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Thermomigration-Based Junction Isolation of Bulk
Silicon MEMS Devices

Charles C. Chung and Mark G. Allen, Senior Member, IEEE

Abstract—Electrical isolation of bulk-micromachined single
crystal silicon (SCS) microelectromechanical systems (MEMS)
devices is demonstrated using through-wafer junction isolation.
Through-wafer junctions of alternating n-type and p-type silicon
(npn junctions) are fabricated using ‘‘temperature gradient zone
melting” (TGZM) or thermomigration of aluminum in n-type sil-
icon. The npn regions electrically isolate various regions of the SCS
from one another by acting as series connected backbiased diodes.
Thermomigration is a potentially high throughput process that is
consistent with batch fabrication principles. Practical demonstra-
tion of this technique is shown by fabricating and testing a full
wafer thickness (~300 psm) electrostatic actuator fabricated from
a single silicon wafer, and driven at 360 Vpp at resonance of 1933
Hz. Breakdown voltages of single thermomigrated npn junctions
in excess of 189 V with leakage currents less than 70 nA were
measured. For multiple junctions in series, overall breakdown
voltages greater than 1500 V were demonstrated. Compatibility of
thermomigration with standard p-channel metal-oxide—semicon-
ductor (PMOS) transistors is also demonstrated. [1345]

Index Terms—Bulk micromachining, deep reactive ion etching
(DRIE), diodic isolation, electrical isolation, inductively coupled
plasma (ICP), junction isolation, temperature gradient zone
melting (TGZM), thermomigration.

I. INTRODUCTION

ULK-MICROMACHINED, single crystal silicon (SCS),
microelectromechanical systems (MEMS) devices enjoy a
number of advantages including:

— good material properties, such as an absence of internal
stress, relative immunity from material fatigue, and high
Q-factors in mechanically resonant structures;

— large thicknesses in the device components with dimen-
sions ranging up to the thickness of the wafer (hundreds of
micrometers thick);

— natural integration with microelectronic components.
With the introduction of deep reactive ion etching (DRIE) tech-
nologies, single crystal silicon structures hundreds of microme-
ters tall with 40:1 aspect ratios are reliably reproducible [1]. This
has vastly expanded the accessible design envelope for bulk-mi-
cromachined SCS MEMS devices. However, because these de-
vices are fabricated from a single piece of silicon, all the com-
ponents are electrically connected through the bulk. In order to
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support voltage gradients, an electrical isolation scheme is ne-
cessitated.

In the past, there have been three general approaches to
electrically isolating bulk-micromachined actuators in SCS.
The first approach involves physically separating each piece
in silicon by etching gaps between the parts to be isolated and
attaching the individual parts to a handle wafer to hold the
separated pieces in position relative to one another [2], [3].
This approach has been widely used; however, the handle wafer
often presents difficulties in the final structure. For example,
for active electromechanical devices on a moving platform, the
handle wafer adds a great deal of bulk, mass, and asymmetry to
the platform.

The second approach is similar, i.e., intervening silicon is re-
moved to electrically isolate various regions; however, instead
of leaving a gap, the intervening gaps are backfilled with an in-
sulating material, typically silicon dioxide or doped polysilicon,
to restore the mechanical integrity of the wafer [4], [5]. This ap-
proach is also very popular; however, it scales in difficulty with
increasing thickness and aspect ratio. Moreover, the mechanical
characteristics of the overall device additionally depend on the
backfilled material and the interface between the backfill and
bulk silicon, which typically have poorer mechanical properties
than the original silicon.

The third approach is to use the bulk-etched silicon as a me-
chanical material, and then to add electrically isolated films to
the silicon for the electrical subsystem, such as in the SCREAM
process [6]. To accomplish this, the microdevice is first bulk-
etched from the silicon. An insulating layer is either grown or
deposited on the bulk-etched structure. Finally, to make the sur-
face electrically active, conductive layers, such as metallic films,
are deposited onto the sidewalls of the microstructure as well as
the top surface. This approach requires metallization of the side-
walls, which scales in difficulty with increasing aspect ratio.

