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Abstract

Semiconductor fabrication processes are best tested in the high vacuum environment of
space using silicon wafer substrates. Handling of these 37 g, 200 mm diameter by 0.5
mm thick disks cannot be accomplished in a high vacuum environment with the vacuum
suction method used on earth. Mechanical grips cause damage and scatter particulates
that are detrimental to the fabrication processes. We are studying a system based upon
magnetic levitation for the transport and fixturing of wafers in the orbital environment. A
system has been modeled in which non-contact forces are exerted on the wafer in six
degrees of freedom through magnetic levitation. In this system, the wafer is produced
with a series of circular eddy current circuits formed on one side using refractory metals
or silicides. Time varying eddy currents are induced in these circuits by external
solenoids and the resulting magnetic fields are manipulated to provide the desired forces
on the wafer. A circular array of external solenoids is found to be capable of exerting an
average force of 0.058 N (1.6 m/s®) perpendicular to the plane of the wafer at a distance
of 1 mm at a power consumption of 26 W. A rectilinear array of external solenoids, each
individually controllable, is found to be capable of exerting average forces of 0.020 N
(0.55 m/s?) perpendicular to the plane of the wafer and 0.0015 N (0.041 m/s?) parallel to
the plane of the wafer at a power consumption of 6.7 W. The results of the modeling
indicate that the circular solenoid array system can be used to provide wafer fixturing and
is well suited for use on an end effector, and that the rectilinear array system can be used
to provide both wafer transport between fabrication processes and wafer fixturing within
a process.

I Introduction

A Background

Semiconductor fabrication processes are best tested in the high vacuum environment of
space using silicon wafer substrates. Handling of these 37 gram, 200 mm diameter by 0.5
mm thick disks cannot be accomplished in a high vacuum environment with the vacuum
suction method used on earth, and mechanical grips cause damage and scatter particulates
that are detrimental to the fabrication processes. A method of handling wafers that
allows non-contact transport and fixturing is being sought.

Such a method must be able to provide at least one of the following modes of operation:
holddown, vertical positioning, and horizontal positioning. In the holddown mode, the



wafer in maintained in continuous contact with a fixture surface using an attractive force.
In the vertical positioning mode, the wafer is held at a controlled distance from the
surface. In the horizontal positioning mode, the wafer is transported over a surface with
controlled position, velocity and height.

This paper presents the design study of a wafer handling system in preparation of
experimental implementation. The system utilizes magnetic levitation, which can
provide both attractive and repulsive forcesl, for the transport and fixturing of wafers in
the orbital environment. While magnetic levitation has been utilized for the transport of
wafer carriers2, this system, based upon the induction of electric currents in predefined
conductors embedded in each wafer, is used for the transport of individual wafer discs.
The induced wafer currents react with external magnetic fields to produce forces on the
wafer. Control of both the induced wafer currents and the external magnetic fields allows
directed forces to be generated at the wafer.

B Overview

In this system, the wafer is produced with a series of circular eddy current circuits formed
on the back side using refractory metals or silicides in a such manner that downstream
wafer fabrication processes are not affected . Time varying eddy currents are induced in
these circuits by external solenoids and the resulting magnetic fields are manipulated to
provide the desired forces on the wafer.

Figure 1 shows a single wafer with four embedded eddy current conductor loops and
four external solenoid coil assemblies. Forces are generated at each eddy current
conductor loop and transferred to the wafer.

In order to produce significant forces on the eddy current conductor loop at the wafer, it
is necessary to have at least two time varying external magnetic fields that differ in
phase: the first field induces the eddy current in the conductor loop, while the second
field causes a force to develop at the conductor loop.

The eddy current conductor experiences an induced emf ¢in the presence of a changing
magnetic flux @, according to Faraday’s law of induction®.
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which, in a closed loop conductor, gives rise to a current i based on the resistance R and
inductance L of the conductor as defined by

. di
E=IR+L— 2
ot (2)

For a conductor with current i flowing along Iength | in a magnetic field of strength B, the
force F exerted on the conductor is described by!™



F=ilxB (3)
as shown in Figure 2.

Suitable selection of the configuration and phase of the external solenoids can be used to
produce resultant forces that are parallel or perpendicular to the plane of the eddy current
conductor loop.

C Experimental Approach

To determine the feasibility of a magnetic levitation system for the transport and fixturing
of wafers in a high vacuum, microgravity environment, a numerical model has been
constructed that allow forces, accelerations, and power consumption to be determined.
Many of the fine details of a complete wafer transport system have been suppressed in
this “first pass” system model.

