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ABSTRACT

DESIGN AND MICRO-FABRICATION OF TANTALUM SILICIDE
CANTILEVER BEAM THRESHOLD ACCELEROMETERS

by
Chang Joo Kim

Microfabricated threshold accelerometers were successfully designed and fabricated
following a careful analysis of the electrical, mechanical, and fabrication issues inherent to
micron-sized accelerometers. A uniform cantilever beam was chosen because of the
simplicity of design and fabrication. New models for the electrostatic force exerted on the
cantilever beam were developed and calculations were made that accurately predicted the
electrical characteristics of the accelerometer. The caiculations also provided design
guidelines for optimizing the accelerometer dimensions. Computer simulation
demonstrated that the error of the electrostatic force, calculated using the most accurate
model, was within 2% of the actual force which was obtained by integrating the closed
formula, through the bent beam curvature, for device parameters designed to detect an
acceleration of 50 g. Conversely, it was shown that the widely used conventional parallel
plate model had an error of approximately 90%.

Novel surface micromachining process steps were successfully deveioped to fabricate
the cantilever beam accelerometers. Sputter deposited tantalum silicide and commercially
available spin-on-glass were used as a structural layer and a sacrificial layer, respectively.
The dependence of resistivity, crystalline structure, Young's modulus, and hardness of the
tantalum silicide films on the annealing temperatures were measured. These results were
employed to design accelerometers that were successfully operated. Excluding the
metallization steps, only two masks and four photolithography steps were required.

However, both positive and negative photoresists had to be utilized. NJIT's standard



photolithography steps were used for positive photoresist, however for the negative
photoresist a specially developed multi-puddle process was used to obtain 4 micron
resolution.

Electrostatic attraction tests, of accelerometers, were performed using the Keithley
current-voltage measurement system. These tests used deﬂection voltages ranging from
2.2 to 37.0 volts, corresponding to threshold acceleration levels from 580 to 18,500 g.
Nearly 70 percent of the threshold voltage results fell within the expected error limits set
by the accuracy of the device dimensions when processing tolerances were taken into
account including the thickness variation caused by 8% uncertainty in the buffered HF
etch rate of tantalum silicide. Some accelerometers were closed and opened 3 times
without failure. The accelerometers tended to break after 3 times of operation and this was
attributed to the welding of contacts. Centrifuge acceleration tests of accelerometers were
carried out in a specially designed centrifuge in an acceleration range of 282 to 11,200 g.
Nearly 80 percent of the threshold acceleration results fell within the expected error limits
set by the accuracy of the device dimensions when processing tolerances were taken into

account.
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CHAPTER 1

INTRODUCTION

Silicon micromachining technology, during the past decade, has allowed the development
of microfabricated sensors (microsensors) for a variety of physical and chemical quantities
[1, 2, 3]. Many of these microsensors rely on micromechanical structures fabricated by the
selective etching of a silicon substrate [1,4] or deposited thin films [5,6). These special
micromachining processes have been merged with modified integrated circuit processes to
fabricate smart sensors incorporating on chip readout and signal processing circuitry
[7,8,9]. Many high performance sensors such as pressure sensors [10,11,12] and analog
accelerometers [9,13,14,15] have been reported on and are commercially available
[16,17]. However, there has been very little published literature on threshold
accelerometers [18,19].

This thesis presents processing techniques and results, from the design and
fabrication of cantilever beam threshold type accelerometers, using surface
micromachining technology. Sputter deposited tantalum silicide (TaSi,) is used as beam
structural layers as well as contacting electrodes. There were several reasons why
tantalum silicide was chosen for this work. First, it is a low resistive material compared to
polysilicon (approximately an order of magnitude lower). Second, it has a very high
electromigration activation energy, which is 1.7 eV [21] (this is almost three times higher
than aluminum of which electromigration activation energy is about 0.6 e¢V), and this
eliminates the reliability problem caused by electromigration found with metals such as
aluminum, silver, and gold. Third, tantalum silicide is compatible with standard IC
processing techniques. In addition, the microhardness of TaSi, is significantly higher than
that for many other silicides. However, since tantalum silicide is liable to attack by HF, it

is necessary to use a sacrificial layer whose etch rate is faster than low temperature oxide



(LTO). By using spin-on glass (SOG), the release etch selectivity of the sacrificial layer to
the structural layer was improved more than three times. However, there was a problem
associated with SOG such that the maximum thickness for a single coating is typically less
than 1 pm. But by using several layers of SOG spun on sequentially, the thickness was
increased to the desired value. |

In 1972, Frobenius et al. [18] described a threshold accelerometer made from an all
metal cantilever type micro electromechanical switch. The cantilever beams were
fabricated out of electroplated gold and a maximum threshold level of 8000g was
measured by a centrifuge acceleration test. In 1987, Harry Diamond Laboratories (HDL)
[19] conducted a review of three different threshold accelerometers fabricated by
Honeywell, Motorola and HDL. The Honeywell threshold accelerometer consisted of an
along-the-length metallization silicon beam with added mass at the tip of the beam. The
Motorola accelerometer utilized a silicon dioxide beam with a gull-wing contact at the tip
of the beam for a two-point contact switch. The third device, made by HDL, consisted of
a metal tri-layer of nickel-gold-nickel. In 1991, Loke et al. [20] described a threshold
accelerometer made of a silicon dioxide cantilever beam with a metal line (gold with
chrome as an intermediate layer) running along its length. Under an applied acceleration,
the beam deflected upward across a gap and made contact with a second electrode, thus
closing a switch.

Chapter 2 describes background on micro electromechanical systems (MEMS). The
properties of silicon, as a micromechanical material, are measured and various
micromechanical sensors and actuators, which have been reported, are described. Several
processing technologies associated with an analog type accelerometer and their
advantages and disadvantages are also described. Finally, the background and the
advantages of cantilever beam threshold type accelerometers are discussed.

Chapter 3 explains the principle of operation of the cantilever beam threshold type

accelerometers, including a derivation of the beam bending equation and the maximum



deflection of the cantilever beam. Electrostatic analysis of the beam is discussed to
understand the beam bending characteristics when a voltage is applied between the two
electrodes of the accelerometer. Finally, threshold acceleration analysis is done to find the
formula for the threshold acceleration by which the beam snaps shut when both a voltage
and an acceleration are applied to the accelerometer.

Chapter 4 presents new models that were proposed in this work. These models
improve the precision of the electrostatic force calculation. It is assumed in the
conventional parallel plate model that the entire beam is moving through the distance of
maximum deflection which occurred at the free end tip of the beam (see the beam A'C in
Fig. 4.1). The reason, why this model is not suitable for the cantilever beam
accelerometer, is described. In section 4.1, a triangle model is introduced. This model
assumes that the beam bends not catenary but straight from the fixed end to the free end of
the beam. In section 4.2, a more precise model, called a two point piecewise linear model,
is suggested. These two models are compared to the paraliel plate model and to the actual
electrostatic force calculated by integrating the differential electrostatic force through the
catenarilly bent Beam. A generalized N-point piecewise linear model is also analyzed in
this section followed by a threshold acceleration analysis of the triangle model in section
4.3.

Chapter 5 presents the concepts associated with the cantilever beam threshold type
accelerometer design. Section 5.1 describes the advantage of the uniform cantilever beam
over the double-ended bridge type or weighted cantilever beam. Section 5.2 considers the
effects of the accelerometer dimension on the threshold acceleration and device durability.
Section 5.3 describes the surface micromachining technique by which the accelerometers
in this research have been fabricated. The two primary techniques, surface micromachining
and bulk micromachining, are briefly compared and the reason why tantalum silicide and

spin-on-glass (SOG) were chosen is explained.



Chapter 6 explains tantalum silicide as a micromechanical material in this work.
Section 6.1 describes an overview of metal silicides including the reason why the metal
silicides have been getting attention by scientists for both VLSI and micromechanical
applications. Section 6.2 illustrates the preparation and annealing condition of the tantalum
silicide films which were used to examine the electrical and mechanical properties. Section
6.3 presents the properties of tantalum silicide as a micromechanical material. The results
of the investigating resistivity versus annealing temperature are presented. The results of
the dependence of the crystalline structure of tantalum silicide on annealing temperature
are also presented and discussed. The measured values for Young's modulus and
microhardness of the sputter deposited tantalum silicide are also presented.

In chapter 7, the fabrication process developed for making a robust cantilever beam
threshold type accelerometer is described in detail. Practical issues that had to be
considered are discussed. All of the fabrication work was performed at the NJIT
Microelectronics Research Center (NJIT MRC) except wafer dicing, wire bonding and
packaging. A detailed process sequence is illustrated in Appendix A.

Chapter 8 describes the measured operational characteristics for the tantalum silicide
cantilever beam accelerometer, including the electrostatic attraction test and the centrifuge
acceleration test. The experimental apparatus for both tests are also described.
Comparisons between experimental data and theoretical data (based on the triangle model
with the processing tolerances taken into account) for both electrostatic attraction test and
centrifuge acceleration test are presented.

Finally, chapter 9 gives the summary and conclusion of the thesis.



CHAPTER 2

BACKGROUND OF MICRO ELECTROMECHANICAL SYSTEM

2.1 Properties of Silicon as a Micromechanical Material

Single crystal silicon is increasingly being employed in a variety of new commercial
products not because of its well-established electronic properties, but rather because of its
excellent mechanical properties. Micromechanics as a silicon-based device technology was
actually initiated by H.C. Nathanson et. al [2] at Westinghouse Research Laboratories in
1965 when he and R.A. Wickstrom introduced the resonant gate transistor (RGT). This
device consisted of a plated-metal cantilever beam, suspended over the channel region of
an MOS transistor. It was essentially an electrostatically excited tuning fork employing
field effect transistor readout. They showed that this device permitted high-Q frequency
selection to be incorporated into silicon integrated circuits.

The basis of micromechanics is that silicon, in conjunction with its conventional role
as an electronic material, and taking advantage of an already advanced microfabrication
technology, can also be exploited as a high precision high-strength mechanical material.
This is especially applicable wherever miniaturized mechanical devices and components
must be integrated or interfaced with electronics. Any consideration of mechanical devices
made from silicon must certainly take into account the mechanical behavior and properties
of single-crystal silicon (SCS). Table 2.1 presents a comparative list of its mechanical
characteristics with other materials. Although SCS is a brittle material, yielding
catastrophically (not unlike most oxide-based glasses) rather than deforming plastically
(like most metals), it certainly is not as fragile as is often believed. The Young's modulus
of silicon (1.9 x 10! Pa or 27 x 106 psi) [22], for example, has a value approaching that of
stainless steel, nickel, and well above that of quartz and most other borosilicate, soda-lime,

and lead-alkali silicate glasses [23]. The hardness of silicon (850) is close to quartz, just



Table 2.1 Mechanical characteristics of silicon compared to other materials [1]

Yield Knoop Young's Thermal Thermal
Strength Hardness Modulus  Density  Conductiviy Expansion
(10°Pa) (kgymm?) (101 Pa) (gr/em®) (W/em°C) (104/°C)

Diamond 53 7000 10.35 35 20 1.0
SiC 21 2480 7.0 32 3.5 33

TiC 20 2470 4.97 4.9 3.3 6.4
AL,0, 15.4 2100 53 4.0 0.5 5.4
Si;N, 14 3486 3.85 3.1 0.19 0.8
Iron 12.6 400 1.96 7.8 0.803 12

Si0, 8.4 820 0.73 2.5 0.014 0.55
Si 7.0 850 1.9 23 1.57 2.33
Steel 42 1500 21 7.9 0.97 12

W 4.0 485 4.1 19.3 1.78 4.5

Stainless 2.1 660 20 7.9 0.329 17.3
steel

Mo 2.1 275 3.43 10.3 1.38 5.0

Al 0.17 130 0.70 2.7 2.36 25




below chromium (935), and almost twice as high as nickel (557), iron (400), and most
common glasses (530) [24]. Silicon single crystals have a tensile yield strength (6.9 x 1010
dyne/cm? or 106 psi) which is at least 3 times higher than stainless steel wire {22,25]. In
practice, tensile stress routinely encountered in seed crystals during the growth of large
SCS boules, for example, can be over 18000 psi. The primary difference, between SCS
and metals, is that silicon will yield by fracturing (at room temperature) while metals
usually yield by deforming inelastically. Despite this quantitative evidence, we might have
trouble intuitively justifying the conclusion that silicon is a strong mechanical material
when compared with everyday laboratory and manufacturing experience. Sometimes
wafers do break without apparent provocation; silicon wafers and parts of wafers may also
easily chip. These occurrences are due to several factors which have contributed to the
misconception that silicon is mechanically fragile. First, single-crystal silicon is normally
obtained in large (5-13 cm diameter) wafers, typically only 10 - 20 mils (250 to 500. um)
thick. Even stainless steel of these dimensions is very easy to deform inelastically. Silicon
chips with dimensions on the order of 0.6 cm x 0.6 cm, on the other hand, are relatively
rugged under normal handling conditions unless scribed. As a single-crystal material,
silicon has a tendency to cleave along crystallographic planes, especially if edge, surface,
or bulk imperfections cause stresses to concentrate and orient along cleavage planes. Slip
lines and other flaws at the edges of wafers, in fact, are usually responsible for wafer
breakage. In recent years, however, the semiconductor industry has attacked this problem
by contouring the edges of wafers and by regularly using wafer edge inspection
instruments. These instruments are specifically designed to detect mechanical damage on
wafer edges and also to assure that edges are properly contoured to avoid the effects of
stress concentration. Wafer breakage, as a result of these quality control improvements,
has been greatly reduced and the intrinsic strength of silicon is closer to being realized in
practice during wafer handling. Chipping is also a potential problem with brittle materials

such as SCS. On whole wafers, chipping occurs for the same reasons as breaking and the



solutions are identical. Individual die, however, are subject to chipping as a result of saw-
or scribe-induced edge damage and defects. In extreme cases, or during rough handling,
such damage can also cause breakage of or cracks in individual die. The high temperature
processing and multiple thin-film depositions commonly encountered in the fabrication of
IC devices unavoidably results in internal stresses which, when coupled with edge, surface,
or bulk imperfections, can cause concentrated stresses and eventual fracture along
cleavage planes. These factors make it clear that although high-quality SCS is intrinsically
strong, the apparent strength of a particular mechanical component or device will depend
on its crystallographic orientation and geometry, the number and size of surface, edge, and
bulk imperfections, and the stresses induced and accumulated during growth, polishing,
and subsequent processing. When these considerations have been properly accounted for,
we can hope to obtain mechanical components with strengths exceeding that of the highest
strength alloy steels.