An alternative to these approaches is to take advantage of the
semiconducting properties of silicon to form diodic isolation.
This approach is widely used in microelectronic devices and is
referred to as “junction isolation” or “diodic isolation,” [7], [8]
due to the fact that npn or pnp regions are fabricated, thereby
creating two series-connected backbiased diodes that electri-
cally isolate one region from another. This approach has the ad-
vantage of electrically isolating various parts of the silicon while
retaining the original mechanical integrity of the single crystal
material.

However, junction isolation has not been employed as an
electrical isolation scheme for bulk silicon MEMS devices,
primarily because in order to achieve isolation, it is necessary
to dope the silicon through the entire thickness of the etched
device, which may be hundreds of micrometers thick. Typical
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methods for doping silicon such as diffusion or ion implantation
are inadequate to achieve such large junction depths.

However, the doping of silicon with junction depths on the
order of hundreds of micrometers has been demonstrated in a
process known as “temperature gradient zone melting” (TGZM)
or “thermomigration” [9]. In this process, a thermal gradient is
imposed through the thickness of the wafer, and dopants de-
posited on the cooler side propagate along the thermal gradient
either until the opposite face is reached or until the dopant ma-
terial is exhausted.

TGZM may be employed in fabricating junction isolated
bulk-micromachined devices, e.g., by propagating a p-type
dopant through n-type silicon. This fabricates npn or pnp
regions through the thickness of the wafer, across which current
is unable to pass (except for a leakage current) up to the diodic
breakdown voltage. The npn or pnp regions allow the bulk
silicon to sustain a voltage drop across the junction isolation,
thereby enabling electromechanical functionality without com-
promising the mechanical integrity of the wafer.

II. TEMPERATURE GRADIENT ZONE MELTING (TGZM)

TGZM, or thermomigration, was first applied to semicon-
ductor processing in 1955 by Pfann [9]. From 1973 to 1981, An-
thony and Cline [10], [11] investigated this process for various
solvent/solute systems. In the early 1990s, thermomigration was
applied to the fabrication of three-dimensional (3-D) integrated
circuits [12] and intracortical electrode arrays [13]-[15].

TGZM may be performed with many solvent/solute systems.
In the application of junction isolating bulk-micromachined,
SCS structures, n-type silicon was chosen for the bulk or
solute, and aluminum was chosen as a p-type dopant or solvent
because of its relatively high-diffusion coefficient in silicon.

TGZM is typically performed by first depositing and pho-
tolithographically patterning a dopant, e.g., aluminum, on one
side of a silicon wafer. The other side of the wafer is then
radiatively heated to approximately 1000 °C. As a result of
the one-sided heating, a temperature gradient is established
through the thickness of the wafer. Once above the eutectic
point, the aluminum melts and dissolves some of the silicon at
the surface. The resulting droplet follows the thermal gradient
towards the hot surface. As the droplet moves, the warmer side
of the droplet dissolves more silicon, and the cooler side of
the droplet resolidifies epitaxially; the resolidified material has
an aluminum concentration determined by the solid solubility
limit for aluminum in silicon at the solidification tempera-
ture, approximately 2x 10'? cm—3[16]. The process is highly
anisotropic and relatively fast, with droplets traveling through
a 300-pm-thick wafer in less than 10 min.

When appropriate patterns of aluminum are thermomigrated
through n-type silicon, npn regions are created through which
current (except for a diode leakage current) is unable to pass, up
to the breakdown voltage of the reverse-biased diodes. The npn
regions allow a voltage drop across the junction isolation [e.g.,
between regions 1 and 2 of Fig. 1(d)] to be sustained without
compromising the mechanical integrity of the wafer.

