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The process of magnetic-field-assisted assembly for the integration of semi-
conductor devices is described. A simplified model that is relevant to both
magnetically assisted statistical assembly and magnetic-field-assisted
assembly is presented. This two-dimensional, periodic model, which is a
development of earlier work by Fonstad and coworkers, is solved using Fourier
series, and an expression is found for the magnetic force of attraction between
a soft magnetic layer and an array of permanently magnetized strips. The
results show an exponential decrease of force with distance and the depen-
dence of the force on other parameters such as layer thickness and spacing.
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INTRODUCTION

The heterogeneous integration of high-perfor-
mance electronic devices, microelectromechanical
structures (MEMS), and optoelectronic devices onto
the same substrate is critical for the development of
low-cost and high-performance, high-density mi-
crosystems.1 Optical devices such as semiconductor
lasers, light-emitting diodes, and efficient photode-
tectors can be made with III–V compound semi-
conductor materials, the direct bandgap of which
endows them with many useful optical properties
not found in silicon. The monolithic integration of
optoelectronic devices on silicon complimentary
metal oxide semiconductor (CMOS) circuitry is
important for high-bandwidth optical applications.2

In order to increase device performance and thus
realize the potential of microsystems, it is well
known that integration must occur at the micro-
scale. At present, however, this remains a major
challenge because of the fabrication sequences and
material requirements of the different system com-

ponents. The development of efficient wafer-scale
assembly techniques can be used to overcome this
difficulty and combine a variety of materials on a
single chip.3

Current integration strategies often rely on pick-
and-place serial assembly techniques,4–6 which
encounter speed and cost constraints in applications
that require the assembly of large numbers of
microscale components with precise positioning. In
addition, surface forces must be carefully controlled
to prevent unwanted adhesion of microscopic parts
to each other or to tool surfaces. Because of these
disadvantages, new low-cost parallel assembly
techniques are being investigated and commercial-
ized. As the dimensions of microelectronic, opto-
electronic, and MEMS devices and systems decrease,
and as their complexity increases, there is a need to
use self-assembly and alternative integration tech-
niques to simplify the manufacture of these devices.

MAGNETICALLY ASSISTED STATISTICAL
ASSEMBLY (MASA)

Magnetically assisted statistical assembly
(MASA) is a new technique for the monolithic het-
erogeneous integration of compound semiconductor

(Received April 14, 2007; accepted November 5, 2007;
published online December 7, 2007)

Journal of ELECTRONIC MATERIALS, Vol. 37, No. 4, 2008 Special Issue Paper

DOI: 10.1007/s11664-007-0351-x
� 2007 TMS

374



devices with silicon integrated circuits.7,8 This
method uses statistical self-assembly with magnetic
retention to locate compound semiconductor device
heterostructures in recesses patterned into a wafer
that also contains integrated circuits. In this
method, selectively etched heterostructure devices
or nanopills that contain magnetic layers are slur-
ried over a substrate with patterned recesses of
matching shapes and sizes. High-coercivity (per-
manent) magnetic layers situated at the bottom of
the patterned recesses in the wafer locate and at-
tach the nanopills to the recesses by the action of
strong short-range magnetic attractive forces.7,8

MAGNETIC-FIELD-ASSISTED ASSEMBLY
(MFAA)

Magnetic-field-assisted assembly (MFAA) is a
proposed technique that is similar to MASA for the
integration of microstructures onto silicon or other
semiconductor wafers.1,9 It is proposed as a low-cost,
efficient, and reliable technique. The experimental
approach is shown schematically in Fig. 1. Mag-
netic-field-assisted assembly begins with the sepa-
rate preparation of the substrate and
microcomponents. The substrate can be made from
different materials, including glass, plastic, silicon,
etc., depending on the desired application. For the
integration of optoelectronics and MEMS devices
with silicon integrated circuits, the starting sub-
strate is an insulator, a semiprocessed wafer, or a
final wafer that contains the required integrated
circuitry. In all cases, recesses are patterned either
into the dielectric layer covering the wafer surface or
into the surface of the insulator, as shown in Fig. 1.

The recesses are formed on the surface of the
substrate in such a way that the shape and depth of
the recesses matches the shape and thickness of the
microcomponents. A highly coercive ferromagnetic
material, such as cobalt or nickel, cobalt-palladium
or a cobalt-platinum alloy, is deposited on the
insulator substrate or wafer. The layer is patterned
to form either simple or complex features at the
bottom of the recesses, and is subsequently mag-
netized to act as a host for the microcomponents.