Even though new techniques and novel applications of old techniques are continually
being developed for use in micromechanical structures, the most powerful and versatile
processing tool continues to be an etching. Chemical etchants for silicon are numerous.
They can be isotropic or anisotropic, dopant dependent or not, and have varying degrees
of selectivity to silicon, which determines the appropriate masking material(s). Table 2.2
gives a brief summary of the characteristics of a number of common wet silicon etches. In
addition to wet chemical etches, plasma etching, reactive ion etching and sputter etching

for silicon are also available.

2.2 Micromechanical Sensors and Actuators
Silicon micromachining exploits the unique structural qualities of silicon, and has been
making a significant impact on the miniaturization and cost reduction of microscale
sensors and actuators. Sensors and actuators are based on the transfer of a physical

quantity from one energy domain into another. These are the well-known radiant,



Table 2.2 Characteristics of silicon wet etchants [1]

Etchant Typical Temp  EtchRate Dopant
(Diluent) Composition (°C) (wm/min.) Dependency
<107cm3nor
HF 10 ml p reduces etch
HNO, 30ml 22 0.7-3.0 rate by about
(water, 80 mi 150
CH,COOH)
25 ml
50 ml 22 40 no dependency
25ml
9ml
75 ml 22 7.0
30 ml
Ethylene- 750 mi
diamine 120 gr 115 0.75
Pyrocatechol 100 mi > 7x10¥cm
(water) boron reduces
750 ml etch rate by
120 gr 115 1.25 about 50
240 ml
KOH 44 gr 85 1.4 >10%%¢m3 boron
(water, 100 ml reduces etch rate
isopropyl) by about 20
50 gr 50 1.0
100 ml
> 3x1020cm3
H,0H 10 gr 65 025-1.0 boron reduces
(water) 100 ml etch rate by

about 10
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mechanical, electrical, magnetic, thermal and chemical doma.ins. The application of an
electric, magnetic or other field on a piece of material will cause an effect in this material.
It is well known that a mechanical stress evokes a strain, an electrical voltage on a
conductor an electric current, a temperature gradient a heat flow, etc. These are the well-
known effects described by Hooke's, Ohm's and Fick's law, respectively. These effects are
characterized by the fact that cause and effect are in the same energy domain, mechanical,
electrical and thermal, respectively. We also know that an electric field does not
exclusively evoke an electric current and a temperature gradient does not exclusively
evoke a heat current, but that these effects are often coupled. Thus the thermoelectric
effects, are a subgroup of the cross effects, in which energy is generally transferred from
one energy domain into another. These cross effects form the bésis for the design of
sensors and actuators. By using these cross effects and micromachining techniques, many
high performance sensors and actuators have been reported and are listed below.

(1) Physical sensors : Pressure sensors [10,11,12], Accelerometers [9,13,14,15], Gas flow
meter [26], Position sensor [27,28], Strain gauge [29], Linear variable differential
transformer (LVDT) [30], Resonant sensor [31,32], Displacement sensor [33,34]

(2) Optical Sensors : Infrared sensor [35], Fiber-optic pH sensor [36], Optical torque
sensor [37] Color Sensor [38]

(3) Acoustic Sensors : Acoustic gas sensor [39], Acoustic object recognition sensor [40]
Ultrasonic transducer for flow measurement [41], Subminiature microphone [42]

(4) Magnetic Sensors : Fluxgate sensor [43], Magnetometer [44], Hall sensor [45],
Thermal fluxmeter [46]

(5) Optical Fiber Sensors : Optical fiber flow meter [47], Optical fiber refractometer [48],
Optical fiber gas sensor [49]

(6) Infrared and Radiation Sensors : Infrared gas analyzer [50] Thermovoltaic IR detector
[51], Ultraviolet sensitive CCD detector [52]



11

(7) Thermal and Humidity Sensors : Thermopile sensor {53], Temperature sensor [54],
Humidity sensor [55]

(8) Chemical and Biomedical Sensors : Liquor sensor [56], Gas sensor [57], Ion detector
[58]

(9) Actuators : Micromotors [59,60], Microengines [61], Microgripper [62], Microhinges
[63], Micropump [64], Microvalve [65] Micro flow control system [66], Shape memory
alloy [67,68]

2.3 Accelerometers
The forces arising from acceleration can be determined by inferring it from the
displacement of a sprung mass or the stress/strain in the spring mounting. There are
largely two types of accelerometers, one is an analog type the other is a threshold type.
For the analog type, several technologies have been developed and they are as follows.
(1) Silicon piezoresistive [13,15]
Silicon exhibits the piezoresistive effect, can be chemically micromachined with great
precision, is very strong and is mechanically stable as described in section 2.1. Large
volumes of sensors can be manufactured at low cost (because of small size and batch
processing), and the conditioning electronics can be integrated with the sensors.
Piezoresistive accelerometers are normally either single-ended cantilever or of a double-
ended bridge design. The former have the advantage in that a smaller area of silicon is
used to achieve a given sensitivity, but the latter are stronger and, using a multitude of
piezoresistors, can be made less sensitive to cross-axis accelerations. Schematic
representations of each type are given in Fig. 2.1(a) and (b) showing the provision for
over-range protection and air damping. The main disadvantages of these are that
piezoresistive characteristics are quite temperature sensitive, and they are very sensitive to
mounting and other induced stresses.

(2) Silicon Capacitive [69]
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Figure 2.1 Accelerometers using various measurement techniques: (a) and (b) silicon
piezoresistive; (c) silicon capacitive; (d) strain gauge; (e) force balance;
(f) micromachined '
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The problems outlined in the silicon piezoresistive type accelerometers are substantially
overcome by using a capacitive measurement method, however, there are the
disadvantages that electromagnetic interference is a greater problem, the output is
inherently non-linear and the conditioning electronics is more complex. Fig. 2.1(c) shows a
design using a torsional mounting arrangement, but the design could be similar to the two
piezoresistor designs.

(3) Thick-film Strain Gauge [70]

Sensors exploiting the substantial strain sensitivity of a typical thick film can be produced
at very low cost in both medium and large production volumes. Fig. 2.1(d) outlines one
possible cantilever accelerometer design. The main problem here is that standard substrate
materials (e.g. alumina) are very stiff and so it is difficult to design a structure which offers
high strains (and therefore high sensitivity) and at the same time achieve both a reasonable
robustness and acceptable bandwidth.

(4) Piezoelectric

Piezoelectric materials can be used for sensing stress arising from acceleration in either
single crystal, polymer film or piezoceramic form. Polymer film may be the most cost
effective in large volumes but it has a more limited operating temperature range. These
materials, due to charge leakage and pyroelectric effects, cannot be used for measuring
static forces and hence static accelerations. However, with careful design, responses
approaching near DC level can be achieved, as demonstrated by a micromachined silicon
accelerometer incorporating a thin piezoelectric ZnO film feeding directly into an
integrated MOSFET [71].

(5) Force Balance [72]

An electromagnetic or electrostatic force is generated which opposes the acceleration
forces, thus the mass maintains an equilibrium position and the energy required is a
measure of the applied acceleration. The control or error signal is generated by a position

sensor, often using a capacitive measurement principle. Micromachined silicon and quartz
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force balances are described [73,74] in which the force is applied by Lorentz force
coupling and the error signal is the capacitance between the fixed and moving electrodes.
The quartz device is shown schematically in Fig. 2.1(e). In general, force balance devices
offer good performance because a wide bandwidth and high sensitivity can be achieved,
but normally they are more complex and expensive than other non-feedback methods.

(6) Micromachined Resonator [75]

When the tension in a guitar string is changed there is a corresponding change in the
resonant frequencies which create its characteristic timber. Similarly, the resonant
frequencies, for example, of the bridge structure shown in Fig. 2.1(f) are also changed.
The resonator becomes a stress sensitive element capable of detecting acceleration forces,
where the output is in the pseudo-digital form of a frequency. The structure can readily be
fabricated by the micromachining of silicon. The excitation is normally electrostatic or
either photothermal (using incident light from an optical fiber) or electrothermal (using
joule heating in a diffused resistor). A very high resolution can be achieved but the thermal
excitation can cause undesirable thermal stresses. Also, the complexity deems them very
expensive at present. Single crystal quartz resonators can also be made which utilize the
inherent piezoelectric effect, although there is some difficulty in micromachining the

appropriate structures.

2.4 Threshold Accelerometers
2.4.1 Background
The rapidly advancing techniques for the micromachining of silicon allow for the
fabrication of a multitude of miniaturized sensors and actuators. Among these, sensors for
pressure and acceleration have attained the highest degree of industrial development. Most
silicon accelerometers published to date use the piezoresistive principle to measure the
mechanical strain in a cantilever beam, deflected by a seismic mass under acceleration.

In 1972, Frobenius et al. [18] described microminiature ganged threshold
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accelerometers made from an all-metal cantilever beam micromechanical switch. The
cantilever beams were fabricated out of electroplated gold on a substrate of either a glass
slice or an oxidized silicon wafer. They reported that each beam had been closed and
opened repeatedly, while the speed of the centrifuge had been alternatively increased and
decreased. In 1987, Harry Diamond Laboratories (HDL) [19] conducted a review of three
different threshold accelerometers made by Honeywell, Motorola, and HDL. Honeywell's
design for a multiple g-switch chip had cantilever beams which were 15 um thick by 250
um wide epitaxial silicon with an integral silicon end mass and along-the-beam contact
metallization. Centrifuge testing of prototype g-switches indicated two problems: only
about 50 percent of the contacts were functional, and the closure acceleration levels of
those that functioned were much higher than expected (nearly an order of magnitude for
the lowest range beam). The Motorola accelerometer utilized a silicon dioxide beam with
a gull wing contact at the tip of the beam for a two-point contact switch. The beams were
made from thermally grown 3 pm thick SiO, on a silicon substrate. They were 30 pm
wide with lengths ranging from 150 to 435 pm. Under acceleration, each beam deflected
through a gap of 1 um until a deposited metal contact at the tip of the beam touched and
bridged across two metal trace patterns located on the substrate. This contact
configuration did not require metallization along the beam's surface. Preliminary screening
of the fabricated devices was attempted by the use of electrostatic attraction to deflect the
beams until the switches closed. Voltages in the range of 30 to 100V (with current limited
to 0.1 pA) closed the switches but they would not open because the pure gold contacts
welded. Tests of other units on a centrifuge showed that some switches would close, but
at accelerations many times the design level. The third device, by HDL, consisted of a
silicon die supporting three all-metal, gold-nickel-gold sandwich beams. Under
acceleration, each beam deflected across a 1 um gap to‘ close the switch in single-point
contact against metallization on the chip surface. The beams had a single 0.1 pum layer of

nickel sandwiched between two 0.9 pum layers of evaporated gold. This structure increased
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stiffness, strength, and elasticity and attempted to compensate for warping due to
differential thermal expansion. The beams were 50 um wide and 100 to 235 pm long to
provide switch closures in the acceleration range of 380 to 9600 g. Centrifuge tests of
sample beams at acceleration levels over three times the expected closure level did not
give any switch closures. This was probably due, in large part, to the excessive contact
gap. Other beam samples were found to be stuck closed before testing and the contacts
could not be opened under reverse acceleration on the centrifuge. In 1991, Loke et al.
[20] described a threshold accelerometer made of silicon dioxide cantilever beam with a
metal line (gold with chrome as an intermediate layer) running along its length. Under an
applied acceleration, the beam deflected upward across a gap and made contact with a
second electrode, thus closing a switch. They reported that the switches (beams 120 to
400pm long and 80um wide and 2.5um gap) closed electrostatically with voltages in the
10 to 70 volts region. All the above mentioned devices (except that of Frobenius which
involved metal deposition by evaporation and electroplating) were fabricated by exploiting

the bulk micromachining process and they had two metal contacts for the switch closure.

2.4.2 Advantages of cantilever beam threshold accelerometers

In analog type accelerometers, electronic circuitry is needed close to the sensor for
amplifying the signal, compensating for temperature effects and non-linearity, and device-
to-device variations in offset and sensitivities. In the case of threshold type accelerometers,
the accelerometer generates a signal when the acceleration is greater than the
predetermined value. Therefore, analog readout of acceleration is not needed. A threshold
accelerometer is much simpler in design and is cost effective because no additional readout
circuit is necessary. The threshold accelerometer itself acts as a switch which generates a
signal when the acceleration is greater than the predetermined value, and it also has an

extremely high on-to-off resistance ratio.
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The cantilever has several attractive features as an accelerometer design. Its
deflection is a linear function of acceleration, eliminating the need for calibration curves,
and it is inherently sensitive to accelerations in only one direction. Further, the response
per unit acceleration is a function of the dimensions of the beam and the mass loading it.
The sensitivity and range can be varied over a wide range yet, given good control over
beam dimensions, devices with the same nominal sensitivity will be reasonably well
matched. The other advantage of the cantilever beam involves fabrication considerations.
The most important of which are the cantilever's simplicity and attendant adaptability to

the constraints of techniques available for shaping silicon on such a small scale.