In this paper, the smallest achieved 300-pm-deep junctions
are 50 pm in lateral width with the available equipment. Higher
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Fig. 1. Process flow for junction isolated, bulk-micromachined, SCS microde-
vices via thermomigration. (a) The n-type silicon wafer with a resistivity of
1-30 ©-cm is cleaned. (b) 5 pm of aluminum is evaporated and patterned litho-
graphically. (c) The sample is thermomigrated by heating one side. The alu-
minum propagates through the wafer along the thermal gradient from the cooler
side to the hotter side. (d) The wafer is etched using ICP-RIE. Regions 1 and 2
are now electrically isolated up to the breakdown voltage and leakage current.

temperatures allow narrower junctions with 35 pm demon-
strated in the literature. [15]

III. FABRICATION PROCESS

An overview of the process flow is presented in Fig. 1. To pre-
pare the wafer for the thermomigration process, a prime grade,
n-type, (100), 2" diameter, 300-pm-thick, SCS wafer with a
resistivity of 1-30 Q2-cm is cleaned using a standard peroxide-
based organic and ionic cleaning procedure. The wafer is then
metallized with 5 pm of aluminum. The aluminum is patterned
photolithographically and etched in a solution of phosphoric,
acetic, and nitric acids (PAN etch) at 50 °C.

To perform the aluminum thermomigration, a CVC products
filament evaporator was adapted by replacing the filament nor-
mally used to evaporate metals with a heating element made of
a 60 mm x 100 mm x 125 pm tantalum sheet.

The silicon wafer is inserted into a vacuum chamber and
placed as close to the filament as possible without touching the
heating element (several millimeters). The wafer side with the
aluminum faces away from the filament. A thermal compensa-
tion ring is placed around the silicon. The purpose of the ring
is to reradiate heat into the edge of the silicon wafer. This re-
duces the radial temperature gradient that arises from radiative
cooling at the edge of the wafer. Reduction of the radial thermal
gradient increases the usable area of the thermomigrated wafer.
Without the ring, the usable thermomigrated area is approxi-
mately 1 cm?, while with the ring, that area increased to ap-
proximately the entirety of a 2" wafer.

A strong radial component in the thermal gradient induces
npn geometries with a strong radial component. This results in
npn junctions that are not perpendicular to the surface of the
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Fig. 2. I-V characterization test structure. Each tick on the ruler is 1 mm. There are 12-npn junctions on this structure. Each p-doped area is 100 gm wide and

separated by 500 pzm of lightly doped n-type silicon.
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Fig. 3. Example J-V curve from one of the 12-npn junctions. The breakdown voltage is 140 V with a leakage current of less than 10 pA at voltages less than

breakdown.

wafer. Nonperpendicular junctions can cause a number of diffi-
culties. For example, some of the aluminum may travel laterally
into other, unintended, parts of the device. Another difficulty is
that nonvertical npn junctions have reduced breakdown voltages
compared to vertical junctions.

The ideal thermal compensation ring would have emission
and absorption characteristics identical to silicon such that it
would reach a thermal steady-state at the edge of the wafer that
would be exactly like the center of the wafer. As a result, the
thermal compensation ring was constructed of silicon as well,
and both the thermal compensation ring and the silicon wafer
were heated so that the two would behave thermally as closely
as possible as one continuous piece of silicon. For a 2" wafer, the
thermal compensation structure was 60 mm X 60 mm X 700pm

with a circular hole in the middle with a radius of 26 mm to
accommodate a 25.4-mm radius, 300-pm-thick Si wafer. The
thermal compensation structure was purposely made slightly
thicker than the 300-pm-thick silicon wafer to increase the frac-
tion of photons that are captured and exchanged with the wafer
edge.

On the other side of the filament from the silicon wafer and
thermal structure, a reflector made of three layers of polished
tungsten is placed closely to the heating element. The reflector
returns photons to the filament that would otherwise be lost.
This boosts overall efficiency and ensures more of the available
power is directed into the silicon wafer.

