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This material may be protected by Copyright law (Title 17 U.S. Code}

Chapter 1
Sensing the Real World

Lj. Ristic and R. Roop
Motorola

Sensors are devices that provide an interface between electronic equipment and
the physical world. They help electronics to “see,” “hear,” “smell,” “taste,” and
«touch.” In their interface with the real world, sensors typically convert nonelectrical
physical or chemical quantities into electrical signals. This chapter provides a brief
introduction to the world of sensors. The discussion includes a classification of sen-
sors and a description of the basic parameters used for sensor characterization. Also,
the basic aspects of sensing systems are discussed. Finally, the chapter concludes
with comments on the growth of the sensor industry in the years to come.

1.1 INTRODUCTION

Microsensors have become an essential element of process control and analytical
measurement systems, finding countless applications in, for example, industrial
monitoring, factory automation, the automotive industry, transportation, telecom-
munications, computers and robotics, environmental monitoring, health care, and
agriculture; in other words, in almost all spheres of our life. The main driving force
behind this progress comes from the evolution in the signal processing. With the

Nintendo Exhibit 1010
Page 0013



can be found in many products, such as microwave and gas ovens, refrigerators,
dishwashers, dryers, carpet cleaners, air conditioners, tape recorders, TV and stereo
sets, compact and videodisc players. And this is just a beginning.

1.2 SENSOR CLASSIFICATION

Sensing the real world requires dealing with physical and chemical quantities that
are diverse in nature. From the measurement point of view, all physical and chemical
quantities (measurands) can be divided into six signal domains [2].

1. The thermal signal domain: the most common signals are temperature, heat,
and heat flow.

2. The mechanical signal domain: the most common signals are force, pressure,
velocity, acceleration, and position.

3. The chemical signal domain: the signals are the internal quantities of the matter
such as concentration of a certain material, composition, or reaction rate.

4. The magnetic signal domain: the most common signals are magnetic field in-
tensity, flux density, and magnetization.

5. The radiant signal domain: the signals are quantities of the electromagnetic
waves such as intensity, wavelength, polarization, and phase.

6. The electrical signal domain: the most common signals are voltage, current,
and charge.

As mentioned, sensors convert nonelectrical physical or chemical quantities
into electrical signals. It should be also noted that the principle of operation of a
particular sensor is dependent on the type of physical quantity it is designed to sense.
Therefore, it is no surprise that a general classification of sensors follows the clas-
sification of physical quantities. Accordingly, sensors are classified as thermal, me-
chanical, chemical, magnetic, and radiant.

There is also a classification of sensors based on whether they use an auxiliary
energy source or not. Sensors that generate an electrical output signal without an
auxiliary energy source are called self-generating or passive. An example of this
type of sensor is a thermocouple. Sensors that generate an electrical output signal
with the help of an auxiliary energy source are called modulating or active. Figure
1.1 shows symbolic presentations of self-generating and modulating sensors. Here,
5, represents the input signal, s, is the output signal, and a, is the auxiliary energy
source. In modulating sensors, the auxiliary energy serves as a main source for the
output signal, and the measured physical quantity modulates it. This class of sensors
includes magnetotransistors and phototransistors. Modulating sensors are the best
choice for the measurement of weak signals.

In addition to the preceding classifications, there are many others based on
some common features. A good example is automotive sensors, where the common
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(@) (b)

Figure 1.1 Symbolic presentation of self-generating and modulating sensor: (a) self-generating sensor;
(b) modulating sensor, where s, is the input signal, s, is the output signal, a, is the auxiliary
energy source.

feature is the application in automobiles for engine and vehicle control. A curious
reader can find more information about the classification of sensors in a recently
published book on silicon sensors [3].

1.3 SENSOR PARAMETERS

Performance of sensors, like other electronic devices, is described by parameters.
The following section briefly describes the most common sensor parameters. This
section is included to help in understanding the devices described in the forthcoming
chapters.

 Absolute sensitivity is the ratio of the change of the output signal to the change
of the measurand (physical or chemical quantity).

» Relative sensitivity is the ratio of a change of the output signal to a change in
the measurand normalized by the value of the output signal when the measurand
is 0.

+ Cross sensitivity is the change of the output signal caused by more than one
measurand.

« Direction dependent sensitivity is a dependence of sensitivity on the angle be-
tween the measurand and the sensor.

» Resolution is the smallest detectable change in the measurand that can cause a
change of the output signal.