CHAPTER 3

PRINCIPLE OF OPERATION

3.1 Geometry
In order to understand how the threshold accelerometers work, it is first necessary to
understand their construction. Fig. 3.1(a) and Fig. 3.2(b) show a planar view and a cross-
section view of a typical threshold accelerometer.

The threshold accelerometer in this thesis is a microfabricated cantilever beam having
two electrically separated electrodes. One electrode is free to move while the other is fixed
on the top of a substrate. It is analogous to a mechanical single-pole-single-throw (SPST)
switch. An acceleration a produces a force F to the cantilever, whose mass is m, according

to Newton's second law.

F=ma 3.1

The cantilever bends with the force in the direction of the force applied, and the

deflection of an uniform cantilever beam is given by [77]

wx’
y= 15 (x* +6I7 -4Lx) (3.2)

where w is a uniformly distributed load per unit length, E is Young's modulus of the
material, J is a moment of inertia of plane area with respect to an axis in its plane, L is the
length of the beam and x is the distance from the fixed end of the beam. The moment of

inertia for a rectangular cross section of a beam is [78]

18
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Figure 3.1 Geometry and description of parameters of a typical threshold
accelerometer: (a) plannar view; (b) cross-section A-A'
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I= (3.3)

where W and T are the width and the thickness of the beam, respectively, and the

uniformly distributed load w can be rewritten as
w=pWla (3.4)

where p is a density of the material.
From equations (3.2) through (3.4), the beam deflection can be formulated as a

function of an applied acceleration as

o
y=a-2—E7;(x2+6L2—-4Lx) (35)

Eqn. (3.5) tells two interesting facts, one of which is that the deflection is a linear function
of the applied acceleration and the other is, it is not a function of the beam width.
The maximum deflection occurs at the tip of the beam and it can be obtained by

substituting x by L in Eqn. (3.5) as

3pl’
Yrp =45 pr7 (3.6)

Fig. 3.2 shows an example graph of beam deflection versus distance x from the fixed
end of the beam using typical device parameters and material values given in table 3.1.

Material values are based on tantalum silicide (TaSi,).
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Table 3.1 Dimension and material parameters of an accelerometer to calculate the

deflection with respect to the distance x in figure 3.2

m

Parameter Symbol Typical value
Density (TaSi,) P 9.08 x 103 (kg/m3)
Young's Modulus (TaSi,) E 158 x 10° (Pascal)
Length L 400 (pm)
Thickness T 0.5and 1 (um)
Gap between Electrodes D 1.5 (um)
Acceleration a

50 (g)

22
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3.2 Electrostatic Analysis
An application of a voltage between the conducting contact pad on the beam and the

button electrode will result in an attractive electrostatic force. The electrostatic force F,

between two parallel plate is [79]

__ &4V ? 3.7
* 2(D- Yrip )
for y,, <<D

where g, = permittivity of air
V = applied voltage
D = original distance between plates.
A = WL = effective parallel plate area
(where W and L are width and length of the beam, respectively)
This force is not constant but changes with the deflection of the beam; ie., F,
increases with increasing deflection yy,,. The expression for voltage is found by equating
the electrostatic force to the restoring force which tries to restore the beam to the original

position. The restoring force is equal to the force applied to the beam, which is
E =wL = pWTLa (3.8)

From the Eqns. (3.6) and (3.8)

3
F=2EWT

r -—3—L—3—yﬁp (3 . 9)

Now from Eqns. (3.7) and (3.9)
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V =Ty, (D-yp,) (3.10)

4ET’
here I'=
where 3o I

4

This equation relates the deflection y;,, and the voltage required to hold the beam at the

which is a constant determined by the material and device dimension.

deflection y,,,.

Fig. 3.3(a) shows that the required voltage rises until the deflection reaches D/3 and
falls down afterward. Fig. 3.3(b) shows the restoring force and electrostatic force with
applied voitage V as a parameter. If V' is smaller than the threshold voltage V,, (see graph
A in Fig 3.3(b)), the beam begins to bend because, the electrostatic attractive force is
greater than the restoring force (F, > F) until it reaches the point © where two forces are
equal (F, = F,). As V increases the equivalent point moves toward the point @ where the
threshold occurs. If V'is greater than the threshold voltage (see graph C in Fig. 3.3(b)), the
electrostatic force is greater than the restoring force whatever the deflection y;,, is and the
beam will snap shut.

This threshold voltage can be obtained by taking the derivative of ¥ with respect to
Y, From Eqn. (3.10),

dV
P

By letting = 0, the resulting expression has a maximum value at y,. = —D—, which
y Tip 3

av
d(yry,)

checks Fig. 3.3(a), and is given by

(3.12)
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This parallel plate model ignores the fact that the electrostatic force varies as the gap
between electrodes varies along the beam length L. In chapter 4, more precise models than
parallel plate model compensating the above fact are suggested for electrostatic force

calculation.

3.3 Threshold Acceleration Analysis
The deflection y due to its inertial mass under an applied acceleration a is given by Eqn.

(3.5) and the maximum deflection occurs at a tip of the beam as given by Eqn.(3.6) as

Yrp = 3pL'a/2ET? . However, a threshold accelerometer in operation will require a

voltage to be placed across the electrodes. This applied voltage will contribute an
electrostatic attraction that will affect the threshold acceleration level of the device.

The beam will deflect under an applied acceleration , if it is large enough, until it
reaches a threshold distance whereby the electrostatic attraction will snap it shut. From

Eqn. (3.12) the threshold distance for an applied voltage V'is given by

APE A
D, = (%K) (z;) (3.13)

With an original beam spacing D and beam deflection y;,,, the threshold distance can

be rewritten as

% AV
(WY &L
(D-y,,,,)_( 4) (ET,) (3.14)

Substituting Eqn. (3.6) into Eqn.(3.14) results in the threshold acceleration required

to close a beam under an applied voltage is
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o\’ (e \"
D—(T) (ET’)

D) o

a, =

Fig. 3.4 shows graphs relating threshold acceleration versus applied voltage. Graph B
is obtained by using the parameter values given in table 3.1. The threshold acceleration
decreases as the beam length increases. Graph A shows the threshold acceleration using
the same parameter values as graph B except the beam length is 20 percent longer than
that of graph B. Conversely, the threshold acceleration increases as either the beam
thickness or the gap distance between electrodes (or both) increases. Graphs C and D
show the threshold accelerations with the same parameter values in table 3.1 except the
beam thickness is 50 percent thicker and the gap distance 50 percent wider than that of
graph B, respectively. Chapter 5 describes more detail about the dimensional consideration

for accelerometer design.
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Figure 3.4 Threshold acceleration versus applied voltage
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CHAPTER 4
NEW MODELS FOR ELECTROSTATIC FORCE

Precise calculation of an electrostatic force acting on a cantilever beam is very important
in the design of threshold accelerometers. In the conventional parallel plate model, they
assume that the entire beam is moving by the distance of yj,, (see line A'C in Fig. 4.1)
but, the beam bends according to the Eqn. (3.5). The typical shape of this bending is
illustrated in Fig. 3.2 (see catenary shape AC in Fig. (4.1)). In the parallel plate model, the

electrostatic force is obtained by the formula

g,AV?
= 4.1
” Z(D_yfip)z ( )

where £, = permittivity of air
V = applied voltage
D = original distance between plates
A =WL = effective parallel plate area
where W and L are width and length of the beam, respectively

This model is good as far as D >> y,,, but, in the threshold type accelerometer, the beam

is supposed to make a contact with the bottom electrode traveling all the way across the
gap D. Now the condition D >> y;,, does not hold and the above formula is no longer
valid to calculate reasonably acceptable electrostatic force.

Several models are suggested to improve the precision of the electrostatic force
calculation. In Sect. 4.1, a triangle model is introduced. This model assumes that the beam
bends not catenary, but straight from the fixed end to the free end of the beam (see Fig.

4.2). In Sect. 4.2, a more precise model called a two point piecewise linear model is

29



A B
LI T T I TP T T TP T T T I T I I I T I TTTITTT]

NN

< —— 3
4’

Tip

A C
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described, and generalized N-point piecewise linear model is also analyzed. In Sect. 4.3

threshold acceleration analysis on the triangle model is considered.

4.1 Triangle Model
In this model the beam is assumed to bend not catenary but straight (line AC ) as shown in
Fig. 4.2. Since line AC is closer to the actual beam bending than line 4'C of Fig. 4.1, and
thus it gives more precise electrostatic force. Here, lines AB and AC are equal to the

beam length L.
AB=AC=L (4.2)

Line BC is equal to the beam deflection at the free end tip and from Eqn.(3.6), it is

given as

— 3pl'a

BC=y, =——— 43
yTtp 2ET2 ( )

The angle 6 between lines AB and AC is obtained by dividing the arc BC by L. Since 6
is very small, arq BC) = BC = Yrip» We have

3
g=2m _3pLa (4.49)

L 2ET?

The deflection at arbitrary point x along the beam is

3pla .
2ET?

y(x)= 6= 4.5)

Differential electrostatic force AF,(x) due to differential area A4 = WAL at point x is
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2
AF (xy= VWAL

= SV WAL 4.6
2[D-y)Yf “o

where W is a width of the beam which is constant in uniform cantilever beams.

The total electrostatic force is obtained by integrating AF,(x) fromx=0to X =1L

e,,V’WJ»L dx
2 Jo(D-e&)

F,= [ AF (x)dv =

eyw[ 1 T _eyw L
2 (6D-&)] 2 DD-46L)

£,AV?

= DO (4.7)

It is worth comparing Eqns. (4.1) and (4.7). The denominator of Eqn.(4.7) has D instead

of (D~-yy,). This means that the denominator has factors which consist of the gap
distances of both end tips of a cantilever beam, i.e., (D-yy,) for both ends for parallel

plate model while D and (D - y;,,) for triangle model.

4.2 Two Point Piecewise Linear Model
In this model the beam is assumed to bend along two piecewise linear lines AH and HC

(see Fig. 4.3). Point 1 is set so as to bisect the beam length L.

Al =BI = (4.8)

|t~
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H is a point on the beam at x = %’ and deflection at this point is obtained from Eqn. (3.5)

with x=Z,
2
- 17pl'a 17
Angles 6, (between lines A7 and AH ) and 6, (between lines HJ and HC) are
— 17

6, =IH£=__ZTL (4.10)

L 24L

,—IH 3ly,
92 = yTxp _ yTtp (411)

L2~ 24L

The electrostatic force acting on the beam is a sum of two electrostatic forces F,, and

F;,. exerting on beam segments AH and HC

A4 L2 £V'W
APt Fie=| (zw—e)—}“
1

(4.12)
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The electrostatic force is obtained by integrating the differential electrostatic force
AF,(x) in Eqn. (4.6) and y(x) in this equation is taken from Eqn. (3.5). Eqn. (3.5)
represents actual beam bending instead of Eqn. (4.5) which is for the straight beam

bending assumed in the triangle model.

£, AV’

F.=
L [D- y(x)]
- 804‘;’” [ dx _ (4.13)
[D-— “p,(x‘+6L2x’-4Lx3)]
2ET

There is no analytic solution for this equation. Using numerical method, the actual
electrostatic force is calculated. Comparisons of electrostatic force calculated with
different models are shown in Fig. 4.4, and the errors of the linear models with respect to
the integration (Eqn. 4.13) are shown in Fig. 4.5. The errors, for 50 g acceleration, are
respectively about 2 % and 10 % for the 2 point piecewise linear'model and the triangle

model, while the error of the parallel plate model is more than 90 %.

In generalized N-point piecewise linear model, the catenarily bent beam ard AC)

is divided equally into N piecewise linear lines (44,, A,4,, ... 4,4, ... 4, ,C)

as shown in Fig. 4.6. Their lengths are

AA, = AA,=.. . =4,_ 4 =..= AN_,C=-}€— 4.14)
Angle 6, (between lines 4, 4,,, and A,C,,,) can be obtained by
—_ Ck+lAk+1 - yk+l WV (415)

£ % L/N
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Figure 4.4 Electrostatic force versus acceleration for 4 different models: (A) Parallel
plate model; (B) Triangle model; (C) Two-point piecewise linear model;
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where y, is the beam bending at x = kL/N and it is given by

Y. =B, 4, =y(x)],=u,/N (4.16)

where y(x) is givenin Eqn. (3.5).
For the k4, line segment 4,_, 4, , the electrostatic force is obtained by integrating the

differential electrostatic force AF,(x) for x=0to x=L/N

sdxy,

Foo eVw
) L 2(D —Bk-lck—l)

£,AV? 1
_& (4.17)
2N (D_.Vk-z)(D—.Vk)
Total electrostatic force is the sum of those acting on all N beam segments
v e av? 1 1
E,=) F == + +....+ (4.18)
d k=1 “ 2N LD(D—yl) (D—yl)(D_y2) (D—yN—I)(D_yTip)]

where y,'s are given in Eqn. (4.16)
However, the triangle model was found adequate for the accelerometer design and

was used in this work.

4.3 Threshold Acceleration Analysis of Triangle Model
In the triangle model, the electrostatic force given in Eqn. (4.7) is not constant but

changes with the deflection of the beam. By equating this electrostatic force to the

restoring force given in Eqn. (3.9), voltage expression which relates the deflection y;,, and

the voltage required to hold the beam at the deflection y,, , can be obtained.
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4ET’D
= J S F U (D-yr,) (4.19)

The threshold voltage is obtained by taking the derivative of ¥ with respect to yy,,. From

Eqn. (4.19),

TSD D yTlp yﬂp (420)
d(y]'ip) 38 L4 yT)p (D yTip

= 0, the resulting expression has a maximum value at y,,, = D/2, and is

By letting

Tip

given by

ET’D’
V,=.]—— 421
th d 3L’ (4.21)

It is worth comparing the threshold voltages of parallel plate model and triangle
model in Eqns. (3.12) and (4.21). The parallel plate model requires less voltage than the
triangle model to reach the threshold by the factor of 44/3 /9. This is because the parallel
plate model overestimates the electrostatic force exerted on the beam and hence requires

less voltage than the triangle model.