Although the models described below assume a feedback system, only the actuation of
the wafer (the generation of forces at the wafer) is modelled, and the incorporation of
control and position sensing, not an insignificant problem, is neglected.

Il Modeling

Two configurations of external solenoids are modelled: a circular array of solenoids with
a single central solenoid, and a recto-linear array of solenoids.

A Circular Solenoid Array Model

This model is composed of four circular eddy current conductor loops embedded in the
wafer and four external solenoid assemblies attached to a fixture. As all four conductor
loop/solenoid assemblies are identical, only a single assembly is modelled. Figure 3
shows the configuration of the solenoid array together with the eddy current conductor
embedded in the wafer.

In this model, the current in the central solenoid is independently controlled from the
current in the outer circle of solenoids. The same current waveform is applied to all outer
solenoids.

Each multiturn solenoid in the circular solenoid array is modelled as a series of circular
current loops each separated by distance d. The solenoid is comprised of N turns of
conductor wire of diameter d that are wound around a ferromagnetic core of
susceptibility X.



Symbol Description Center Solenoid Outer Solenoid
N number of turns 25 50
d conductor diameter 0.0004 m (0.4 mm) 0.0002 m (0.2 mm)
I length 0.01 m (10 mm) 0.01 m (10 mm)
a radius 0.001 m (1 mm) 0.001 m (1 mm)
Rs resistance 0.0196 ohms 0.163 ohms
X magnetic susceptibility 2000 2000

Table 1 - Solenoid Characteristics

The magnetic field B, for the solenoid circle is the sum of the magnetic fields Bs for each
individual solenoid

B. =) B, (4)

B Recto-linear Solenoid Array Model

This model is also composed of four circular conductor loops embedded in the wafer and
four external solenoid assemblies attached to a fixture. As all four conductor
loop/solenoid assemblies are identical, only a single assembly is modelled as shown in
Figure 4.

As with the circular solenoid array model, each multiturn solenoid in the recto-linear
solenoid array is modelled as a series of circular current loops each separated by distance
d. The solenoid is comprised of N turns of conductor wire of diameter d that are wound
around a ferromagnetic core of susceptibility X.

Symbol Description Value
N number of turns 25
d conductor diameter 0.0004 m (0.4 mm)
I length 0.01 m (10 mm)
a radius 0.001 m (1 mm)
Rs resistance 0.0196 ohms
X magnetic susceptibility 2000

Table 2 —Recto-linear Solenoid Characteristics

The solenoids are grouped into three categories: Internal, External, and Unused, shown in
Figure 5. Current waveforms i and is, are applied to the Internal and External (outer)
solenoids respectively. No current waveform is applied to the Unused solenoids.

The magnetic field B, for the linear solenoid array is the sum of the magnetic fields Bs for
each individual solenoid

BI :ZBS (5)



111 Results

A Circular Solenoid Array Model

For a centered wafer with an axial displacement z = 0.001 m, using the model described,
Figure 6 to Figure 9 shows the applied inner solenoid current ig;, applied outer solenoid
current iy, the induced eddy current ie, the instantaneous axial force F;, and the
instantaneous total power requirement P, for a single eddy current conductor
loop/external solenoid assembly.

The results of this simulation for a single solenoid array are

Symbol Description Value
F average axial force -0.058 N
P. average power consumed 25.9 watts

Table 3 - Circular Solenoid Array Simulation Results

The results indicate that the circular solenoid array is capable of providing a significant
axial force to the conductor loop in the wafer. For the specific conditions shown, the
force developed per unit power is —0.00225 N/W. As the axial distance between the
conducting loop and the circular solenoid array is decreased, the force developed per unit
power is increased.

B Recto-linear Solenoid Array Model

For a centered wafer with an axial displacement z = 0.001 m, using the model described,
Figure 10 to Figure 13 shows the applied inner solenoid current is;, applied outer solenoid
current iy, the induced eddy current i, the instantaneous axial force F;, and the
instantaneous total power requirement P for a single eddy current conductor
loop/external solenoid assembly.