Once the heating element, silicon wafer, thermal compensa-
tion structure, and reflector are in the chamber, the chamber is
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Fig. 4. Multiple npn junctions arranged in series increases the overall breakdown voltage with 12-npn junctions having an overall breakdown voltage of
—1550 and 41450 V. The graph shows breakdown voltage as a function of the number of npn junctions. The breakdown voltage increases roughly linearly with
each junction contributing 138 V on average. Breakdown voltages of 189 £37 V per junction have been achieved with improved processing.

closed and a vacuum established < 2 x 1076 torr. 360 A at 5 V
is then applied across the heating element, with the heating el-
ement reaching approximately 1200 °C. The heating element
radiatively heats both the wafer and thermal structure to an av-
erage temperature of approximately 1000 °C from one side. The
opposite side of the wafer is allowed to cool radiatively.

Since one side of the wafer is radiatively heated, and the
other side radiatively cooled, a thermal gradient is established
and the aluminum thermomigrates through a 300-pym wafer
within 1.5 h. Shorter process times are possible with higher
average temperatures. Given the available equipment, the ther-
momigration process was power limited. As a result, a tradeoff
between thermomigrated area and average temperature needed
to be made. If smaller thermomigration areas were chosen, the
power was more concentrated and higher average temperatures
for the thermomigration were possible. Under these conditions,
aluminum may be driven through a 300-ym wafer in less than
10 min. However, if larger thermomigration areas were needed,
the available power was distributed over a greater area, which
drops the average temperature and increases the process time.
With sufficiently sized power sources, both large area and high
temperatures may be achieved for quick thermomigration of
large wafers.

After the thermomigration, the filament is switched off, and
the chamber is allowed to cool for 10 min. The chamber is then
vented with nitrogen and the sample is allowed to cool another
10 min in nitrogen atmosphere.

Once the aluminum is thermomigrated through the silicon,
the excess aluminum and the heat damaged silicon must be re-
moved, since both reduce the breakdown voltage of the junction.
Other groups have reported success with lapping these materials
[13]-[15]; however, the wafers were prone to fracturing due to
the mechanical loads of this step, resulting in poor overall yield.
Instead, the silicon and aluminum were etched in a solution of
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Fig. 5. I-V curve for 12-npn junctions in series. The breakdown voltage for
12-npn junctions is —1550 and + 1450 V with a leakage current at less than
10 ¢ A for voltages less than breakdown. Leakage currents as low as 68 =8 nA
have been achieved with improved processing.

HF : HNO3 : H>O at a ratio of 20:50: 35 for 3 min. This solu-
tion preferentially etches heavily doped silicon. Since this solu-
tion etches the silicon as well as the aluminum, the overall thick-
ness of the wafer is typically reduced from 280-200 pm. The re-
placement of the lapping process with a chemical one allowed
process compatibility of the thermomigration process with inte-
grated circuitry, which will be discussed later.

The sample is then optionally stained with 99% HF and 1%
HNOj3, which darkens the aluminum-doped areas, and facili-
tates alignment to the thermomigrated aluminum-doped silicon
regions.

Once the npn regions are fabricated, to form the bulk-micro-
machined structure, the thermomigrated wafer is deep reactive
ion etched. A photoresist mask is used and the wafer is etched
using the Bosch process [17]. Both the n-type silicon and the
Al-doped silicon are etched using the standard Bosch process;
however, the Al-doped silicon etches at about half the rate of
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Fig. 6. SEM of the demonstration rotary actuator. The overall chip dimensions are 4.5 mm X 4.5 mm X 200 gm. The beams measure 30pmXx 1.5 mmx 2004 m.
The chip is electrically divided into an inner and outer portion by the Al thermomigrated npn junctions. There are two npn junctions on three of four beams, and

there are four npn junctions on the edge of the chip on each side of the beam.
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Fig. 7. Closeup of the thermomigrated area on one of the beams. The p-doped silicon regions are smoother and “indented” in comparison to the surrounding

n-type silicon. The p-dope regions are 75 pm wide.

the lightly doped n-type silicon. The etch-rate mismatch can be
reduced by taking advantage of reactive ion etch (RIE) lag, i.e.,
the etched areas around the Al-doped silicon are made larger to
increase the etch rate. Although a detailed examination of this
process was not undertaken, it was empirically determined that
this approach was satisfactory for etches extending through the
thickness of the wafer.