The threshold distance for an applied voltage V can be obtained from Eqn. (4.21)

3e v \"”
D, = 2 4.22

With an original beam spacing D and beam deflection y;,,, the threshold distance can be

rewritten as
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3e v\
(D _yTl'p) = ( ET3 ) (4'23)

Substituting Eqn. (3.6) into (4.23) gives the threshold acceleration needed to make the

beam close under an applied voltage

2\
D— 3eoL3V
_ ET

a, = (3pL" /2ET2) (4.24)

Analogous to the triangle model, threshold voltage and threshold acceleration for the

2-point piecewise linear model can be obtained.



CHAPTER 5
ACCELEROMETER DESIGN

5.1 Accelerometer Geometry
The basic design of the accelerometer is dictated primarily by two facts: functionality and
compatibility with standard IC processing techniques. Functionally, the beam must be free
to bend all the way across the gap between two electrodes and make a contact with the
bottom electrode.

Compatibility with standard IC processing techniques can be maintained by selecting
materials which are themselves compatible, and also by designing the accelerometer in
such a way as to ensure that standard processes can be used with little or no modification.
The latter of these conditions dictates that the accelerometer be relatively planar in design,
and that the dimensions of the device be within the limits imposed by current
photolithographic and etching techniques. Since IC processing does not allow for movable
structures, the accelerometer must be fabricated with the beams attached to the substrate,
and the beams subsequently released. These constraints dictate that the beam must be
fabricated on a sacrificial layer, which must then be dissolved away in a wet chemical etch
process. In order for the beams of the accelerometers to be free to bend and make
contacts with the bottom electrodes, the design of the beams must be considered carefully.

The cantilever has several attractive features as a threshold accelerometer design. Its
output is a linear function of acceleration, eliminating the need for calibration curves, and
it is inherently sensitive to accelerations in only one direction. Further, the response per
unit acceleration is a function of the dimensions of the beam and the mass loading it.

Three distinct designs for the beams are possible to satisfy the above requirements:
double-ended bridge type, weighted cantilever beam, and uniform cantilever beam (See

Fig. 5.1). The bridge type is more robust than a cantilever beam while it needs a larger
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area to achieve a given sensitivity. Table 5.1 shows the deflections of these three types of
beams. In order to obtain the same deflection, the bridge type needs a beam length of
(48/5)'/ ! times longer than that of the uniform cantilever beam (UCLB). It also requires
additional space for the other anchor.

The weighted cantilever beam (WCLB) requires an additional mask to define thicker
proof mass area while it shows better sensitivity than the UCLB. Another difficulty,
associated with this design, is that the sacrificial layer is much thicker than that of UCLB.
WCLB can be built with a wider proof mass rather than a thicker one. It requires etch
holes to release the beam, and the beam of this design tends to move tortionally, i.e., one

side along its width bends down while the opposite side bends up

5.2 Consideration of Dimension and Material
As given in Eqn. (4.22), the threshold acceleration for a given device is a function of
variable parameters. These parameters are largely categorized into three groups: material
property, device dimension and external excitation. Typical values of these parameters are
illustrated in table 5.2.

Once the beam material is determined, the material properties such as Young's
modulus and density are fixed. The tantalum silicide used as beam material in this research
has a Young's modulus and density of 155 GPa and 9080 kg/m3, respectively. Among
device dimensions, beam width does not play any role in determining threshold
acceleration, but the beam must be wide enough to stand against the external excitation.
When the beam becomes wider, a longer etch time for the sacrificial layer underneath is
required, possibly damaging the beam structure. If there is no etch hole on the beam
structure, a width of less than 10 um is preferable. The reason for this is that the etch rate,
of TaSi, and spin on glass (SOG) in the 7:1 buffered oxide etch (BOE), is approximately
200 A/min. and 12000 A/min., respectively. It takes 5 minutes to release etch the SOG

layer underneath a 10 pm wide beam, and during this length of time TaSi, beam will also
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(a) Double-ended bridge

(b) Weighted cantilever beam

(c) Uniform cantilever beam

Figure 5.1 Three distinct beam designs for accelerometers: (a) Double-ended
bridge; (b) Weighted cantilever beam; (c) Uniform cantilever beam



Table 5.1 Deflections of beams
Beam Type Deflection of Beams
Cantilever Beam y= o’ (6L —4Lx +x°)
24EI
N ! gL’
\ERXEXEE Yoy =2
N\
Weighted Cantilever Beam For 0<x<a
2
y= ;’;’ZI (3L +3a~2x)
q
g vy e For a<x<L

!_.a—l—b———,

y= g (x*—4Lx’ +6°x* —4a’x +

24ET

Vip = Egﬁ(w —4d’L+a*)

Double-ended Bridge

q
EEEREERN

E

gx 3 2.3
=& (P -21x+
Y= 2amr *")

Yooy = 5qL*
Mid.- = 384 ET

where q is a uniformly distributed load per unit length
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Table 5.2 Parameters which determine the threshold acceleration and their typical values

Group Parameter Symbol Typical Value
Material Young's Modulus E 155 x 10°
property Density p (Pascal)

9.08x 103
(kg/m?)
Device Gap distance D 0.5,1.0, 1.5 um
dimension Beam thicknesws T 4000, 5000,
Beam length L 6000 A
Beam width w 30 - 126 pm
~ 10 um
External Applied voltage V Less than 10 V
excitation Acceleration a 50-100g
Environment Dielectric constant £ 8.8542 x 1012

(E/m)
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be etched about 1000 A. The gap between the two electrodes is determined by the
thickness of the sacrificial layer. In this research, commercially available SOG is chosen as
a sacrificial layer material, because it dissolves much faster than low pressure chemical
vapor deposition (LPCVD) oxides in solutions containing hydrofluoric acid (HF), the
primary wet etchant of silicon dioxide. It gives a film thickness of 5000 A per coating. Up
to three coatings (1.5 um) gives a fairly good thickness uniformity across the wafer.
Details on SOG are described in section 5.3. The thickness of the beam is determined by
the deposition time of TaSi,. In this research, accelerometers of 4000 A, 5000 A and
6000 A thick were fabricated. The length of the beam is decided by the mask pattern, and
30 um to 126 pm were chosen as beam length. Fig. 5.2 shows graphs of threshold
accelerometer versus beam length calculated using the triangle model when the appiied
voltage is 1.5 volts for the typical material parameter values of table 5.2. Curve A
represents the beam of I'=0.4um and D =0.5um, while curve B is for T=0.6m and
D =1.5um. The x-interception is about 59 um for an accelerometer of the curve A. This
means that the accelerometer of curve A is ready to snap shut with no acceleration when
the beam length reaches 59 pum, provided the applied voltage is 1.5 volts. The y-intercept
of the curve B is about 414g. This means the device of curve B would not snap shut with
an acceleration less than 414g when 1.5 volts is applied across the gap. The area between
curves A and B represents the threshold acceleration which can be obtained by the devices
with parameters in table 5.2 when the applied voltage is 1.5 volts. Fig. 5.3 shows graphs
of threshold acceleration versus beam length with applied voltage as a parameter. The
device dimension in this graph is fixed as 7=0.5zn and D= Igm. Curves A and B
represent the device operations with the applied voltages of 5 volts and 1 volt,
respectively. The x-interception of curve A is 65 pm, which means that this device is ready
to snap shut when it has a length of 65 pm, even though there is no acceleration imposed

on it, provided that the applied voltage is more than 5 volis. The y-interception of curve B



1.e+5 llll{llll}llll=l1|l=lllI}I|II{,llll{llll{lllllllll
8.e+4 Dimension of beams (in microns) —+
S s A :L=100, T=0.4, and D=0.5 .
= - B : L=100, T=0.6, and D=1.5 .
-..% I Applied voltage : 1.5 volts ]
T Getd
Q
3!
<
=)
=} .
@
g 4.e+d
£ L
-
2.e+4
Oe+0 -

30 40 50 60 70 80 90 100110120 130
Beam Length (Microns)

Figure 5.2 Threshold acceleration versus beam length: (A) For T=0.4 microns and
D=0.5 microns; (B) For T=0.5 microns and D=1.5 microns
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is 70g, which means this device, with an applied voltage of 1 volt, would not snap shut

with an acceleration less than 70g.

5.3 Surface Micromachining

The two primary techniques for fabricating microstructures, which employ essentially
standard IC technologies, are surface micromachining and bulk micromachining, which
now often incorporates wafer-to-wafer silicon fusion bonding. Surface micromachined
structures utilize only deposited and patterned thin films while bulk micromachined
structures also exploit the substrate mechanically, beyond its obvious use as a support. In
both techniques, the silicon substrate is available for device integration but rarely used as
such because of fabrication complexity, thermal and passivation requirements, and low
yields.

A primary ingredient of surface micromachining involves the selective removal of a
sacrificial layer near the completion of the process, i.e. the release, to produce free-
standing or, in the case of cantilever beam, freely moving beam structures. Ideally, the
removal of this sacrificial layer would not affect the other layers in the structure either by
etching them, leaving a residue on them that might promote sticking, or pulling them
together during the etching or drying process. Surface micromachined structures, and in
particular the present cantilever beam accelerometers, do not require substrates. For
convenience, silicon is used because it is a cheap, readily available, clean, mechanically
stable support for the microfabricated structures. For cantilever beam accelerometer
fabrication, the semiconducting nature of the silicon is even disadvantageous, requiring the

formation of a sophisticated dielectric layer to separate devices from one another.

5.3.1 Sacrificial Layer Technique
Sacrificial layer techniques have been used in surface micromachining to fabricate free

standing structures such as cantilevers, bridges and membranes. Fan [80] showed an
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example to demonstrate the sacrificial layer technique. Fig. 5.4 shows the process
sequence of fabricating a microbridge using the surface micromachining technique. First, a
sacrificial layer is deposited on top of isolation layers. A structural layer is deposited and
patterned. Finally, the sacrificial layer is removed by a selective etchant, and the bridge
becomes free standing. The etchant used must have a high selectivity between the
structural and the sacrificial layer, and between the isolation and the sacrificial layers. If
the substrate can resist the etchant during sacrificial layer etching, no isolation layers will
be needed. To shorten the undercut etch time for large structures, apertures can be used to
provide etchant access [81]. The sacrificial layer technique is a single-sided process that
obtains precise dimensional control by controlling deposition and lithography. Also, it
provides many possible choices for material/etchant combinations as long as the selectivity
requirements given in Eqn. 2.1 are fulfilled, as shown in Fig. 5.5. The following section
refers to the possible material combinations and their characteristics for building free

standing structures using the surface micromachining technique.

5.3.2 Material

The sacrificial layer technique of surface micromachining requires a materials system
composed of films with compatible, yet complementary characteristics. The surface
micromachining materials system described by Howe [82] relies on the excellent etch
resistance of silicon to hydrofluoric acid (HF), the primary wet etchant of silicon dioxide.
Electrically insulating and resistant to HF attack, silicon nitride was subsequently
introduced to complement the electrical conductivity of the polysilicon. Silicon nitride is
also standard to the IC fabrication process because of its oxygen diffusion resistance and
hence its use in local oxidation of silicon (LOCOS) processes and, to a lesser extent, its
passivation qualities [83]. Stoichiometric silicon nitride (Si;N,) has been used for
passivating silicon devices because it serves as an extremely good barrier to the diffusion

of water and sodium. The purpose of nitride films, in the fabrication and structure of
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Figure 5.4 Sacrificial layer techniques used in the surface micromachining t.o t:abricate a
o microbridge: (a) Deposition of sacrificial layer; (b) Etch of sacrificial layer;
(c) Deposit structural layer; (d) Sacrificial layer release etch [80]
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cantilever beam accelerometers, differs entirely from that of ICs. Nitride, in IC processes,
provides the oxygen diffusion barrier necessary for LOCOS and is subsequently stripped,
usually in a wet, boiling phosphoric acid/water solution [84]. Nitride, in the cantilever
beam accelerometers, is the primary insulation layer which isolates the stators from the
substrate. Additional compliments of materials could have been similarly chosen, such as,
tungsten and oxide [85], molybdenum and aluminum [86] and even epitaxial layers of
GaAs and AlGaAs [87], although they are less understood, often uncharacterized, and
frequently have worse characteristics than the polysilicon/nitride/oxide system.

In this research, tantalum silicide (TaSi,) rather than polysilicon was chosen as a
structural material for several reasons. It is a low resistive material compared with
polysilicon (approximately an order of magnitude lower); it is compatible with standard IC
processing technique; and most importantly, it has very high electromigration activation
energy [88] which can prevent a possible welding problem associated with the metal
cantilever beam mechanical switch. If tantalum silicide is to be pursued as a micro
electromechanical material, it is necessary that the release etch selectivity of oxide to
tantalum silicide be increased. This can be done by increasing the etch rate of the oxide. A
spin-on-glass (SOG) has an etch rate significantly higher than that of thermal oxides. The
problems of SOG are that the maximum thickness for a single coating is typically less than
1pm, and that the SOG tends to planarize. It makes sharp corners become rounded off
very much like photoresist. The cantilever beam accelerometers, in this research, have
beam lengths much longer than the thickness and width of the beam, and the problems
associated with round-off are not critical. The thickness could be increased to the desired
value by using several layers of SOG spun on sequentially, and the planarity of the
substrate could be maintained by subsequently etching back the SOG.

Because of the specialized use of the three layers, tantalum silicide, nitride, and SOG,
in the surface micromachining process, these materials should be optimized differently for

the sensor/actuator devices than for the integrated circuits. The mechanical properties of
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IC materials are of secondary concern to IC performance. Consequently, the development
and characterization of specialized forms of these materials - tantalum silicide as a
substitute for polysilicon, SOG as a substitute for undoped oxide or phosphosilicate glass

(PSG) and silicon nitride are important for microstructure development.