The results of this simulation for a single solenoid array are

Symbol Description Value
F, average force in x direction 0.00 N
ﬁy average force in y direction 0.00N
F average axial force in z direction -0.0205 N
P average power consumed 6.7 watts

Table 4 — Recto-linear Solenoid Array Simulation Results

The results indicate that the recto-linear solenoid array is capable of providing a
significant axial force to the conductor loop in the wafer. For the specific conditions
shown, the force developed per unit power is —=0.00299 N/W.



In order to maintain the wafer at constant distance z from the solenoid assembly in the
presence of external axial disturbances, both positive and negative axial forces F, are
required. Positive axial forces are generated by shifting the phase of the outer solenoid
current iy, by 180°.

For a conductor loop that is at a distance of z = 0.001 m from the solenoid assembly and
offset from the center of the solenoid assembly by x = 0.001 m, y = 0.000 m, Table 5
summarizes the simulation results produced by the reference waveform in Figure 10 and
the 180° phase shifted waveform of Figure 14.

Symbol Description Reference Phase Shifted
Waveform Waveform
F, average force in x direction -0.0072 N  0.0072 N
ﬁy average force in y direction 0.00N 0.00 N
F average axial force in z direction -0.023 N 0.023 N
P average power consumed 6.7W 6.7 W

Table 5 — Recto-Linear Solenoid Array Simulation Results for z=0.001 m, x =0.001 m

It is seen that the magnitude of the forces remains the same for the reference waveform
and the phase shifted waveform, but the direction of the forces is reversed. It is also seen
that waveforms that produce positive axial forces also generate positive horizontal forces
and that waveforms that create negative axial forces also cause negative horizontal
forces. Thus, assuming that the external axial disturbance on the wafer requires equal
applications of positive and negative axial forces to maintain a specified axial distance,
the net horizontal force applied to the wafer is zero.

It is possible to generate net horizontal forces using the recto-linear solenoid array by
turning off the current waveform in selected external solenoids or by otherwise causing
an imbalance in the symmetry of the external magnetic field.

The simplest method to cause such an imbalance is by disabling an External solenoid,
thereby converting it to an Unused solenoid, as shown in Figure 15.

For a centered wafer at z = 0.001 m, disabling of a single external solenoid produces a
horizontal force of 0.0015 N in the x direction while only reducing the axial force by
10%. Disabling additional external solenoids can increase the horizontal force produced.

I\VV Discussion

The results indicate that the Circular Solenoid Array Model and the Recto-Linear
Solenoid Array Model generate sufficient forces to be suitable for use in a space-based
wafer handling system.



The acceleration a on a wafer with mass m created by an applied force F is calculated by
Newton’s Second Law!

F (6)

For a power consumption of 24 watts, the magnitude of the average accelerations
attainable on a centered wafer (x = 0.000 m, y = 0.000 m) with the two solenoid array
models are summarized in Table 6.

Symbol Description Circular Recto-Linear
Solenoid Array  Solenoid Array

a, clamping acceleration (z = 0.0005 m)  1.74 m/s® 1.61 m/s®

a, axial acceleration (z = 0.001 m) 1.50 m/s® 1.91 m/s?

a radial acceleration (z = 0.001 m) 0.00 m/s? 0.16 m/s?

-

Table 6 — Summary for Solenoid Array Models

The applicability of the two solenoid configurations to the three modes of transport
operation are shown below.

Wafer Vertical Horizontal
Holddown Positioning Positioning
Mode Mode Mode
Circular Solenoid Array v x x
Recto-linear Solenoid Array v v v

Table 7 — Applicability of Simulation Models to Modes of Operation

While the recto-linear solenoid array model provides the widest range of choices for
modes of operation, it is also the most difficult to control, requiring individualized
current waveforms for the solenoids in the array. The circular solenoid array, with two
fixed current waveforms, provides a simple means of clamping wafers to end effectors
and fixtures. Such a clamped wafer can then be transported between process equipment
or secured for individual processing.

V  Conclusions

A scheme for the transport and fixturing of silicon wafers using electromagnetic
levitation has been described. Two detailed numerical models have been developed and
evaluated for use in an orbital semiconductor fabrication facility. The circular solenoid
array model was shown to be suited for clamping applications. The more complex recto-
linear solenoid array model was shown to be suited for clamping, vertical positioning,
and horizontal transport applications. Both models were shown to be able to provide
sufficient forces at reasonable power consumption levels for use with 200 mm diameter




silicon wafers in space. It is believed that this method can be extended to other non-
conductive substrates such as glass. Current work is proceeding on methods to form
refractory metal and silicide eddy current conductors on silicon wafers.
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