Membrane area
‘NiFe ring

~Wafer contactring
e
“Anode “Cathode 2

Fig. 2. Schematic showing the electrode configuration. A seperate cathode (Cathode 2) surrrounds
the wafer to "catch" stray current.
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was below 2%. A pure nickel foil with the same area as the two cathodes was used as the
anode. To avoid depletion of iron ions, a fresh bath 3.5 1 in volume was mixed when the
iron concentration had changed by 0.1%.

The most important plating parameters in this type of bath are the current density and
the amount of stirring. Theif influence on the mechanical properties and the composition
of the deposit was investigated for current densities in the range of 5 to 10 mA/cm? and for
different levels of mechanical stirring using a propeller.

3. Results and Discussion

3.1 Characterization of nickel-iron membranes

The membranes were characterized using a setup that allows loading them with a
differential pressure. The pressure was controlled to an accuracy of 40 Pa using a
pneumatic pressure controller DPI 520 from Druck Ltd. Deflection profiles and center
deflections were determined using an optical profilometer from UBM with a Microfocus
measurement head. This autofocusing instrument achieves a horizontal resolution of 1 um
and a vertical resolution of 10 nm. Figure 3 shows a schematic of the measurement setup.
For each stabilized pressure level a deflection profile was recorded by scanning the
measurement head across the width a of the membrane. From each scan the center
deflection w, was extracted. The precise width a and thickness & of each membrane was
also measured using the optical profilometer. Figure 4 shows the measured center
deflection wy as a function of the applied differential pressure p. The plain strain modulus
E/(1 — v*) and residual stress 0y were extracted from the experimental data using the load
deflection model

E E
P=C1(0'o,ﬁ:a’h) w0+C3(0'0,1—‘7,a,h) wg. (D

optical profilometer scan

focused

laser beam NiXFe membrane

a

Fig. 3. Schematic of load-deflection measurment setup. The nickel-iron membrane is loaded with
a differential pressure p. The center deflection w, is found by scanning across the width a of the
membrane using an optical profilometer.
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Fig. 4. Measured load-deflection curves (samples B2 and C1). Solid lines are fits using a cubic
approximation.

which takes into account the flexural rigidity of the membranes." The measurement setup
and theory are described in detail in ref. (10).

The composition of the electroplated nickel-iron was measured directly on the fabri-
cated membranes by quantitative energy dispersive spectrometry (EDS) using an X-ray
detector from Rontec GmbH. These measurements were performed with an estimated
absolute accuracy of 22%.

Table 2 lists the plating parameters, the measured mechanical properties, and the
membrane compositions. Current efficiencies™ (C. E.) up to 88% were observed, where
the highest C. E. was found for high current density and low stirring level. The results
show that the plane strain modulus is independent of the current density and the amount of
stirring in the ranges of interest. The average value of 135 GPa corresponds very well with
previously reported values of Young’s modulus (119 GPa) measured on 50/50 NiFe by
tensile testing.!" An assumed value of 0.28 of Poisson's ratio was used for the comparison.
The residual stresses are low (25-71 MPa) and the variation can be explained by different
stirring conditions, under which increased local disturbance of the catholyte layer causes
an increased stress level in the deposit.('® The measured compositions show the well-
known anomalous codeposition effect of nickel-iron, where a preferential deposition of
iron occurs. This results in an increased amount of iron in the deposit for low current
densities or increased stirring.!> With the plating parameters chosen here, however, we
were not able to reach the desired 80% nickel and 20% iron. Improved control of the
stirring by moving the sample or electrolyte in a controlled manner could give the desired

“Defined as the relation between the actual and theoretical amounts of deposited material expressed
in percent.
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Table 2

Membrane dimensions (side length a, thickness /), plating parameters (current density j, stirring rate
and current efficienty C.E.), mechanical properties stress 0y, plane strain modulus E/(1 — v?)) and
composition of mesured membranes.

Sample Geometry Plating parameters Mechanical properties Composition
a h ] stirring | C.E. oo %—I Fe Ni

[um] | (gm] | [mA/em?] | [rpm] | % [MPa] [GPa) % %

Al 3034 529 5.6 130 69 63 139 16.7 83.3

A2 3034 573 6.1 130 69 25 138 12.1 87.9

A3 2528 5.44 58 130 69 65 132 16.4 83.6

| Bl 3063 553 9.1 130 88 38 135 10.9 89.1
:[ B2 3047 5.76 9.5 130 88 32 135 10.2 89.8
B3 2560 533 8.8 130 88 51 142 10.8 89.1

C1 3029 542 10.5 160 75 64 132 14.8 85.2

Cc2 2522 5.37 10.4 160 75 71 129 135 86.5

permalloy composition. Oxidation of Fe?* to Fe** or depletion of iron during use of the bath
also results in a lower iron content than expected. It is unlikely, however, that an alloy
composition of 80% Ni and 20% Fe will change the plane strain modulus significantly.