CHAPTER 6
TANTALUM SILICIDE AS A MICROMECHANICAL MATERIAL
6.1 Background of Silicides

The recent interests in micro electromechanical systems necessitated a closer look at the
transition-metal silicides due to their thermodynamics, electrical and mechanical
properties, and their stability at very high temperatures. Silicides are used to integrate the
micromechanical structures and the interfacing electronic circuits in the same chip. Metal
silicides have attracted scientific curiosity and attention since Moissan developed the
electric furnace [89]. He was possibly the first to systematically prepare various silicides
near the turn of the century. Investigations concerning silicides [90,91] can be grouped
into the following major categories: (1) studies stimulated by the high temperature stability
of many refractory silicides, (2) studies aimed at understanding the physical properties of
silicides in terms of the electronic and crystal structure of the elements and compounds,
(3) studies of silicides as Shottky barriers and ohmic contacts in the integrated circuit
technology, and finally, and more recently, (4) studies of silicides as the low resistivity
metallization for gates and interconnects.

The primary thrust of very large scale integration (VLSI) has resulted in devices that
are smaller (large packing density and hence increased complexity on the chip), faster, and
consume less power. The continued evolution of smaller and smaller devices has aroused a
renewed interest in the development of new metallization schemes for low resistive gates,
interconnections, and ohmic contacts. This interest in new metallization arouses because
as the device sizes are scaled down, the linewidth gets narrower and the sheet resistance
contribution to the RC delay increases. The averages of future scaling are offset by the

interconnect resistance at the gate level with the currently available polysilicon sheet
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resistance of 30 to 60 £/0. Aluminum, tungsten and molybdenum are notable among the
metals proposed for gate and interconnect metallization. The use of aluminum, however,
requires all postgate processing of the devices be limited to very low temperatures,
preferably below S00°C. The use of the refractory metals tungsten and molybdenum
requires complete passivation of these metals from oxidizing ambients, deposition by
means that will not lead to unwanted traps in the gate oxide, and reliable etching of the
metals for pattern generation. The uncertainties associated with the stability of these metal
films have led to a search for alternatives.

The silicides have attracted attention because of their low and metal-like resistivities
and their high temperature stability. The use of silicides, with resistivity about one-tenth
(or lower) of the polysilicon, will certainly improve the speed of the circuits. Silicides are
also attractive for gate and interconnection metallization for the following reasons:
expected higher electromigration resistance, and the possibility of forming silicides directly
on the polysilicon, thus preserving the basic polysilicon MOS gate, while decreasing the

resistance.

6.2 Preparation of Tantalum Silicide

Silicide films can be deposited by cosputtering, coevaporation, and CVD techniques.
Deposition of silicide films by sputtering from a composite target has the advantage of
producing high quality films with high throughput. It has been extensively used in
molybdenum silicide and tungsten silicide polycide gates in very large scale integrations.
The reason for this is that high quality films can be deposited with high throughput. In this
research, tantalum silicide films were deposited by Varian 3125 magnetron sputtering
system from a composite target of TaSi, ,.

All substrates were scrubbed in a substrate cleaner (Ultra t Equipment Co. Model
602) to remove any particle bonded on the surface of the wafers and piranha cleaned (P-

clean, 5:1 H,S0,:H,0, ) for 10 minutes at 110°C to remove any organic residues on the
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wafers. Then the wafers were rinsed in hot deionized (DI) water for 10 minutes followed
by cold DI water rinse for 5 minutes In addition, the silicon wafers were dipped into a
100:1 H,O:HF mixture immediately before they were loaded into the sputtering chamber
to etch off the native oxide after the acid cleaning. The sputter chamber was pumped to a
vacuum of less than 8 x 107 Torr before being back filled with argon gas. The sputtering
was done at an argon pressure of 3 mTorr. The deposition parameters are given in table
7.7. The thickness of the silicide film was measured by a surface profilometer over a step
etched in the film deposited on a silicon wafer.

After deposition, the silicide films were annealed at rapid thermal process system
(RTM 2016) for 30 seconds at the temperatures of 500, 600, 700, 800 and 950°C. These
annealed films were then used to measure the resistivity in a four-point probe system and

also to measure Young's modulus and hardness in a Nanoindenter.

6.3 Properties of Tantalum Silicide
The recent interests in micro electromechanical systems necessitated a closer look at the
transition-metal silicides due to their thermodynamics, electrical and mechanical
properties, and their stability at very high temperatures. Among the transition-metal
silicides, tantalum silicide has very attractive electrical and micromechanical
characteristics. It is a low resistive material compared with polysilicon (approximately an
order of magnitude lower). It has a very high electromigration activation energy which is
1.7 eV [88] (this is almost three times higher than aluminum of which electromigration
activation energy is about 0.6 eV), and this eliminates the reliability problem caused by
electromigration. The hardness of TaSi, is significantly higher than that for many other
silicides. It is compatible with standard IC processing techniques, and has become a
standard material in MOS processing technology [92]. Listed below are some of the
characteristics of the tantalum silicide which make it favorable for the micro sensors and

actuators applications.
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(1) Good adhesion on silicon, silicon nitride and oxide

(2) Low resistivity : 35 - 55 p2-cm

(3) No reaction with aluminum up to 500 °C

(4) As hard as steel : hardness = 1407 kg/mm? (cf : steel = 1500 kg/mm?)

(5) Thermally stable : TCE = 8.8 ppm/°C

(6) Insoluble in H,SO, + H,0, mixture

(7) Good etch resistance in HF, primary wet etchant of SiO, (i.e. sacrificial layer)
(8) Very high electromigration activation energy : 1.7 eV (cf: Al ~ 0.6 eV) [88]

(9) Hard to form a native oxide layer [93]

6.3.1 Resistivity

The resistivity of silicides is the single most important criterion in considering them for
metallization in integrated circuits. Investigations of various metal - silicon systems have
resulted in silicide resistivities that are routinely obtainable [94]. Table 6.1 lists the
resistivities of various silicides [95] formed by reacting this metal film with mono- or
polycrystalline silicon or by cosputtering and sintering a mixture of metal and silicon.
Tantalum silicide, as shown in table 6.1, has a very low resistivity, just slightly higher than
the lowest resistivity of titanium silicide (TiSi,). Even molybdenum silicide (MoSi,) and
tungsten silicide (WSi,) have higher resistivities than tantalum silicide.

Resistivities of tantalum silicide films deposited from a TaSi, ; composite target were
measured. Films of 6000A thick were deposited by sputtering, from a composite target, in
a Varian 3125 magnetron sputtering system. The deposition parameters are given in table
7.7. Film resistivities were measured by the 4 point probe method using FPP-5000 of
Veeco Instruments Inc. Resistivity of the as-deposited films at 300°C in the sputtering
chamber was 272.6 uQ cm. Films were annealed at RTP for 30 seconds for temperatures

of 500, 600, 700 800 and 950°C. The variation of film resistivity with annealing



Table 6.1 Resistivities of various silicides [95]
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Silicide Formed by Sintering Resultant
starting from Temperature (°C) resistivity
(uQ-cm)
TiSi, Metal on polysilicon 900 13-16
Cosputtered 900 25
TaSi, Metal on polysilicon 1000 35-45
Cosputtered alloy 1000 50-55
MoSi, Metal on polysilicon 1100 ~90
Cosputtered alloy 1000 ~100
WSi, Cosputtered alloy 1000 ~70
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Figure 6.1 Resistivity of tantalum silicide thin film versus annealing temperature,
where annealing was performed in RTP for 30 seconds
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temperature is shown in Fig. 6.1. Resistivity decreased rapidly at 600°C and slowly above

800°C. A resistivity of 72 pS2 cm at 950°C is very close to the reported value [96].

6.3.2 Crystalline Structure Analysis

The crystalline structure of the films was examined by X-ray diffractometer (XRD; 30 KV,
20 mA) using Cu K, radiation. The effect of post-annealihg treatment on XRD patterns of
tantalum silicide thin film is presented in Fig. 6.2. The films were of the same thickness
(6000A) and were annealed in a rapid thermal process (RTP) at the temperatures of 500,
600, 700, 800, and 950°C for 30 seconds. As-deposited tantalum silicide films produced
X-ray diffraction spectra showing no evident TaSi, or other peaks as shown in Fig. 6.2
(a). The formation of a broad peak in the films annealed at temperature of 500°C shows
that 20 is around 25° as shown in Fig. 6.2 (b). Films annealed at temperatures above 500°
C exhibit the crystalline hexagonal TaSi, had formed as shown in Figs. 6.3 (a), (b) and (c).
Typical diffraction peaks of hexagonal structure such as (101), (102), (111), (200), and
(112) orientation arise completely in all TaSi, films. It seems that the intensity of each
peak in XRD patterns increases as the annealing temperature increases. It is known [97]
that the density of hexagonal TaSi, is 9.08 g/cm3, Table 6.2 shows the crystal structure of

the tantalum silicide family.

6.3.3 Measurement of Young's Modulus and Hardness

Great strides have been made over the past few years in the development of techniques for
probing the mechanical properties of materials on the submicron scale [98]. The advances
have been made possible by the development of instruments that continuously measure
force and displacement as an indentation is made [99]. The indentation of load-
displacement data thus derived can be used to determine mechanical properties even when
the indentations are too small to be imaged conveniently. The two mechanical properties

measured most frequently, using load and depth sensing indentation techniques, are the
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Young's modulus E and the hardness H. A schematic representation of load versus
indenter displacement curve is shown in Fig. 6.4. The initial increase in this curve
represents the observed displacement due to an increased loading at a constant rate from 0
to the maximum loading P,,,.. The second segment of the curve represents the unloading
at the same constant rate down to 20% of maximum load. From that latter segment, the
deformation contact depth 4, and elastic recovery depth A, can be measured. A linear least
square fit of the upper segment extrapolated down to 0 load yields the value of A, The
difference between the maximum displacement and 4, yields the value of A, The hardness

is obtained at the maximum displacement using the formula
H=P/A (6.1)

where P is the applied load and 4 is the contact area calculated from the known geometry

of the indenter.

— 2 32
A=24.56h7 +225.94h" + 519.61h, (6.2)

Table 6.2 Crystal structure of the tantalum silicide family [21]

Silicide Structure Lattice Density
constant (A) (g/cm3)

TaSi, Hexagonal a=4.7821 ¢=6.5695 9.08

Ta,Si Tetragonal a=6.175 ¢=5.039 13.544

Ta,Si, Tetragonal a=9.88 ¢=5.06 13.401
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Figure 6.4 A schematic representation of load versus indenter displacement data for an
indenter experiment. The quantities shown are P, : the peak indentation
load, h,: the indenter displacement at peak load, h, : the deformation contact
depth, h, : elastic recovery depth
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Assuming that the area in contact remain constant during initial unloading and adopting
Sneddon's solution [100] for the elastic deformation of an isotropic elastic material, the
elastic modulus is obtained from the contact stiffness S, the slope of the unloading curve,

given by
S=dP[dh=2E,[4/x (6.3)

where A is the displacement of the indenter, and E, is the composite modulus for the

indenter/sample combination

i

E = l:]_ Vi +t—‘i] (6.4)
E, E

where E; and E; are Young's moduli for film and indenter, respectively, and v; and v, are
Poisson's ratio for the film and the indenter, respectively. Since v appears as a quadratic
term and therefore represents only a small correction, we took v; = 0.3, while the values
for the diamond indenter E; and v; were taken to be 1010 GPa and 0.213, respectively.
Figures 6.5 and 6.6 represent plots of hardness and Young's modulus, with error
bars, as a function of annealing temperature. In both cases, no significant annealing
temperature dependency are observed. The measured values for hardness and Young's
modulus are 8+ 1 GPa and 158117 GPa, respectively. All measurements were performed
using a Nanoindenter (Nanoindenter is a registered trademark of Nano Instruments, Inc.,
Knoxville, TN) at NJIT's Thin Film Characterization Lab., a schematic illustration of

which is shown in Fig. 6.7.
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displacement sensor [101]



CHAPTER 7

FABRICATION

The fabrication process, for the cantilever beam threshold type accelerometer, is described
here with detail of the practical issues that need to be considered in the development of a
robust tantalum silicide surface micromachined accelerometer fabrication process. All of
the fabrication work was performed at the NJIT Microelectronics Research Center (NJIT
MRC). The starting wafers were 5", <100>, n-type silicon wafers. A detailed process
sequence is illustrated in Appendix A.

The process was a two-level tantalum silicide (TaSi,) process, with silicon nitride
used for the insulation between two electrodes, and spin on glass (SOG) as a sacrificial
layer material. Excluding the metallization steps, only 2 masks and 4 photolithography

steps were required: however both positive and negative photoresists must be utilized.

7.1 Isolation and Cavity Definition
Wafers were scrubbed in a substrate cleaner (Ultra t Equipment Co. Model 602) to
remove any particle bonded on the surface of the wafers and then P-cleaned (piranha
clean, H,SO,:H,0,=5:1) for 10 minutes at the temperature of 110°C to remove organic
residues on the wafers. Then the wafers were hot (60-70°C) DI (deionized) water rinsed
for 10 minutes, cold DI water rinsed for 5 minutes and spin dried.