« Accuracy is the ratio of the maximum error of the output signal to the full-scale
output signal expressed in a percentage.

* Linearity error is the maximum deviation of the calibration curve of the output
signal from the best fitted straight line that describes the output signal.

 Hysteresis is a lack of the sensor’s capability to show the same output signal at
a given value of measurand regardless of the direction of the change in the
measurand.
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Offset is the output signal of the sensor when the measurand is 0.

+ Noise is the random output signal not related to the measurand.

Cutoff frequency is the frequency at which the output signal of the sensor drops
to 70.7% of its maximum,

» Dynamic range is the span between the two values of the measurand (maximum

Naleci mem L s annien A har cano e

'l TRANSDUCER | . ‘ PROCESSING | I KANJUULER

Figure 1.2 Simple block diagram of the sensing system.
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1.5 SENSOR INDUSTRY GROWTH

The sensor industry has grown rapidly in recent years to reach $5 billion in 1990,
Figure 1.4 [10,11]. The market share is rather evenly divided between the United
States, Japan, and Europe, each having about a third of the world sensor market,
Figure 1.4(b). The rest of the world has about 14% of the world sensor market. The
trend is expected to continue through the year 2000. The compound annual growth
by the year 2000 is projected to be 8%. Much of this growth is due to the rapid
development of silicon sensor technology and its capability to deliver reliable, small,
and cost-effective devices for widespread applications.

It should be emphasized that a main reason for the rapid growth of silicon
sensors is legislation affecting the automotive industry and requirements to build
better and safer vehicles, which means, among other things, vehicles with more
electronics. Since the 1960s, the percentage of a car’s cost from the electronic system
has been gradually increasing as shown in Figure 1.5 {12]. By the year 2000 au-
tomotive electronics will average around 25% of the cost of a vehicle. A significant
portion of automotive electronics will be sensing systems. For example, federal reg-
ulations in the United States require safety and environmental features such as air
bags and monitoring of exhaust emissions, as well as improved mileage. This, in
turn, requires efficient accelerometers and gas and pressure sensors. The automotive
market is, no doubt, the biggest segment of the sensor market. The revenues for the
automotive sensor market in 1990 were $2.3 billion, 46% of the total sensor market.
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Figure 1.4 World sensor market: (a) the total sensor market is expected to grow to $13 billion by the
year 2000; (b) world sensor market by regions, where ROW is the rest of the world.
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Figure 1.5 The cost of electronics in the car.

billion by the year 2000, Figure 1.6 [11,13].
zd among the United States, Japan, and Eu-
ay through the year 2000, Figure 1.6(b). It
of sensors presently used will still represent
- year 2000. An example is shown in Figure
tket [11,13]. The five major sensors (speed,
nd pressure) will still dominate the market.
FINALLY, 1t SuUuIU e punnea va, that the second largest application of sensors
is in the industrial sector. Figure 1.8 shows an example for the U.S. market where
industrial applications are about 30% of the total market [11,13]. The other important
applications are in the biomedical and computer industries. This share of the market
is expected to stay steady through the year 2000.

1.6 SUMMARY

The focal point of this chapter was an introduction to the world of sensors. The basic
classification of sensors was presented as well as the description of common param-
eters used for sensor characterization. The discussion also included a simple de-
scription of sensing system and an elaboration on seamless sensor systems. Finally,
the comments on the current and future sensor market are presented.
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Figure 1.6 World automotive sensor market: (a) the total automotive sensor market is expected to grow
to $6.2 billion by the year 2000; (b) world automotive sensor market by regions.
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-Japan

United States

Figure 1.8 The U.S. sensor market by application.
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Chapter 3
Bulk Micromachining Technology

Lj. Ristic, H. Hughes, and F. Shemansky
Motorola

3.1 INTRODUCTION

The significant progress made in recent years with microsensors and microactuators
is due primarily to advances in micromachining technology. Micromachining tech-
nology allows the fabrication of mechanical structures with very small dimensions
(in the micrometer range). Generally, micromachining technology can be classified
as either bulk micromachining or surface micromachining. Bulk micromachining
technology is based on single crystal silicon etching, and the mictromechanical struc-
tures developed with this technology are made of either silicon crystal or deposited
or grown layers on silicon. Surface micromachining, on the other hand, utilizes de-
posited ot grown layers on top of the substrate to fabricate micromechanical devices.
There are considerable differences between these two approaches; therefore, they are
described in two separate chapters. Chapter 3 will focus on bulk micromachining,
and Chapter 4 will cover surface micromachining.