Another approach to magnetic-field-assisted
assembly using feed tape is illustrated in Fig. 2.1 A
substrate is patterned with multiple recesses that
are shaped to receive correspondingly matched
microcomponents. The feed tape is used to attach the
microcomponents temporarily. On completion of
magnetic self-assembly of microcomponents, indi-
vidual microcomponents are attached to the match-
ing recesses on the substrate. The feed tape portions
are guided by wheels, and a magnet moves adjacent
and parallel to the substrate. Equivalently, the
substrate moves continuously relative to guide
wheels. The feed tape portion that is parallel to the
substrate executes little or no relative motion in the
direction parallel to the substrate. The magnet exe-
cutes either continuous or oscillatory movement in
any direction with respect to the substrate. Exposed
faces of the microcomponents on the feed tape are
coated with material of high magnetic permeability,
such as low-coercive unmagnetized ferromagnetic
material. The coating becomes magnetized when
placed in a magnetic field, and may include a phys-
ical or chemical agent for subsequent permanent
bonding of microcomponents to the substrate. The
magnetic field produced by the moving magnet
magnetizes the coating, and the ensuing attractive
force pulls the microcomponents off the tape and into
recesses in the substrate. In this alternative method,
microcomponents are pulled preferentially into re-
cesses by several physical characteristics of the
magnetic and contact forces.1

The direct magnetic-field-assisted assembly
method described above does not rely on statistical
randomness,10 for example, pathways for assem-
bling microcomponents can be rendered determin-
istic by application of moving magnetic fields. Its
desirable attributes, when compared to statistical
assembly, are scalability to rapid assembly of a
plurality of microcomponents onto a host substrate
and the avoidance of frustration effects that lead to
assembly errors. Frustration occurs when the path
from one or more microcomponents to a matching
site on the substrate is blocked, or when one or more

Fig. 1. A schematic of the magnetic-field-assisted assembly method
of integrating microcomponents and integrated circuits.1

Fig. 2. A schematic of the magnetic-field-assisted assembly process
using feed tape1 (not to scale).
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sites on the substrate remain unoccupied owing to
the path being blocked. In addition, magnetic-field-
assisted assembly does not require a liquid carrier
medium. It provides a new technique for assembling
and integrating microcomponents onto a silicon
wafer or other substrate, and is carried out in such a
manner as to avoid damaging any preexisting elec-
tronics. The process can also take full advantage of
very large-diameter silicon wafers.1

MODELING OF MAGNETIC-FIELD-
ASSISTED ASSEMBLY

A simplified model7,8 that gives an estimate for
the attractive force between an array of perma-
nently magnetized strips and a soft magnetic layer
in two dimensions is considered herein. A schematic
of the model is shown in Fig. 3. The permanently
magnetized strips have height t1, width aL and are
separated by air gaps of width (1 - a)L. Here a is a
parameter with 0 < a < 1. The soft magnetic layer
has thickness t3 and the vertical separation between
the soft and permanent magnetic layers is t2.

This is a generalization of a model originally
proposed by Fonstad et al.7,8 in the context of
MASA. However, it is also relevant to MFAA, and
the generalization introduced is that the magne-
tized strips and air gaps may have unequal width.

During the assembly process, since there is no
electric field and there are no current sources, the
model is magnetostatic and Maxwell�s equations
are:

r�H ¼ 0 and r �B ¼ 0: (1)

Therefore, there is a magnetostatic potential /, such
that H = -�/ everywhere. Considering linear, iso-
tropic constitutive relations between the macro-
scopic magnetic field H and the magnetic induction
B, so that:

B ¼ l0H in air

B ¼ lH in the soft magnetic layer

B ¼ l0ðH þM0Þ in the permanent magnetic strips

(2)

where l0 and l are the (constant) permeability of air
and of the soft magnetic material, respectively, and
M0 is the known permanent magnetization of the
strips.

In general, / satisfies the Poisson equation, �2/ =
�ÆM0, with source term �ÆM0. Here, the magneti-
zation M0 = M0j is considered to be constant, where
j is a unit vector in the y-direction normal to the
substrate, so that the source term is zero, and the
field equation becomes Laplace�s equation:

r2/ ¼ 0: (3)

Boundary conditions at the interface between air
and either the soft or permanently magnetized
material follow from Eq. 1, which imply that, at an
interface, the tangential component of H and the
normal component of B are continuous. In terms of
the potential /, using the constitutive relations (2),
the boundary conditions are that / is continuous
and: at the interfaces, y = t1 + t2 and y = t1 + t2 + t3,
between the soft magnetic material and air

l0@y/ Aj ¼ l@y/ Sj (4)

at the vertical sides, x = 0, x = aL and x = L etc.,
of the magnetic strips

@x/ Aj ¼ @x/ Pj (5)

at the horizontal sides, 0 < x < aL, y = 0 and y = t1,
of the magnetic strips

@y/ Aj � @y/ Pj ¼ �M0: (6)

The subscripts A, P and S denote evaluation at
the air, permanent or soft magnetic side of an
interface, respectively. The only forcing or inhomo-
geneity in the problem for / appears in this last
boundary condition (6).