Then a substrate isolation was performed and this was required to survive the final
hydrofluoric acid (HF) release step of cantilever beams and to give the electrical insulation
between the two electrodes of the accelerometer. This process uses approximately 300A
thick dry oxide and on the top of approximately 1700A thick stoichiometric low pressure
chemical vapor deposition (LPCVD) silicon nitride (Si;N,). After the furnace pre-clean in

H,0:HF=100:1 solution for 60 seconds (to remove about 70A of native oxide layer
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formed after P-clean) followed by hot DI water and cold DI water rinses and spin dry,
wafers were put in the furnace at 950°C with 530 sccm of O, bubbler for 28 minutes. The
process parameters of dry oxidation is given in table 7.1. The reasons for this dry oxide
layer are first for use as an etch stop for the silicon nitride layer on the top of the oxide
and second to release high residual tensile stress of the silicon nitride. Besides dry oxide is
purer than thermal oxide and shows good adhesion on the silicon substrate. After
oxidation, thickness was measured at 13 points on a wafer using the Leitz MPVSP film
thickness measurement system. The average thickness and the standard deviation are
312A and 22A, respectively. Before deciding the thickness of silicon nitride, two
important characteristics needed to be determined. First, the etch rate of the silicon nitride
in 7:1 buffered oxide etch (BOE), also referred to as buffered hydrofluoric acid (BHF)
was measured to determine the ability of silicon nitride to withstand the release etch. Next,
the dielectric breakdown strength was measured to determine the thickness necessary for
isolation between two electrodes. The etch rate of the LPCVD silicon nitride in 7:1 static
BHF was approximately 6A/min. Assuming a release time of 20 minutes, the amount of
silicon nitride consumed would be about 120A.

Dielectric breakdown strength was measured by patterning a 200x200 pm?
aluminum pad on the silicon nitride film SO0A thick, and applying a positive voltage to the
pad with the substrate ground. The average breakdown voltage for 5 points on the wafer
was 48.7 V. This translates to a dielectric breakdown strength of 9.74 x 106 V/cm, which is
very close to the 107V/cm given for stoichiometric LPCVD silicon nitride [102]. The
thickness of as deposited silicon nitride is 1700A and after 20 minutes etch in 7:1 BHF,
the thickness of remaining silicon nitride is 1580A. This means that the maximum voltage
which can be applied across 1580A thick silicon nitride is more than 150 V. In addition to
ihe silicon nitride, there is dry oxide layer undemeéth it of which the dielectric breakdown

strength is 107V/cm [103). It is also known that silicon nitride of less than 2000A thick



Table 7.1 Parameters for dry oxidation

Parameter Value
Tube Temperature 950 °C
Bubbler Temperature 98 °C
O, Bubbler Flow 530 scem
O, Main Flow 7.5 SLM®
Deposition Rate 11A/minute

() standard litters per minute

Table 7.2 Deposition parameters for LPCVD silicon nitride

Parameter Value
DCS® Flow 50 sccm
NH, Flow 120 sccm
Pressure 400 mTorr
Temperature 775 °C
Deposition Rate 52 A/minute

O Dichlorosilane (SiH,Cl,)
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shows no serious stress which leads to film cracking [104]. The deposition parameters are
shown in table 7.2.

The next step is photolithography for the first mask level (mask #1) to define a cavity
into the substrate. The purpose of this cavity is two fold. One is to enhance the planarity
of the finished accelerometer as well as each processing step. Fig. 7.1 shows the difference
in topography of two possible accelerometer designs. Fig. 7.1(a) shows a design with
cavity which has planar topography compared to the other shown in Fig. 7.1(b) which has
no cavity. The other purpose of this cavity is to use the backside of the substrate as an
electrode of the accelerometer. NJIT's standard photolithography process was used. A
summary of the coat, bake and develop conditions is given in table 7.3. Positive
photoresist is coated and patterned to form a cavity into the substrate. This step consists
of a positive resist masked plasma etch of silicon nitride layer in a sulfur hexafluoride
(SF,) based chemistry (the etch rate of silicon nitride is about 388A/min.), another plasma
etch of dry oxide in fluoroform (CHF, or Freon 23) and hexafluoroethane (C,F, or Freon
116) based chemistry (the etch rate is about 487A/min.) followed by the other plasma etch
of silicon substrate in a SF, and monochloropentafluoroethane (C,CIF; or Freon 115)
based chemistry (the etch rate of silicon substrate is about 1572A/min.). Silicon nitride and
silicon substrate etches were done in a Drytek DRIE-100 plasma etcher, while dry oxide
etch was done in a Drytek DRIE-102 plasma etcher. The geometry of the plasma etchers
is such that 6 wafers can be etched simultaneously between 6 pairs of parallel plate
electrodes. The difference between these two etchers is that DRIE-102 has much narrower
gap between parallel plate electrodes than DRIE-100. Silicon nitride and dry oxide were
time etched for 4.5 minutes and one minute, respectively. Silicon substrates were etched
for 2 minutes to make the etched depth of silicon substrate approximately 3000A. Tables
7.4, 7.5 and 7.6 show process parameters for silicon nitride plasma etch, dry oxide plasma

etch, and silicon substrate plasma etch, respectively.
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Figure 7.1 Differences in topography of two possible accelerometer designs:
(a) Accelerometer without cavity; (b) Accelerometer with cavity
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Table 7.3 Standard photolithography process parameters in NJIT
Parameter Value
Vapor HMDS() Temperature 135 °C
Photoresist Shipley 3813
Spin Speed 4500 RPM
Spin Time 25 seconds
Soft Bake Time / Temperature 60 seconds / 110 °C
Exposure Power Density 25 mW/cm?
Developer Shipley MF 319
Develop Time 45 seconds

Hard Bake Time / Temperature

60 seconds/ 115 °C

() Hexamethyldisilazane or (CH;),Si-NH-Si(CH,),
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After the completion of plasma etches of silicon nitride, dry oxide and silicon
substrate, wafers were piranha striped (to remove photoresist) in 5:1 H,SO,H,0,
solution at 110°C for 10 minutes followed by a hot deionized (DI) water rinse at 110°C
for 10 minutes and a cold DI water rinse for 5 minutes. Wafers were then spin dried.
Cavity depth, for 5 points on the wafer, was measured with a step profiler (Dektac I1A).
For a lot of 5 wafers, the mean depth of the cavity was 50874, with a range of 49764 to
5232A.

Table 7.4 Plasma etch parameters for silicon nitride

Parameter Value
SF; Flow 50 sccm
Pressure 150 mTorr

Power 400 Watts
Temperature 25°C
Etch Rate 388 A/minute

7.2 First Tantalum Silicide Deposition - Defining Bottom Electrode
Tantalum silicide was used for the bottom electrode of accelerometers, and was deposited
by sputtering from a composite target in a Varian 3125 magnetron sputtering system. In
order to determine the thickness of the first tantalum silicide layer, two factors should be

considered. First, it must survive the final release etch. For 5 minutes of 7:1 BHF release



Table 7.5 Plasma etch parameters for dry oxide
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Parameter Value
CHF, (Freon 23) Flow 50 sccm
C,F, (Freon 116) Flow 100 scem
Pressure 150 mTorr
Power 400 Watts
Temperature 25°C
Etch Rate 512 A/minute
Table 7.6 Plasma etch parameters for silicon substrate
Parameter Value
SF¢ Flow 50 sccm
C,CIF, (Freon 115) Flow 50 sccm
Pressure 150 mTorr
Power 400 Watts
Temperature 25°C
Etch Rate 1572 A/minute
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etch, the tantalum silicide bottom electrode would be consumed approximately 1000A.
This is because of the etch rate of tantalum silicide in the 7:1 BHF is approximately
186115 A/minute. Next, the thickness of tantalum silicide after release etch should not
exceed 3000A (which is the etched depth of the silicon substrate) to ensure the electrical
insulation between the two electrodes. The effective thickness of the insulation layer
becomes thinner as the thickness of the first tantalum silicide layer becomes thicker than
30004 as illustrated in Fig. 7.2(a). If the thickness of the TaSi, layer is more than 5000A
(which is the actual depth of the cavity obtained by summing up of three layers which
consisted of 1700A of silicon nitride, 3004 of dry oxide and 3000A of silicon substrate),
there is a good possibility of the two electrodes making a short circuit . The reason for this
is that there is a possible connection between the bottom electrode and cantilever beam
anchor as shown in Fig. 7. 2(b). When we considered these factors, we decided on the
bottom electrode thickness of 2800A.

Wafers were furnace pre-cleaned in H,O:HF=100:1 solution for 60 seconds to
remove any native oxide layer. Wafers were then rinsed in hot DI water and cold DI water
and then spin dried. Immediately following the spin dry, the wafers were loaded into the
chamber of the sputtering system. The parameters for tantalum silicide deposition are
given in table 7.7. The one difficulty observed during the deposition of tantalum silicide
was that the stress built in the deposited tantalum silicide film would cause small pieces to
occasionally flake off of the S-gun in the sputtering system. It was also noted that the tiny
flakes often disrupted the plasma over the target. The flakes would sometimes cause a
shorting of the anode to the target which was grounded, and this caused the plasma to be
lost for a while. Since the power applied to the plasma is controlled through a feedback
loop with a deposition rate monitor, the power called for by the deposition controller
would begin to increase, because when the plasma was disrupted, the deposition rate
began to drop off toward zero. When this occurred, the increased power was enough to

quickly melt the small flake of tantalum silicide which caused the short in the first place.
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Figure 7.2 The effective thickness of the insulation layer: (a) When the tantalum
silicide bottom layer is thicker than 3000A; (b) When the tantalum silicide
bottom layer is thicker than S000A
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The plasma would be restored when the flake melted, but at a significantly higher power
than desired. The sudden increase of power would usually result in a loss of the plasma
again. After this cycle was repeated 2 or 3 times, the sputtering system would abort the
deposition process completely. Two things were ultimately implemented to solve this
flaking phenomenon. First, the maximum power for which the deposition controller could
call was limited to 1-2% higher than that required to maintain the desired deposition rate.
This meant that if there was a short in the plasma, the power level at which it came back
on when the flake finally burned up was not significantly higher than where it should have
been to maintain the desired deposition rate. The second, was that the deposition rate was
lowered from 10 A/second to 3 A/second. This seemed to reduce the amount of flaking

that occurred in the deposition chamber.

Table 7.7 Deposition parameters for tantalum silicide

Parameter Value
Deposition Temperature 300 °C
Base Pressure 4.0x 107 Torr
Deposition Pressure 2.2 mTorr
Backiill Gas Argon
Deposition Rate 3 A/second
Target Composition TaSi, ,

After tantalum silicide deposition, negative photoresist (Eagle NT-90) was coated

and oven baked at 85°C for 25 minutes. Spin speed of 5000 rpm gave the thickness of the
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negative photoresist approximately 2.8 pm. A summary of the coat and bake for negative
photoresist is given in table 7.8 [105]). Mask #1 was used again to pattern the bottom
electrodes and wafers were developed in Eagle 2005 developer. A three puddle (the first
puddle for 60 seconds, the second puddle for 60 seconds, and the third puddle for 90
seconds) develop process was implemented in order to obtain the best result. Table 7.8

also presents a summary of the Eagle 2005 developer process steps [106].

Table 7.8 Negative photolithography process parameters

Parameter Value
Photoresist Eagle NT-90
Spin Speed 5000 RPM
Spin Time 30 seconds
Amount of Photoresist 3 ml
Oven Bake Time / Temperature 25 minutes / 85 °C

Exposure Power Density 25 mW/cm?

Developer Eagle 2005 (Diluted)
Develop Time 1st puddle : 60 seconds

2nd puddle : 60 seconds
3rd puddle : 90 seconds

Hard Bake Time / Temperature 60 seconds / 115 °C
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The tantalum silicide layer was then plasma etched, and the etch recipe used is given
in table 7.9. This etch recipe worked well with an etch rate of approximately 400
A/minute. The degree of anisotropy of the etch was nearly one, and the selectivity to the
negative photoresist was about 2.3:1.

After the plasma etch of tantalum silicide, wafers were piranha striped (to remove
negative photoresist) in 5:1 H,SO,:H,0, solution at 110°C for 10 minutes and this was
followed by a hot deionized (DI) water rinse at 110°C for 10 minutes and a cold DI water

rinse for 5 minutes. Wafers were then spin dried.

Table 7.9 Plasma etch parameters for tantalum silicide

Parameter Value
SF, Flow 25 sccm
C:2CIF, (Freon 115) Flow 75 sccm
Pressure 150 mTorr
Power 400 Watts
Temperature 25°C
Etch Rate 400 A/minute

7.3. Sacrificial Layer Deposition and Patterning
In order to create a sacrificial layer, spin on glass (SOG) was coated on the wafers. The
basic requirements for this SOG were that it be etched very fast in HF solution so that the

beam structure is not attacked during the final release etch, and the film be uniform over a
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wafer in order to give a uniform thickness of the gap distance of the accelerometers. The
nominal thickness of Accuglass® 512 SOG furnished by Allied Signal is SO00A per coating
- with thickness variation across wafer is less than 2% [107].

Twelve wafers were coated with SOG once and cured at 400°C for 40 minutes. A
summary of the coat, bake and curing conditions is given in table 7.10. After cure, the film
thickness was measured at 5 points on a wafer using the Leitz MPVSP film thickness
measurement system. The average film thickness on the wafer was 5320A. The standard
deviation was 79A which was about 1.5% of deviation from the average thickness. Eight
wafers were coated with SOG for the second time to make the nominal thickness of the
wafers become 1um. Film thicknesses for 5 points on the wafer were measured afier cure
at 400°C for 40 minutes. The average thickness was 10387A and the standard deviation
was 286A. Four wafers were coated with SOG for the third time to make the nominal film
thickness become 1.5um. After cure, the 5 point thickness measurement showed the
average film thickness and the standard deviation were 14882A and 688A, respectively.
Fig. 7.3 shows the SOG thickness versus points on a wafer.

Wafers were then coated with negative photoresist. The photolithography at this
level became somewhat more difficult than at the previous level, since the photoresist was
required to cover steps as high as 1.5pm. However, the thickness of negative photoresist
was 2.8pum, and there was no difficulty in covering the topography with the photoresist. A
summary of the coat, bake and develop conditions of the negative photoresist is given in
table 7.8. The SOG etch was done in a Drytek DRIE-100 plasma etcher with SF, and
Freon 115 based chemistry. A summary of the etch parameters is given in table 7.11. This
etch recipe is exactly the same as that of dry oxide given in table 7.5, but the etch rate of
SOG is 737 A/minute while dry oxide etch rate is 512 A/minute. The SOG could be wet-
etched in HF containing solution, but wet chemical etch of HF solution might cause an

isotropic etch of SOG resulting in nonuniform sacrificial layer as illustrated in Fig. 7.4(a).