Micromechanical structures produced using micromachining technology can be
divided into three groups: static, dynamic, and kinematic. Static micromechanical
devices include fixed three-dimensional structures such as nozzles [1-3], cavities
[4], capillary columns [5,6], circular orifices, and miniature electrical connectors
[7]. Examples of dynamic micromechanical structures are diaphragms and mem-
branes [8—12], microbridges [13—16], cantilever beams [13,17-24], and resonators
[17,18,25,26]. The common characteristic for dynamic devices is that they require
controlled displacement to accomplish the desired function. The kinematic group
includes micromotors, microgears, pin joints, springs, cranks, and sliders [27-34].
At the present time, micromechanical structures from the first two groups are used
mainly as components of larger sensor systems. The kinematic (movable) devices
are considered to be essential in the future for microrobotics and microsurgery.

49
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In this chapter, the basic concepts
cussed. Included in the discussion are w
as crystallographic orientation—depende
ant variations. Processing issues of in
using CMOS technology as an example
micromachining are outlined.

3.2 BASIC CONCEPT OF BULK MICROMACHINING

Micromechanical structures fabricated using bulk micromachining concepts are typ-
ically constructed either of silicon crystal or composite materials deposited or grown
on the silicon substrate. Because silicon crystal is frequently used as a core material
for bulk micromachined structures, we start this chapter with a short discussion of
silicon as a mechanical material.

3.2.1 Silicon as a Mechanical Material

Single crystal silicon is composed of atoms arranged in a diamond structure with a
cubic symmetry. Although silicon has a tendency to cleave along crystallographic
planes because of the bulk defects in the crystal, it is a mechanical material with
high strength. Important mechanical properties of silicon are shown in Table 3.1. It
should be pointed out that silicon crystal shows a yield strength two times higher
than steel and a Young’s modulus very close to that of steel, yet silicon has a density
very close to aluminum and it is only one-third the density of steel. It does not
deform plastically—silicon crystal is entirely elastic; therefore, it does not show
mechanical hysteresis. The hardness of silicon is close to quartz and higher than the
hardness of iron, tungsten, and aluminum. Silicon’s thermal expansion coefficient
is one-fifth that of steel and its thermal conductivity is about 50% higher than the

T
Important Mechanical

Property

Crystal structure

Melting point

Thermal expansion

Density e

Young's Modulus 1.9 % 10" dyn/cm?
Yield strength 6.9 x 10" dyn/cm?
Knoop hardness 850 kg/m’
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thermal conductivity of steel. All of these attributes suggest that silicon is really an
excellent mechanical material.

In addition, silicon is highly stress sensitive and demonstrates a significant
piezoresistive effect. Piezoresistivity is a phenomena in which an external applied
stress is manifested in a change in material resistivity. Since the discovery of the
ezoresistivity effect in silicon in 1954 by C.S. Smith [35], silicon has been used

roresistive effect in silicon is about 100
stive effect 1s also used extensively in
iezoresistive effect theory is rather de-
rand-gap model of semiconductors. We

pi

ntifying the piezoresistive effect is the

-elative change of the resistivity to the

ation of the material. For example, p-

for the (111} orientation whereas n-type
silicon shows a maximum gauge tactor tor the (100) plane. The #-type silicon shows
a negative gauge factor (the resistivity decreases with stress increase) whereas p-type
silicon has a positive gauge factor. The gauge factor for p-type silicon is larger than
the gauge factor for n-type silicon. As a consequence, piezoresistors are usually
designed as p-type resistors. The gauge factor also depends on impurity concentration
and temperature. It increases when the impurity concentration decreases: silicon with
higher resistivity shows a stronger piezoresistive effect. However, lightly doped
semiconductors show a large gauge factor temperature dependency. Therefore, in
the design of sensors that use the piezoresistive effect, the compromise between a
higher sensitivity and the possible need for temperature compensation has to be
considered.

3.2.2 Wet Anisotropic Etching

Wet anisotropic etching is a process of preferential directional etching of material
using liquid source etchants. Anisotropic silicon etching (crystal crientation-dependent
etching) was reported in the late 1960s and early 1970s [36—40]. (Much of this early
work has been admirably reviewed by Bean [41].) However, the full potential of
this technique was not recognized until the late 1970s and early 1980s [17-25].
Numerous anisotropic etchants are used for silicon, such as hydrazine—water
solution [39,42,43], EDP (ethylenediamine—pyrocatechol-water) [38,41,44,45], KOH
{potassium hydroxide—water) [41,46,47], TMAH (tetramethylammonium hydroxide)
[48,49], and CsOH (cesium hydroxide—water) [50]. They are composed of a primary
component (hydrazine, ethylenediamine, potassium hydroxide, tetramethylammo-
nium hydroxide, cesium hydroxide), a complexing agent (isopropyl alcohol, ca-
techol), and a diluent (water). The most frequently used etchant is potassium hydroxide
but other etchants are also used, depending on specific requirements. The unique
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features of various etchants are discu
features of anisotropic etching.