After the inductively coupled plasma (ICP) etch, the re-
maining photoresist was removed with acetone and the wafer
was cleaned with a solution of NH;OH, H2O5, and H»O. Fig. 2
shows a photomicrograph of fabricated test structures.

IV. ISOLATION CHARACTERIZATION

Because junction isolation uses two series connected backbi-
ased pn junctions, there is a finite voltage that the junction can
sustain before breakdown occurs, i.e., the “breakdown voltage.”

)

Fig. 8. Electrical model for the demonstration actuator. The actuator is divided
electrically into an inner and outer portion. The inner part (the “rotor”) is con-
nected to ground. The outer part (the “stator”) is driven by a sinusoidal signal
from an HP 33120 A function generator that is amplified 300:1 by a Trek 50/750
high-voltage amplifier.

Furthermore, there is a small current that flows from one side of
the npn junction to the other, i.e., the “leakage current.” These
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Fig. 9. Photomicrograph of the rotary comb drive. (a) Fingers are stationary. The finger width is 15 ¢#m and the spacing is 25 gm. (b) Comb drive is moving
(note the blurriness of the left side of the comb drive) at resonance at 1933 Hz. The actuator is driven at just under breakdown at 360 Vpp. The fingers displace

approximately 0.5°.

phenomena affect the electromechanical performance of the de-
vice, and are characterized.

To measure breakdown voltage and leakage current, a sample
with multiple numbers of thermomigrated aluminum npn junc-
tions was fabricated (Fig. 2). The aluminum-doped silicon re-
gions are 100-pm-wide and separated by 500 pm of n-type sil-
icon. Stainless steel probes were contacted to the n-type regions
of the silicon. Current-voltage characteristics (from a Tektronix
370 A curve tracer) across each junction as well as across mul-
tiple junctions were measured.

An example I-V curve from one of the 12-npn junctions is
shown in Fig. 3. The curve exhibits a breakdown voltage occur-
ring at £140 V. At voltages less than breakdown, the leakage
current is less than 10 pA.

There are several mechanisms for the voltage breakdown;
however, the dominant effect for thermomigrated junctions,
where one side is heavily doped and the other is lightly doped,
is avalanche breakdown.

For avalanche breakdown, the breakdown voltage is inversely
linear with doping concentration of the more lightly doped side.
For TGZM fabricated npn junctions, the doping concentration
of the p-doped region is set by the solid solubility limit of alu-
minum in silicon at the thermomigration temperature. At an av-
erage temperature of 1000 °C, the solid solubility limit of Al
in Si is approximately 2x 1019 cm~3. In contrast, the n-doped
region is set by the silicon wafer’s manufacture. Wafers with
extremely light doping concentrations may be purchased, with
resistivities exceeding 100 2-cm. For 1 (2-cm resistivity n-type
silicon, the theoretical breakdown voltage is calculated to be 184
V [8]. This calculated figure is significantly higher than the mea-
sured 140 V. The difference is mostly due to fabrication non-
idealities in these early test structures. Later TGZM fabricated
structures exhibit breakdown voltages closer to the theoretical
limit.

Multiple npn junctions arranged in series are tested to see if
breakdown voltages increases across multiple junctions. Fig. 4
shows that the breakdown voltage increases roughly linearly
with the number of npn junctions. Each npn junction contributes
an average of 138-V breakdown voltage to the total, with a total
breakdown voltage of —1550 and 41450 V for 12-npn junc-
tions. Fig. 5 shows the I-V curve for 12-npn junctions. At volt-
ages less than breakdown, the leakage current remained less
than 10 pA.

Due to gradual refinements in the thermomigration process,
junctions with breakdown voltages of 189 £37 V and leakage
currents of 68 £8 nA have been fabricated. This would imply a
direct current (dc) power dissipation of 12 pW. The increased
breakdown voltage and decreased leakage current are primarily
due to more vertical npn junctions and more complete removal
of excess Al and heat damaged Si.