Table 7.10 Spin on glass (SOG) process parameters
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Parameter Value
SOG Allied Signal Accuglass 512
Spin Speed 3000 RPM
Spin Time 20 seconds
SOG Amount 2 ml
Hot Plate Bake Time / Temperature 60 seconds / 150 °C
Hard Bake Time / Temperature 40 minutes / 400 °C
Thickness per Coating 5000 A
Thickness Variation Across Wafer <2%
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The predicted beam structure is shown in Fig. 7.4(b) and it is clear that the beam is not

uniform.

7.4 Second Tantalum Silicide Deposition - Defining Beam Structure
After defining the sacrificial layer, a second layer of tantalum silicide was deposited and
patterned to make the cantilever beam structure. The deposition conditions and plasma
etch parameters used for this process step were exactly the same as those used for the
bottom electrode. Since the steps present on the wafer at this level were approximately
2.1um, a 2.8um thick negative photoresist was used. Beam structures with three different
thicknesses of 4000, 5000 and 6000A were fabricated. The plasma etch time for the

tantalum silicide was 13 to 16 minutes, depending on the thickness of the beam.

Table 7.11 Plasma etch parameters for SOG

Parameter Value
CHF, (Freon 23) Flow 50 sccm
C,F¢ (Freon 116) Flow 100 sccm

Pressure 150 mTorr
Power 400 Watts
Temperature 25°C

Etch Rate 737 A/minute
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Si - Substrate
(c)
Si - Substrate

(d)

Figure 7.4 Isotropic etch of SOG resulting in nonuniform sacrificial layer: (a) nonuniform
sacrificial layer; (b) predicted beam shape with sacrificial layer shown in (a);
(c) nonuniform sacrificial layer seen from A of figure (a); (d) predicted beam -
shape seen from A of figure (a)
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7.5 Metallization

Conductive films are required to provide an interconnection between contacts on devices,
and between devices and the outside world. Cantilever beam accelerometers in this
research, interconnection between contacts on devices is not required, because each
accelerometer has only one individual electrode (which is from the beam) and all the
accelerometers in a die have a common electrode at the backside of the die. Therefore, the
only metallization needed is to connect the beam electrode to a pin at a package. Also, the
backside of the die is to connect to a pin of the package. Aluminum is a viable choice for
single-metal interconnections, since it bonds well to the silicon nitride insulating layers by
a relatively short heat treatment [108]. The downside is that aluminum is subject to attack
by the HF containing solution which is necessary for the sacrificial layer release etch which
comes at the very last step of the whole fabrication step. It was necessary to find an
alternate source of metallization which is not attacked by the HF containing solution.
Tantalum silicide was chosen again as a interconnecting metal layer because it has a good
etch resistance in HF and it also satisfies all the desired properties of interconnecting
metallization for integrated circuits. These are listed below [109] :
(1) Low resistivity.
(2) Easy to form.
(3) Easy to etch for pattern generation.
(4) Should be stable in oxidizing ambients; oxidizable.
(5) Mechanical stability; good adherence, low stress.
(6) Surface smoothness
(7) Stability throughout processing, including high temperature sinter, dry or wet

oxidation, gettering, phosphorous glass passivation, metallization,
(8) No reaction with final metal, aluminum.
(9) Should not contaminate devices, wafers, or working apparatus.

(10) Good device characteristics and lifetimes.
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For a metal interconnection layer, a third tantalum silicide of 8000A was sputter
deposited and patterned (mask #3) using the same deposjtion conditions and plasma etch
parameters used for the bottom electrode. Since the steps present at this level were
approximately 2.9 um, a 3.2 pm thick negative photoresist was used. The spin speed was
adjusted to 3500 rpm to make the thickness of the negative photoresist 3.2 um. The
plasma etch time for the tantalum silicide was 22 minutes. Fig. 7.5 shows a completed

metal interconnection.

7.6 Sacrificial Layer Release Etch
The final process step in the cantilever beam accelerometer was to release the beams by
removing the sacrificial layer of spin on glass. The complete unreleased accelerometers
were etched in 7:1 static BHF for 5 minutes. With an etch rate of the SOG of
approximately 1.1 pm/minute, the 9um wide beam would be completely released. Some of
the wider beams would require more time. After 5 minutes etch and subsequent rinse and
dry, the beams were inspected. The beams showed no signs of warpage and were
remarkably strong (a beam 126 pm long was bent almost 90°, and sprang back to its
original shape with no sign of damage). And beams with identical cross section, but
changing lengths, were found to be straight and free of bowing as shown in Fig. 7.6, and
Fig. 7.7 shows a complete released cantilever beam accelerometer. However, the tantalum
silicide beam edges were eroded a bit since the edges were attacked by BHF. Fig. 7.8
shows eroded beam edges attacked by BHF during the final release etch. Beams etched

more than 10 minutes showed serious erosion at the beam edges and some were broken as

well.



Figure 7.5 Optical micrograph showing the completed metal pad
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Figure 7.6 Scanning electron micrograph showing the released beam with identical
cross section with different lengths. It shows the beams are straight and
free of bowing.



Figure 7.7 Scanning electron micrograph showing a completely released beam
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Figure 7.8 Scanning electron micrograph showing eroded beam edges attacked by BHF



CHAPTER 8

TEST OF ACCELEROMETERS

8.1 Electrostatic Attraction Test

After metallization, as described in section 7.5, wafers were diced into individual dies.
These dies were then put into the boiling acetone (boiling temperature of acetone is
56.2°C) for approximately 10 minutes to remove the wax which was coated on the top of
the wafers. This coating of wax was for the protection of the devices during the wafer
dicing procedure. After they were rinsed in cold DI water for 5 minutes, the dies were
then put into the methanol and blow dried using nitrogen gas. Dies were then released in
the 7:1 BHF for 5 minutes to free the beams, whose widths are 6 um and 9 pm. Dies were
blow dried with nitrogen gas after hot DI water and cold DI water rinses.

Fig. 8.1 shows the overall system configuration used for the electrostatic attraction
test. A source measurement unit (Keithley model 236) is connected to the IEEE-488 bus
of the computer using a model 7007 IEEE-488 cable. A micro probe station, which is
used as a test fixture, is also connected to the model 236 source measurement unit. An
electrical equivalent circuit, of this test system, is illustrated in Fig. 8.2. The model 236
source measurement unit generates either a linear or a logarithmic sweep signal which is
represented by the variable voltage source in Fig. 8.2, This unit is also equipped with a
programmable current limiting circuit to protect the entire system, and this is represented
by the resistance in the equivalent circuit. An accelerometer goes into the on position
when the applied voltage to the accelerometer reaches the threshold level, and then the
circuit makes a closed loop. The current flowing through this closed circuit is measurable
with the installed ammeter. Fig. 8.3 shows current versus applied voltage for an
accelerometer with T=0.5 pm, L=99 pm, and D=1.0 um. The onset voltage is 2.2 volts

and it reaches the preset current limit of 10 mA at 2.27 V. The resistance of this
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Keithliay Model 8006
or 8002A Test Fixture

Keithley 236 or 237

‘V'

| IEEE- |

| 488 K

L interface
IBM-PC AT or

Compatible with EGA or CGA

IEEE-488
Bus

Source Measure Unit

Figure 8.1 Overall system configuration used for the electrostatic attraction test

DC

Variable __1, <
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Figure 8.2 Electrical equivalent circuit of Fig. 8.1
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accelerometer, obtained by Ohm's law, is 7 ohms. The theoretical threshold voltage of this
accelerometer is 1.75 volts from Eqn. (4.21). If the processing tolerances are taken into
account, the theoretical threshold voltage ranges from 0.99 to 2.55 volts, and the
measured threshold voltage of 2.2 volts resides in this range. The theoretical threshold
voltage range is obtained by using the device dimension, with the expected error limits set
by the processing parameters as described in table 8.1. For the particular batch of devices
tested, variations of 2.8% for the deflection gap is assumed based on the variations of the
SOG thickness on the wafer. For the theoretical threshold voltage calculation, the
deflection gap is assumed to 2000A wider than the thickness of the SOG sacrificial layer
because, the first and the second tantalum silicide layers are also etched by 7:1 BHF for 5
minutes, and this results in an approximate 10004 etch for each layer. The thickness of the
beam is assumed to have an 1.5% tolerance based on the variation of the tantalum silicide
thickness on the wafer. An 11% tolerance is assumed for Young's modulus, since the

measured value shows 158.1+16.7 GPa as described in section 6.3.3.

Table 8.1 Tolerances of processing parameters to calculate the threshold voltage range

Parameter Original value After release etch Tolerance
Length 30 - 126 um - 1000A + 5 um
Thickness 5120A - 2000A + 1.5%
Deflection Gap 104724 +2000A + 2.8%

Young's Modulus 158 GPa 158 GPa + 11%
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Figure 8.4 Measured threshold voltage for accelerometer closure during electrostatic
attraction tests of accelerometers. The solid lines represent theoretical
threshold voltages with the processing tolerances taken into account.
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The electrostatic attraction test results for 20 beams are shown in Fig. 8.4 and
obtained data are given in table 8.2. The majority of the results fall within the expected
error limits set by the processing parameters as shown in table 8.1. The electrostatic
attraction test involved voltages ranging from 2.2 to 37.0 V, and these correspond to
threshold acceleration levels in the 580 to 185000 g region. Despite the current limiter in
the model 236 source measurement unit, beams tend to weld shut after the measurement is
finished. However, most of the beams can be re-opened by lightly tapping the back of the
dies. On-off tests of beams were performed using a circuit similar to Fig. 8.2. In order to
limit the current passing through the contact pads after electric.ally closing the
accelerometer, a 1MC resistor, in series with the accelerometer, was used as a current
limiter. The on and off states of the accelerometer were detected by measuring the voltage
across the resistor. When the accelerometer was on, there was a voltage reading across
the resistor, and when it was off, there was no voltage reading across the resistor. Beams
were closed and opened repeatedly, while the voltage applied to the accelerometers were
alternatively increased and decreased. Fig. 8.5 shows the results of the on-off tests of the
beams with the lengths of 48 um, 75 pm, and 99 um. The on and off voltages for the
beam of 48 um long, are 11+0.6 volts and 10+0.4 volts, respectively. The beam of 75
pum long showed on and off at 4+0.2 volts and 3+0.2 volts, respectively, and the beam of

99 um long showed on and off at 2+0.3 volts and 1.51+0.2 volts, respectively. The

obtained data are given in table 8.3.

8.2 Centrifuge Acceleration Test
After being released in the 7:1 BHF and subsequent rinses and nitrogen gas blow dry, two
dies were mounted on to flat dual-in-line packages using epoxy and then wired up. The
acceleration test was carried out in a specially designed centrifuge with an acceleration
range of 282 through 11200 g's. The test apparatus consisted of a rotating disk powered

by an AC/DC motor, a variac to adjust the motor speed, a high speed slip ring which
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connected the accelerometer to an electrical test circuit as shown in Fig. 8.6. The disk had
5 holes with different radii, 6.1 cm, 8.4 cm, 10.4 cm, 12.8 cm and 17.6 cm, to fasten the
accelerometer holder with a screw, and 5 more radially symmetric holes for a weight to
balance the whole disk, and to prevent it from wobbling. The electrical test circuit
consisted of a DC power supply and a LED indicator. A variable DC power supply was
chosen to apply the necessary variable bias voltage to the accelerometer. The motor speed
can be controlled by changing the input voltage to the motor through the use of a variac.
A transistor circuit for current amplification was also incorporated to lower the switching
current of the cantilever to 0.5-1.0 mA. When the test samples were run in the centrifuge,
the closing of the switch was indicated by the lighting up of the LED, and the instance of
reopening of the cantilever was signaled by the extinguished LED. Six beams were tested
and, the test results, together with the expecied theoretical threshold acceleration levels
with processing tolerances taken into account, are plotted in Fig. 8.7. The tested data are
given in table 8.4. The results fall within the expected tolerance range. The processing
tolerances are based on the same assumptions as were used for the electrostatic attraction
test, and these are discussed in section 8.1. The range of accelerations tested varied from
282 to 11200 g. Beams were re-opened in the centrifuge once the applied acceleration was
reduced below its threshold level. This seemed that lower current could alleviate the
welding problem but there were no sufficient experimental data to prove this. We
experienced some difficulties in bringing the centrifuge back to the previous speed which
gave the threshold acceleration to the device. It was because the friction between the
rotating and static parts of the slip ring was not constant all the time. An even slightly
higher speed did not close the accelerometer again. Therefore, the repeated operation, of
the threshold acceleration test, was performed by adjusting the applied voltage, to the
device, with the imposed acceleration set to an accelerometer constant. For an
accelerometer of 75 um long, the acceleration of 5000 g was imposed, by setting the

motor speed to 5050 rpm and the radius of the disk to 17.6 cm. With these settings, the



106

153} UONRIS[3D0. SFNJLIUID 1) 10] pasn smieredde 359, 9°g 2anS1

) Q-
JBLIEA
Isjowoyoe], O—

¥ 3

agdi NM

£iddns
mod Hq 1010/ 3
dury RV
I VAVAVAVAV ey
. |
I9p[0Y I9)oUWOIS[FOIY. jlll.}#ﬁj.ﬂll II&.]..\.]J
T ]
A J% Sunejoy
» Sur dis o, s3un difS 19P[OY IS1OWOIA[SII. )

90UERq I9UNO0D 03 W9

)