3.2.2.1 Crystallographic Orientation-

A basic feature of anisotropic etchants

on crystallographic orientation. More specitically, (111) surfaces etch at a slower
rate than all other crystallographic planes. This indicates that the dissolution rate will
be a function of the crystal orientation of the silicon wafer. Qualitatively, anisotropic
etching is a function of the areal density of atoms (number of atoms per square
centimeter), the energy needed to remove an atom from the surface, and geometric
screening effects (three-dimensional distribution of atoms in the lattice).

As a consequence of anisotropy, it is possible to develop unique structures not
otherwise feasible. For example, consider a (100)-oriented silicon wafer with an etched
hole in a layer of silicon dioxide that covers the surface. When exposed to an an-
isotropic etchant this will create a trunc~tad nuramidal chanad nif ac chawm in Himura
3.1(a). The pit is bounded by (111) ¢
etch rate. The (111) planes have an in
of the EDP etch rate on a {100)-orier

<111>
Si¢

b Sl

Figure 3.1 (a) Truncated pyramidal pit bound
rate dependence on crystallographi
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Figure 3.2 (a) SEM of etched truncated pyramidal pit; (b) V-groove anisotropically etched in silicon.
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The geometry of three-dimensional structures etched through the openings in a mask,
in addition to the other factors, depends on the shape of the opening itself. To obtain
the desired structure the edges of the opening must be oriented correctly. For ex-
ample, to obtain the truncated pyramidal shaped pit shown in Figure 3.2(b), the
edges of the opening have to be aligned in the {110) directions (Figure 3.3). The

Figure 3.3 Proper alignment of the mask openir
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Improperly aligned edges are the corners on the

2
rface Orientation, and Structure

Structure

Pyramidal pit or truncated pyramidal pit
Rectangular pit (trench)

Pyramidal pit

Rectangular pit

Hole with vertical side walls
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Figure 3.5 (a) Mask opening with convex comers; (b) sideview of undercutting convex corners.
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lective to aluminum.

It should be pointed out that photoresist is not usually suitable as a masking
material because of the long etch times (typically several hours or longer) with caus-
tic etchants used to produce deep structures. The etch conditions can result in lift-
off or degradation of the photoresist material.

3.2.3 Anisotropic Etchants

In this section, we describe briefly the most common etchants currently used for
anisotropic etching. For historical reasons, we start with ethylenediamine-pyrocatechol,
followed by potassium hydroxide (currently the most frequently used etchant for
sensors), tetramethylammonium hydroxide, and finally cesium hydroxide.

3.2.3.1 Ethylenediamine—Pyrocatechol-Water (EDP)

Crishal and Harrington [37] were among the first to report anisotropic silicon etching
using a hydrazine—pyrocatechol mixture. Hydrazine is very toxic, and in a later pa-
per, Finne and Klein [38] reported the development of an ethylenediamine—
pyrocatechol-water based mixture as an anisotropic silicon etchant. They were able
to detail many of the essential features of the process as it is used today. The etch
rate as a function of the water content of the etchant was studied over the entire
possible range of concentrations from 0 to 100%. The etch rate shows a maximum
at a composition corresponding to a mele ratio of water to ethylenediamine of 2.
The etch rate falls to 0 at the extreme ends of the water concentration scale. The
etch rate curve shape was found to be independent of the resistivity of the silicon in
the range studied.
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The pyrocatechol content of the
when the pyrocatechol was omitted fro
35 pm/hr at the maximum 3.7 mole
pyrocatechol. These observations indic:
are necessary ingredients in the etch. 1
step may be due to concentration of h

A chemical mechanism for the ai
Finne and Klein [38]. It was noted tha
This is based on the observation that
anhydrous amine—pyrocatechol mixtur

2NH,(CH,),NH, + Si + 3C¢H,(OH), —

The proposed mechanism indicates tha

depletion, and the etch rate should remain constant over long periods of time in the
presence of sufficient amine and complexing agent. Silanol groups (Si-OH) are con-
verted to hydrated silica prior to dissolution of the pyrocatecholato complex.