V. ACTUATOR DEMONSTRATION

Using the aforementioned process, an actuator was fabri-
cated to demonstrate the practical application of this technique
to a bulk-micromachined, junction isolated, electrostatic ac-
tuator fabricated from a single silicon wafer. A scanning
electron micrograph (SEM) of the front of the device is
shown in Fig. 6 and a closeup of the thermomigrated re-
gion is shown in Fig. 7. The width of the aluminum-doped
silicon region is 75 pm. The overall chip dimensions are
4.5 mm x 4.5 mm and the beam dimensions are 30umx
1.5 mm x 200m.

The actuator is a rotary device that is divided electrically into
an inner and outer portion by the thermomigrated aluminum.
Three of the four beams have two thermomigrated areas each.
The fourth beam is electrically connected to the edge of the chip,
and a region on the edge is electrically isolated from the rest
of the chip by four thermomigrated areas (the top edge of the
device in Fig. 6).

The actuator is composed of eight radial comb drives. The
comb fingers are 15 pum in width with a gap of 25 pm.

The demonstration actuator is contacted on a probe station
with a tungsten probe contacting the stator and another probe
contacting the rotor (Fig. 8). The probes are driven by a Trek
50/750 high-voltage amplifier at 300: 1 voltage amplification.
The amplifier, in turn, is driven by an HP 33120 A function
generator with a sinusoidal signal output. A Tektronix 2221
oscilloscope is connected in parallel to the probes to monitor
the voltage across the demonstration device. The actuator is
driven at resonance just under junction breakdown at 360 Vpp
at 1933 Hz. At this voltage, the actuator displacement was mea-
sured optically to be approximately 15 pm at a radius of 1.5 mm
(~0.5°).

A closeup of one of the fingers of the interdigitated electro-
static actuator is shown in Fig. 9. In Fig. 9(a), the finger is shown
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with no voltage applied. In Fig. 9(b), the finger is shown moving
at 1933 Hz (note the blurriness of the finger).

VI. INTEGRATED CIRCUITRY

The compatibility of the thermomigration process with inte-
grated circuitry is also investigated. A silicon wafer with PMOS
transistors of gate lengths ranging 40-90 pm is taken and the

I-V characteristics of the devices are measured to record the
transistor characteristics before the thermomigration process is
performed [Fig. 10(a)]. The interconnect aluminum is removed
using PAN etch since it melts and/or thermomigrates during the
process. 1000 A of chromium was evaporated to act as a mask
for the etch that is needed after the thermomigration to remove
the excess Al and heat damaged silicon. Windows are opened in
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the Cr for the thermomigration regions. 5 um of Al is then de-
posited on the wafer and patterned photolithographically. The
PMOS wafer is then thermomigrated. After the thermomigra-
tion, the wafer was etched in HF : HNOs3 : H5O for 3 min to re-
move the excess Al and heat damaged Si. The Cr is then re-
moved. 2500 A of Al is redeposited on the wafer and repat-
terned to replace the previously removed Al interconnects be-
tween PMOS devices.

The I-V characteristics of the PMOS devices are remeasured
[Fig. 10(b)]. The PMOS devices performed nearly identically
after the thermomigration processing, demonstrating compati-
bility of the thermomigration process with integrated PMOS de-
vices. It should be noted that the scales for the before and after
I-V curves are different. The curve taken before thermomigra-
tion is 0.5 mA/unit in the y-direction and 10 V/unit in the x-di-
rection, whereas the scale for the /-V curve taken after ther-
momigration is 1 mA/unit in the y-direction and 20 V/unit in
the x-direction.

VII. CONCLUSION

The application of TGZM to the fabrication of npn junctions
for junction isolation of bulk-micromachined SCS devices is
demonstrated. The breakdown voltage and leakage current of
the thermomigrated junction isolation are characterized. Break-
down voltage multiplication can be achieved by arranging
multiple npn junctions in series. Practical demonstration of
this technique is shown by fabricating an electrostatic rotary
actuator. Compatibility of the TGZM process with PMOS
devices is demonstrated.
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