» Su dys o],



107

l‘IIIIlll|I“I!lrllllll‘!l‘l!ll‘ll|ﬁl||lII‘\I“]!!‘
A : Upper limit of the threshold acceleration
1.e+6 E B : Lower limit of the acceleration q
. @ : Measured values 1
X ]
s | ]
S 1.e+5
— e+ —+ -
© :
o N ]
o
_g 1.e+4 —E' EN
7] a 3
[ C ]
i o ™ 4
|_ - =
1.e+3 - =+
X .
1.e+2 I{IIll=lIII_‘[llll{llll{llLlIIIILIIIIIJIIIIIILLIII=JIII

30 40 50 60 70 80 90 100 110 120 130
Beam Length (micron)

Figure 8.7 Measured threshold acceleration for accelerometer closure during
centrifuge attraction tests of accelerometers. The solid lines represent

theoretical threshold accelerations with the processing tolerances
taken into account



108

1S9} ST} UI S19]3WO0I3[38 3} [[e JOJ pasn sem (53joa) ¢ Jo aejjoa pardde uy

0 1483 78T LYol 1A LS 6 9?1 9V
0 1453 (743 TLvol 1A RS 6 9Tl SV
0 89¢TC 0861 LYol TALS 6 66 144
0 89¢C 0027 LYol 1A LS 6 66 13
sl Clell 008L LYol 1A Y 6 SL (A4
(443} TItll 00T11 LYol 748 6 SL v
(3) Te @ T ® W \'))
iy oMo | 3y Jaddn e panseajy | deS uonoepge | ssewjomyl (ur) yipi | (wr) yBuag #9019

159) UONBIS[200. ATNJLIIUID S} 0} SUOTIAPUN SIIJFUWIOID[IIIE JO UONRII[AIIR PJOYSIIY) PAINSES '8 JIqEL



109

applied voltage was increased to close the accelerometer contacts. Fig. 8.8 shows the
result of the repeated operation with the fixed imposed acceleration. Graph A is for the
beam of 75 pm long, and an imposed fixed acceleration of 5000 g. This beam closed at the
applied voltage of 15.2 V, opened at 13.9 V, re-closed at 14.7 V, and re-opened at 13.8
V. Graph B is for the beam of 99 um long, and an imposed fixed acceleration of 2000 g.
This beam closed at the applied voltage of 3.2 V, opened at 2.1 V, re-closed at 3.4 V, and

re-opened at 2.2 V. Table 8.5 shows the data obtained from this repeated operation.
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CHAPTER 9

SUMMARY AND CONCLUSIONS

Surface micromachined tantalum silicide threshold accelerometers were successfully
designed and fabricated in this work. By using tantalum silicide as a beam material, the
need of metal contact on the beam or metal line along the beam length was completely
eliminated, making the process steps simpler and saving at least one mask level. The use of
tantalum silicide prevents the curling of the beam under thermostatically induced stress or
warpage of the beam due to differential thermal expansion coefficient between the beam
material and metal contact. There had been no previous research on tantalum silicide
accelerometers.

The accelerometers were fabricated using a novel surface micromachining process
developed in this research. The process involved fewer fabrication steps than other
approaches including: (1) accelerometers by Forbenius [18] which utilized electro-
deposition and evaporation of three different metals (titanium, gold, and nickel) and
require at least 4 mask levels.; (2) Honeywell [19] accelerometers which required along-
the-beam metallization on the top of the beams to provide conducting switch contact and
also needed field-assisted anodic bonding of the glass plates, which is not suitable for
batch fabrication. (Honeywell accelerometers use bulk micromachining processing of
silicon substrates and thus require anodic bonding.); (3) Motorola accelerometers [19]
which have deposited metal (gold) at the tip of the beam to provide conducting switch
contact. (At least 4 mask levels are required to fabricate the devices.); (4) Harry Diamond
Laboratories (HDL) accelerometers [19] which require evaporated gold-nickel-gold
sandwich beams to provide conducting switch contact of the accelerometer, (At least 4
mask levels are necessary.); (5) accelerometers made by Loke [20] which require
evaporated chrome and gold lines running along the beam length to provide the

conducting switch contact. Loke's accelerometers use bulk micromachining process which
g g p
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required anodic bonding of Pyrex glasses and at least 3 mask levels. Table 9.1 compares
the result and advantages of cantilever beam accelerometers made in other research. The
tantalum silicide accelerometers developed in this research do not require additional
metallization because of the low resistivity (270 u2-cm for as deposited films at 300°C).
Thus they provide for low contact resistance for fast switching and low power
consumption at the contact point.

The normal three-mask level process steps required for fabrication of cantilever
beam, cavity formation (mask #1), sacrificial layer (mask #2), and beam structure (mask
#3), were reduced to a two-mask level process by utilizing both positive and negative
photoresists. NJIT's standard photolithography steps were used for positive photoresist;
however for the negative photoresist a multi-puddle process was developed to obtain 4
micron resolution.

The electrostatic attraction tests of the fabricated tantalum silicide accelerometers
showed that as the beam length varied from 30 to 126 um the threshold voltage to close
the accelerometer switch varied from 2.2 to 37.0 volts, corresponding to threshold
acceleration levels from 580 to 18,500 g. Nearly 70 percent of the threshold voltage
results fell within the expected error limits set by the accuracy of the device dimensions
when processing tolerances (see table 8.2) were taken into account. About 20% of the
accelerometers tested were closed and opened up to 3 times. The failure after closure was
attributed to the welding of contacts since approximately 1 mA was passed through when
contact made. Centrifuge acceleration tests of accelerometers were carried out in a
specially designed centrifuge in an acceleration range of 282 to 11,200 g. Nearly 80
percent of the threshold acceleration results fell within the expected error limits set by the
accuracy of the device dimensions when processing tolerances (see table 8.2) were taken
into account.

It was concluded that the tantalum silicide threshold accelerometers have excellent

potential for single acceleration threshold detection because they can be batch fabricated at
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low cost and with a variable threshold depending on the selected device dimensions.
Applications could include impact acceleration sensors for automobiles and other vehicles
or centrifugal force sensors in rotary machines.

It is suggested that the current design and fabrication process need to be improved
for better operation and yield. Mask #1, which defines the cavity, needs to be wider to
give more room for the beam to be located inside the cavity. Since the same mask was
used three times (to define cavity, bottom electrode, and sacrificial layer), a careful mask
design and improvement of the negative photoresist resolution are desired.

As described in section 7.2, the etch rate of tantalum silicide in 7:1 BHF is 186+8%.
While it takes 5 minutes for complete removal of SOG sacrificial layer, the tantalum
silicide beam can be etched by BHF during the time the SOG layer is being etched away.
To avoid the variation in the final thickness of the beam due to the 8% of uncertainty in
the BHF etch rate of tantalum silicide, the tantalum silicide beam could be protected
against etching by BHF by using a polysilicon layer deposited on the tantalum silicide. This
could be done with no additional mask.

As shown in Fig. 8.5 on page 109, the accelerometers tended to fail after 3 times of
operation due to the contact welding. For a longer life of accelerometers, it is suggested
that the test current be limited less than 0.1 mA. The contact forces can be greater with
the large end mass, making contact less sensitive to the presence of debris, and the
restoring forces of the beams become greater, making it more likely that deflected beam

will remain free.



APPENDIX A

DETAIL OF PROCESS SEQUENCE

A.1 Process Flow

Silicon nitride
(Dry oxide underneath)

Si-Substrate

Figure A.1 LPCVD silicon nitride deposition (process steps 1-11)
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Figure A.2 Pattern definition for cavity (process steps 12-13)

PR (Positive)
_ Silicon nitride

Si-Substrate

Figure A.3 After development of photoresist (process step 14)
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PR{Positive)
E Silicon nitride

Si-Substrate

Figure A.4 After plasma etches of silicon nitride, dry oxide and silicon substrate (process
steps 15-17)

Silicon nitride

Si-Substrate

Figure A.5 Patterned silicon nitride and etched cavity in silicon substrate (process steps
18-20)

Tantalum silicide
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Figure A.6 Deposited tantalum silicide for bottom electrode (process steps 21-27)
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Figure A.7 Pattern definition for bottom electrode (process steps 28-29)
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Figure A.8 After development of negative photoresist (process step 30)
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Figure A.9 Defined tantalum silicide bottom electrode (process steps 31-34)
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Silicon nitride
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Figure A.10 Deposited SOG and developed negative photoresist (process steps 35-44)

Silicon nitride
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Figure A.11 Patterned SOG sacrificial layer (process steps 45-48)
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Figure A.12 Deposited tantalum silicide for beam structure (process steps 49-55)
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Figure A.13 Pattern definition for beam structure (process steps 56-57)
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Figure A.14 After development of negative photoresist (process step 58)
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Figure A.15 Completed cantilever beam after BHF release etch (process steps 59-63)
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12.

13.
14.

15.

16.

17.

18.
19.

A.2 Process Traveler Steps

P-clean, 5:1 H,SO, : H,0,, 110 °C, 10 minutes

DI rinse, 10 minutes hot, 5 minutes cold

Spin dry

Furnace pre-clean, 100 : 1 HF Dip, 25 °C, 60 seconds
DI rinse, 5 minutes cold

Spin dry

Dry oxidation, 300 A

Furnace pre-clean, 100 : 1 HF Dip, 25 °C, 60 seconds
DI rinse, 5 minutes cold

Spin dry

120

Deposit LPCVD silicon nitride, S0 sccm DCS, 120 sccm NH, , 400 mTorr, 775 °C

1700 A

Vapor HMDS, chill, coat wafers with Shipley 3813 photoresist, 4500 RPM,
soft bake @ 110 °C, 60 seconds (Prog #1)

Expose photoresist, 10 seconds, mask #1

Develop 45 seconds with Shipley MF319 developer, hard bake @ 115 °C

60 seconds (Prog #2)

Plasma etch silicon nitride, 50 sccm SF,, 150 mTorr, 25 °C, 400 Watts, 388
A/minute, 5 minutes, then measure and adjust remaining etch time accordingly
Plasma etch dry oxide, 50 sccm CHF;, 100 sccm C,F,, 150 mTorr, 25°C, 400
Watts, 512 A/minute

Plasma etch silicon substrate, 50 sccm SF, 50 sccm C,CIF,, 150 mTorr, 25 °C,
400 Watts, 1572 A/minute

P-strip photoresist, 5:1 H,SO, : H,0,, 110 °C, 10 minutes

DI rinse, 10 minutes hot, 5 minutes cold



20.
21.
22.
23.
24.
25.
26.
27.
28.

290.
30.

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.
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Spin dry

P-clean, 5:1 H,SO, : H,0,, 110 °C, 10 minutes

DI rinse, 10 minutes hot, 5 minutes cold

Spin dry

Fumace pre-clean, 100 : 1 HF Dip, 25 °C, 60 seconds

DI rinse, 5 minutes cold

Spin dry

Sputter deposit TaSi,, 300 °C, 2.2 mTorr, 3 A/second, 2800 A

Coat wafers with Eagle NT-90 negative photoresist, 5000 RPM, oven bake @ 85
°C 25 minutes

Expose negative photoresist, 40 seconds, mask #1

Develop using a three puddle method (60, 60 and 90 seconds) with Eagle 2005
developer, hard bake @ 115 °C 60 seconds

Plasma etch TaSi,, 25 sccm SF, 75 sccm C,CIF,, ‘l 50 mTorr, 25 °C, 400 Watts
P-strip negative photoresist, 5:1 H,SO, : H,0,, 110 °C, 10 minutes

DI rinse, 10 minutes hot, 5 minutes cold

Spin dry

P-clean, 5:1 H,SO, : H,0,, 110 °C, 10 minutes

DI rinse, 10 minutes hot, 5 minutes cold

Spin dry

Furnace pre-clean, 100 : 1 HF Dip, 25 °C, 60 seconds

DI rinse, 5 minutes cold

Spin dry

Coat wafers with SOG, Allied Signal Accuglass 512, 3000 RPM, bake @150 °C,
60 seconds, hard bake @ 400 °C, 40 minutes

Coat wafers with Eagle NT-90 negative photoresist, 5000 RPM, oven bake @ 85

°C 25 minutes



43.

43.
46.
47.
48.
49.
50.
51.
52.
53.

55.
56.

57.
58.

59.
60.
61.
62.
63.
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Expose negative photoresist, 40 seconds, mask #1

Develop using a three puddle method (60, 60 and 90 seconds) with Eagle 2005
developer, hard bake @ 115 °C 60 seconds

Plasma etch SOG, 50 sccm CHF;, 100 sccm C,F¢, 150 mTorr, 25 °C, 400 Watt
P-strip negative photoresist, 5:1 H,SO, : H,0,, 110 °C, 10 minutes

DI rinse, 10 minutes hot, 5 minutes cold

Spin dry

P-clean, 5:1 H,S0, : H,0,, 110 °C, 10 minutes

DI rinse, 10 minutes hot, 5 minutes cold

Spin dry

Furnace pre-clean, 100 : 1 HF Dip, 25 °C, 60 seconds

DI rinse, 5 minutes cold

Spin dry

Sputter deposit TaSi,, 300 °C, 2.2 mTorr, 3 A/second, 4000, 5000, 6000 A,
Coat wafers with Eagle NT-90 negative photoresist, 5000 RPM, oven bake @ 85
°C 25 minutes

Expose photoresist, 40 seconds, mask #2

Develop using a three puddle method (60, 60 and 90 seconds) with Eagle 2005
developer, hard bake @ 115 °C 60 seconds

Plasma etch TaSi,, 25 sccm SF, 75 scem C,CIF,, 150 mTorr, 25 °C, 400 Watts
P-strip negative photoresist, 5:1 H,SO, : H,0,, 110 °C, 10 minutes

DI rinse, 10 minutes hot, 5 minutes cold

Spin dry

Sacrificial SOG release etch
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