Many studies have been done on the chemistry of etching with EDP [7,37,38,43],

but the toxic nature of this etchant has greatly reduced its use.

3.2.3.2 Potassium Hydroxide (KOH)

The use of alcoholic potassium hydrox
been described in detail by J.B. Price
ternary mixtures of KOH, H,0, and is
etch rate of silicon as a function of et
orientation, and resistivity. Use of this
and Salama in the manufacture of a V.
cations [53].

Typically heterogeneous reaction
hydroxide-isopropyl alcohol—water mi
processes:

Diffusion of reactant molecules tl
Adsorption of reactant molecule:
Surface reaction,

Reaction product desorption,
Diffusion of by-products back a
solution.

il o

The temperature dependence of diffusion controlled reactions (for example, items 1
and 4), typically yields an apparent activation energy, E, = 4.5 kcal/mole (0.2 eV).
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| the following mechanism:

JH),"™  + 4e” (3.3
4,0 + 4¢ — «OH™ + 2H, (3.4)
Si(OH),"* + 40H™ — SiO,(OH), ~ + ZH,O (3.5
The overall reaction is summarized as
Si + 20H™ + 2H,0 — Si0y(OH),  + 2H, (3.6)

Price used a two-phase mixture; phase one being isopropyl alcohol rich with
a small concentration of water and KOH (see Figure 3.10); and phase two, a water
and KOH-rich mixture with a small concentration of IPA. The variables X,(IPA},
X,(H,0), and X,(KOH) represent the composition of phase two in equilibrium with
phase one of composition X,(IPA), X,(H,0), and X,(KOH). X(IPA), X(H,0), and
X(KOH) represent the composition of the entire system in weight percent.
(X }(KOH) is the composition of the binary mixture of KOH and water prior to the
addition of IPA.)

A typical manufacturing etch solution is made up of 5000 ml of 40% aqueous
KOH with sufficient IPA added to ensure separation into two phases. Additional IPA
is added to produce sufficient liquid on top of the solution (typically ca. 2 cm will

suffice) to ensure two-phase operation. Etchants are generally used between 80°C
and 90°C.
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Figure 3.11 Silicon etch selectivity (A,q) as a function of KOH concentration with and without IPA

at 80°C.
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necessary condition to make the system integration fully manufacturable. This is not
always achievable with the currently available anisotropic etchants. Other difficulties
include low etch rate ratio of silicon to oxide (with KOH), the toxic nature of etchants
(hydrazine, ethylenediamine, pyrocatechol), and the high cost (cesium hydroxide).

Tabata et al. [48] reported on the use of quaternary ammonium hydroxide,
tetracthylammonium hydroxide (TEAH) and tetramethylammonium hydroxide
(TMAH),

CH,
|
CH,—N—CH, | OH"

CH,

in electrochemical etching of (100) and {111) silicon. Sclutions of various concen-
trations from 5 wt% to 40 wt% were used. The maximum etch rate of {100) silicon
was observed with 5 wt% with TMAH, however, formation of hillocks were ob-
served at <15 wt%. Maximum etch rate for TEAH was with 20 wt% with hillocks
appearing at <20 wt%. TMAH in a concentration of 22 wt% at 90°C provided 1
wm/min for (100) with the lowest (100} /{111) etch ratio. The latter etch rate is lower
than observed for KOH or EDP but similar to that observed with NH,OH. TMAH
was readily controllable and the etch rate was constant over long etching times, as
it does not decompose below 130°C. The etch ratio of {100)/{111) was 35 at 5 wt%
and 90°C and decreased with increasing concentration and lower temperature. The
etch rate of SiQ, was almost four orders of magnitude lower than for (100) silicon.
LPCVD Si,;N, showed no appreciable etching.
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Schnakenberg, Benecke, and Lan
wm/hr and a (100)/(111) silicon etch 1
The pH value was found to be the most
acteristics. For pH < 13, hillock form
silicon surface needed to be free of ox
gas evolution was observed. The select
the solution was doped with silicon at 13.5 g silicon per liter etchant (Table 3.3).
These dopant levels were also sufficient to passivate aluminum via a native aluminum
oxide. Hence aluminum can be used as a metallization layer in silicon-doped TMAH
etchants.