The problem is periodic, with period L in the
x-direction, and can be solved by constructing Fou-
rier series in each of the six regions shown in Fig. 3,
and then applying the continuity and boundary
conditions at the interfaces, with the further con-
dition that / is constant as y fi ±1. This leads to
a linear algebraic system for the Fourier coeffi-
cients, which can be found in closed form. Details of
this part of the analysis are omitted for brevity.

An expression for the force acting on the soft
magnetic layer follows by evaluating the integral of
the Maxwell stress tensor over the layer�s top and
bottom surfaces. The general expression for the
force f is:

f ¼ l
Z
@X

HðH � nÞ � ð1=2ÞðH �HÞn dS (7)

where, ¶X is a surface immediately outside the
region of interest, n is its outward unit normal and
l is the local permeability. Then, in terms of /, theFig. 3. A schematic of the model.
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force per unit length F is in the y-direction, i.e.,
normal to the substrate, and is given by:

F ¼ ðl0=2Þ
 Z

top

ð@y/Þ2 � ð@x/Þ2dx

�
Z

bottom

ð@y/Þ2 � ð@x/Þ2dx

!
j

(8)

where, the integrals over the top and bottom sur-
faces are evaluated as y fi (t1 + t2 + t3)+ and as
y fi (t1 + t2)-, respectively, with 0 < x < L. A par-
tial check on the expression for the Fourier coeffi-
cients is given by noting that the x-component of the
force is zero.

When the constructed Fourier series are substi-
tuted in (8), the expression for the force per unit
length F is:

F ¼ � l0L

2

X1
n¼1

M2
0

p2n2
1� cos 2npað Þe�4npt2=L

� ð1� e�2npt1=LÞ2
sinh 2npt3

L

sinh 2npt3

L þ ln lþl0

l�l0

� � j

(9)

This series converges rapidly as n increases. For
a = ½, the strips and air gaps are of equal width,
and the series in Eq. 9 is well-approximated by its
first term:

F¼�l0LM2
0

p2
e�4pt2=Lð1� e�2pt1=LÞ2

sinh2pt3

L

sinh 2pt3

L þ lnlþl0

l�l0

� �j

(10)

This is in accord with the expression given by
Fonstad et al.7,8

Expressions (9) and (10) show an exponential
decrease of the attractive force acting on the soft
magnetic layer with dimensionless distance t2/L.
This is seen in Fig. 4, which shows a scaled
dimensionless force, given by F divided by the
n-independent factor on the right-hand side of Eq. 9,
versus t2/L for different values of a with t1/L = 0.5,
t3/L = 0.1, and l/l0 = 50. We find that the force
is maximized when the parameter a = 0.5 and
t1/L = 0.5, i.e., when the permanent magnets and
air gaps have equal and square cross-section. Also,
from (9) and (10), we see that when l/l0 is large the
attractive force is almost independent of the thick-
ness of the soft magnetic layer t3/L, unless t3/L is
exceptionally small, like l0/l.

Figure 5 shows equipotentials / = constant, with
the same data a = 0.5, t1/L = 0.5, t3/L = 0.1, and
l/l0 = 50 as in Fig. 4, for two different values of

Fig. 4. Scaled dimensionless force versus t2/L for different values of
the length scaling parameter a. The magnitude of the force is a
maximum when a = 0.5 and approaches 0 as a approaches 0 or 1.

Fig. 5. Equipotentials / = constant, with the same data a = 0.5,
t1/L = 0.5, t3/L = 0.1, and l/l0 = 50 as in Fig. 4, for two different
values of the vertical distance or separation between the permanent
magnets and the soft magnetic layer, i.e., t2/L = 0.5 in (a) and
t2/L = 0.2 in (b).
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the vertical distance or separation between the
permanent magnets and the soft magnetic layer,
i.e., t2/L = 0.5 in Fig. 5a and t2/L = 0.2 in Fig. 5b.
This agrees with the variation of the attractive force
with separation distance given in Fig. 4. For
t2/L = 0.5, the separation is sufficiently large that
the potential / is nearly constant at the soft mag-
netic layer, so that the magnetic field H and
attractive force are relatively weak. However, for
decreased separation t2/L = 0.2, the field at the soft
magnetic layer is larger, particularly just below the
layer�s top and bottom surfaces.

CONCLUSIONS

A mathematical model that describes aspects of
the magnetically assisted statistical assembly or
magnetic-field-assisted assembly process for assem-
bling semiconductor devices has been described. The
model is two dimensional and magnetostatic. Its
solution gives the attractive force between a periodic
array of permanently magnetized strips and a soft
magnetic layer, in terms of quantities such as the
strength of the permanent magnetization and the
dimensions of the system. This shows the exponen-
tial decrease of force with distance (separation)
between the layers, and that the force is maximized
when the width of the magnetized strips and the air
gaps between them are equal and of square cross
section. Attractive forces are maximum when
assembled components are in contact and bonded
together.
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