3.2 Wafer curvature measurements

The coefficient of linear thermal expansion (CTE) of electroplated nickel-iron was
determined by the wafer curvature method using a Tencor FLX-2320 thin-film stress
measurement system. By monitoring the wafer curvature during heating cycles the
temperature dependent residual stress of the plated layer was measured. Figure S shows
typical cycles measured on Si and Cu substrates. The hysteresis of the first temperature
cycle on the Si substrates is most likely caused by a relaxation of the sputtered Cu seed
layer, as a similar effect was observed for measurements on Cu seed layers without plated
nickel-iron. Copper was chosen as substrate material because of its high CTE in compari-
son with silicon. Temperature derivatives of the stress were —2.50 MPa/°C for Si substrates
and 1.07 MPa/°C for Cu substrates. Cycles with a maximum temperature of 110°C and
210°C gave the same values within the accuracy of the setup. This results in a CTE of the
NiFe onie. (at room temperature) given by ref. (14)

dog, dog,
Olcu - — s :
dl_ _123%x10°K"'

— dar
ONiFe = d_o-sl B dGCu (2)

ar dar
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Fig. 5. Stress-temperature dependence of NiFe films on Si and Cu substrates. Two temperature
cycles from room temperature to 110°C are shown for each substrate type.

where room temperature values for o, = 16.5 X 1078 K-'and o5 = 2.6 X 10°¢ K~ were
used.!'®

By measuring the precise thickness of the plated nickel-iron at 107 points across the
wafer, a mass density of 7.9 g/cm?® was calculated from the thickness distribution, plated
area and plated mass. The thickness of the plated nickel-iron was measured by scanning an
optical profilometer across mesas fabricated by patterning and etching of the nickel-iron
film.

4. Seed Layer Thickness

Several factors can cause a nonuniform current distribution, which in turn causes poor
material distribution, nonuniform composition and internal stress. The most important
factor is the geometry of the cathode. It is well known that the current density is higher in
areas with protrusions and low structure density compared with areas with cavities and
high structure density. Placement of dummy structures in areas with few isolated struc-
tures can improve the uniformity significantly. Another factor that is often neglected is the
voltage drop in the seed layer from the contacts to the location of deposition. The seed
layer voltage drop is particularly important to consider in baths without any levelling effect
of the film growth.

The influence of the seed layer thickness A, on the current distribution j,(r) was
investigated theoretically using two assumptions: contact with the seed layer is made all
around the edge of the wafer, and the catholyte has a conductance per area given by j/1,
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where j is the average plating current density and 77 is the overvoltage™ at the cathode. The
value of j(r) is the initial current distribution at the beginning of a plating process. The
final material distribution depends on the type of plating bath used, e.g., the metal growth
mechanism. Figure 6 shows a cross-section of the seed and catholyte layer drawn in
cylindrical coordinates. By combining equations for the currents flowing through a seed
layer section and the voltage drop across the catholyte and seed layer, we obtained Bessel’s
modified differential equation for the radial dependence of the plating current density j,

2

p b
ar® ™ dr hn

s

J. =0, 3)

where A, and p, are the thickness and resistivity of the seed layer, respectively. The solution
to eq. (3) is given by

J(r) = .0, ’] J;(O)[H AJ rzj, @

k 4hn

where I(x) is the modified Bessel function (n = 0). The relative variation in thickness from
the edge to the center of the wafer is defined by

i (R
:g%—l, )

. center of u /
center of wafer edge of wafer

Fig. 6. Cross-section of seed and catholyte layer drawn in cylindrical coordinates. The currents
flowing through a seed layer section are shown.

“Defined as the difference between the potential at deposition and the potential at equilibrium.
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where R is the radius of the wafer. By combining egs. (4) and (5) the expression for the
required thickness of the seed layer was obtained

:p2

4en

An example: A thickness variation less than 1% of the plated layer is required. Electroplat-
ing is performed with the plating parameters j = 20 mA/cm? and 7= 1 V on 4" wafers using
a copper seed layer. Using eq. (6) we can calculate the minimum required seed layer
thickness to 250 nm. For less ideal distribution of contacts to the wafer such as a few point
contacts, the requirement for the thickness of the seed layer is even larger. The simple
model derived here only takes into account what happens at the beginning of a plating
process when no material has been deposited on the seed layer. In a bath with no levelling
effect the initial material distribution is continued throughout the plating process.

5. Conclusions

Mechanical properties of electroplated nickel-iron were characterized by load-deflec-
tion measurements on membranes and wafer curvature measurements. A plane strain
modulus of 135 GPa, residual stresses in the range 25-71 MPa, CTE at room temperature
of 12.3 x 10 K~! and a mass density of 7.9 g/cm® were measured. Furthermore, a simple
expression for the required thickness of the seed layer was derived.
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