Silicon (100) etch rates were found to be higher than those observed for EDP,
hydrazine—water, AHW (ammonium hydroxide—water), and tetraethylammonium
hydroxide and lower than for KOH-based etchants. The (100)/{111) silicon etch rate
ratios in doped TMAH are comparable to KOH, EDP, hydrazine, AHW, and better
than those found for TEAH (tetraethylammonium hydroxide).

When the TMAH is doped with silicon, its pH value decreases. This corre-
sponds to a decrease in hydroxyl ions in the bulk solution. Hydroxyl ions from the
bulk solution probably do not contribute significantly to the silicon etching mecha-
nism since an increase in (100) ctch rate was observed for concentrated TMAH so-
lutions doped with silicon. The pH value could decrease through the dissociation of
the silicon etching reaction product, which acts as a weak acid:

Si(OH), < Si0,(OH),” ™ + 2H" 3.7
2H" + 20H™ < 2H,0 (3.8)

The hydroxyl ions necessary for the dissolution of silicon must be produced on the
silicon surfaces. It has been proposed that water dissociates, forming OH™ ions. In
comparison to KOH solutions, hydrogen evolution in TMAH solutions is negligible
on {(100) etching fronts with low or no hillock formation.

Ta
Selectivity (silicon (100)/diel
and Silicon-Doped Soluti

Sel,
Material TMA

Thermal oxide

Low temperature (CVD) oxide
PECVD-8iO,:H,N
LPCVD-S8i;N,
PECVD-S8iN,:H

Nore: The silicon etch rate was determine:
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100

65

] can be tailored to etch at rates similar
Etch rates for dielectrics and silicon in
le 3.4. Based upon the values in Table
masking materials to etch through a 20
is very attractive as an etchant, because

801

60 4

40 4

201

DD

50°

t various compositions and temperatures.

3.4
Etch Rates of Dielectrics and Silicon
in 20% TMAH at 95°C

Rate
Dielectric:
Thermal oxide 124 A/hr
High temperature oxide 281 A/hr

Low temperature oxide (360°C) 228 A/hr
Low temperature oxide (425°C) 190 A /hr

Thermal nitride 17 A/hr

Plasma nitride 179 A/hr
Silicon:

Polysilicon 77 um/hr

Silicon (100} 64 um/hr
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T
Masking Dielec
a 20 mi

Masking Material

Thermal oxide
High temperature
Low temperature «
Low temperature «
Thermal nitride
Plasma nitride

a single, relatively thin film can be use
than other etchants because it contains
KOH).

3.2.3.4 Cesium Hydroxide (CsOH)

This base was selected as an anisotropic silicon etch candidate by Clark, Lund, and
Edell [50] at MIT while searching for better selectivity between tantalum and silicon.
Weaker bases such as sodium hydroxide and ammonium hydroxide were less selec-
tive than stronger bases; therefore, cesium hydroxide was selected for evaluation
because of its higher base strength. However, care must be taken when using cesium
hydroxide because it is very hygroscopic. Solutions prepared from the solid base
must be evaluated to determine the true base content. For example, in Clark et al.’s
work [50], one lot was 80.4 wt% CsOH and another was 78.8 wt% CsOH.

It has also been observed [56] that SiO, etches more slowly in CsOH than any

other group 1 hydroxide. For example, CsOH etches silicon dioxide 5500 times more
flowlv than it doee (110 cilicAan  Thic ic an imaraveneant aeae deeminad —alodo_ . 3t

[ T mes el wRew U ANA LAAAWASER

dioxide, were studied from 10 wt% t(') 76 wt% CsOH over the temperature range
25°C to 90°C. The maximum etch rate at 60°C was observed between 50 wt% and
60 wt% CsOH. The maximum selectivity at 60°C for (110) etch rate versus either
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in this concentration range. Selectivity
ectivity for (110) Si/Si0, at 50°C was
n contrasts to that using 60 wt% KOH
rocatechol-H,O (EDP) etch of 600/1.
‘opically etch selected patterns in (110)
ng KOH and about 13 times better than

ined to be a function of the cesium hy-
ncentrations, the peak-to-peak surface
ieak roughness values of less than one
itrations. The observation of smoother
:entration had been reported earlier for
KOH/H,0 [58].
vas determined to be 1.00 eV, which is
o 7 reported by Hooley [56]. Hooley pro-
posed the following sequence of reaction steps for silicon dioxide etching:

§i0,(s) + 2H,0() — SiO, - 2H,0(s) 3.9
Si0, - 2H,0(s) + 20H™ — [Si(OH),} > (3.10$)

Clark et al. observed that the rate of SiO, dissolution as a function of CsOH con-
centration passed through a maximum.

Cesium hydroxide is an attractive alternative to many anisotropic etchants be-
cause of its relatively nontoxic nature, especially when compared to hydrazine and
ethylenediamine. However, it is a relatively expensive chemical in relationship to
potassium hydroxide.

3.2.3.5 General Anisotropic Etching Mechanism

An elegant discussion of the mechanism of anisotropic etching of silicon has been
provided by Seidel and his coworkers [54,59]. In the first report, experimental data
on the anisotropy, selectivity, and voltage dependence of anisotropic silicon etchants
are given. The general unifying electrochemical model, (3.11)—{3.18), to describe
the reaction mechanism follows. The main features of all alkaline anisotropic etch-
ants for silicon have also been outlined [59].

Si Si OH
N S
Si: + 20H™ — Si + 2econa 3.11)

/ 7N\
Si Si OH
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Si OH Si
AN
Si —
/N
Si OH Si
i A S S il -1y
2H" + 20H — 2H,0 (3.15)
4H,0 + 4e” — 4H,0~ (3.16)

4H,0™ — 4(0OH)"
Si+ 20H™ + 2H,

Two hydroxide ions can bind wii
(100) surface, injecting two electrons ii
Si backbones of the Si(OH), neighbor
a soluble silicon complex, which is positively charged, (3.12). The silicon—hydrox-
ide complex reacts further with two more hydroxide ions to give orthosilicic acid,
(3.13). The Si(OH), can leave the solid surface by diffusion, but in the bulk elec-
trolyte, it is unstable due to the high pH value of the solution. In this environment,
the complex in (3.14) can form. The excess electrons in the conduction band can
be transferred to water molecules producing hydroxide ions and hydrogen. The over-
all reaction is represented in (3.18).

When using ethylenediamine—pyrocatechol-based solution, it is thought that the
primary role of the pyrocatechol is to convert Si(OH), into a more complex anion,
increasing the solubility of the etch product:

Si(OH), + 20H  + 3C¢H,(OH), — Si(CsH,0,);,”~ + 6H,0 (3.19)
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‘hnology that relies on anisotropic etch-
play an important role. If that role were
etching process would be tedious. For-
ipic etching can be used effectively to
idvantage of the fact that etch rates are
ation. This, as well as electrochemically
:ontrol the thickness of diaphragms and
:ss. Dopant concentrations and electro-
cussed next.

The etch rate of doped silicon has been found to depend on boron concentration [60-
65]. Figure 3.13 shows the change in etch rate of silicon as a function of incorporated

Boron Concentration (cm™)

Figure 3,13 Siticon etch rate as a function of incorporated boron concentration.
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boron [24, 63]. It can be seen that u
proximately 2.5 X 10" ¢cm™ the etch
“critical” concentration there is a steac
in the etch rate by three orders of mag
the fourth power of boron concentratic
volves phenomena related to the deger o

The reduction of the etch rate in heavily boron-doped silicon can be used very
effectively to control etching as an etch-stop mechanism [3,7,9,17,18]. Figure 3.14
shows an example of a silicon wafer doped with boron, which creates the p* region
(concentration higher than 10 cm™). This p* region is used effectively in aniso-
tropic etching as an etch stop mechanism. When the etching front (proceeding from
the back of the wafer) hits the p* region then, for all practical purposes, the etch
stops because the etch rate of the p* is 1,000 times lower than the etch rate of lightly
doped silicon. Thus, the p* region effectively determines the thickness of the
diaphragm.

Figure 3.14 The p' region used as an etch-stop in anisotropic etching. The thickness of the diaphragm
is determined by the thickness of the p' region.

3.2.4.2 Electrochemically Controlled Anisotropic Etching

Electrochemical etching is an alternative technique for controlling the shape of sil-
icon microstructures. The coupling of anisotropic etching with electrochemical etch
stops has received a great deal of attention particularly with the dawn of microma-
chining and its application to various sensor devices. A number of papers address
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»apers is a brief communication by Wag-
nisotropic) etches where unwanted silicon
e kept are passivated electrochemically
ssivated. Silicon orientations other than
1)-oriented silicon etches very slowly in
raracterized bv a relativelv sharp active-

scribed by R.L. Meek [72]. His paper describes a circuit to maintain constant cell
potential. This appears to be a good technique for the fabrication of other thin films
for experimental purposes. It was also suggested for use in thinning simple diode
arrays and manufacturing dielectrically isolated ICs.

Tabata et al. [48] reported that TMAH was effective as an etch stop in elec-
trochemical etching by applying a potential that would passivate the n-layer of the
epilayer, only the p-type substrate was etched.

Jackson, Tischler, and Wise [68] studied the electrochemical etch stop tech-
nique for the formation of silicon microstructures, using cthylenediamine-based etch-
ants. Dissolution rates for the passivated areas were only approximately 5 A/min,
which was 3000 times less than for unpassivated areas. Applications for this process
can be found in the arcas of pressure sensors, accelerometers, and other devices
where a thin silicon arca must be formed. Figure 3.15 illustrates how a thin silicon
diaphragm that might be used as a piezoelectric pressure sensor could be made.

Cilinnn anantilavar hanme mada hu alantennhaminallu ~canteallad atehine wurara

Figure 3.15 Anisotropically etched thin silicon diaphragm. The thickness of the diaphragm is deter-
mined by the thickness of the n-region.
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n-type epilayer containing devices, was n
with black wax. Anodic contact was n
preserved, with a spring loaded contact
the process. A schematic of the experime
the wafer is immersed into the solutior
type epilayer is reached. If there is no
wafer, etching continues into the n-regi
V, etching stops at the beginning of tt
was used for the anisotropic etch, and ¢
by this technique. At this temperature, ¢
nitride, 750 A, was shown to be an exc

Silicon pressure sensors with care
studied by Hirata, Suwazono, and Tani
solution at 90°C, p-type silicon was et
material. In this configuration, the author

with thickness control of 20 = 2 wm. They consider the etch stop mechanism to be
anodic oxide growth on the n-type cpilayer, terminating etching when the p-type
material is etched away. Figure 3.17 shows the silicon wafer structure used in this
work. Figure 3.18 shows measured anodic current during diaphragm formation. Ini-
tlally a current flow of 1 mA was observed with p-type material etching. Gas bub-

- 1 . A [ Ay . L A4 T i L

Al & el i a4
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Figure 3.17 Etch-stop mechanism used to form diaphragms with controlled thickness: (a) before etch;
(b) after etch.

LRI L ITRLY ]

Figure 3.18 Measured anode current during diaphragm formation. A current recorder was set between
the anode electrode and the silicon wafer.
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now no reverse-biased p-n junction b

voltage source next causes a thin oxide

in the diaphragm area. This is a good |

etch, and the silicon etching stops, lea

pressure sensor. Note that the p-n junc

etch off the p-type substrate. Otherwise _
and protected from etching. The silicon etch rate in this setup at 2 V was 3.2 um/
min; while in the zero bias condition, the etch rate was only 1.7 um per minute,
thus indicating that the bias voltage does enhance the etch rate.

High precision thickness control of silicon membranes was also studied by Kloeck
et al. [73], using several electrode arrangements. Figure 3.19(a) shows a typical
three-electrode etch-stop system. The p-n junction is reverse biased, and the p-type
silicon remains at essentially the open circuit potential, thus allowing it to be etched.
Once the p-type silicon is completely removed and the diode is destroyed, the n-type
silicon will be exposed directly to the etch solution. The increase in current density
causes passivation and the cessation of the etching process. With only two electrodes,
the etch solution potential is ill-defined with respect to the epilayer potential. Ad-
dition of a reference electrode (RE) allows precise control of the potential between
the solution and the working electrode (WE). This can be accomplished with the aid
of a potentiostat by adjusting the current flow through the counterelectrode (CE). In
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Figure 3.19(b) Electrochemical etching: {/V characteristics of (100} silicon in 40% aqueous KOH so-
lution at 60°C.

this way, the n-type epilayer can be maintained at a well-defined passivation poten-
tial. Kloeck et al. used KOH as an anisotropic silicon etch with electrochemical assist
as an etch stop to carefully control silicon membrane thickness on epiwafers for
piezoresistive pressure sensors. The resultant current-voltage characteristics for p-
and n-type {100) silicon in 40% agueous KOH solution at 60°C, using a system
similar to that depicted in Figure 3.19(a), are presented in Figure 3.19(b). As can
be seen, the peak current for n-type and p-type silicon occurs at different potentials.

McNeil et al. [74] obtained similar results in KOH and CsOH solutions. They
also determined that both p- and n-type silicon passivation peaks shift cathodically
with increasing etchant concentration at a given temperature for both KOH and CsOH.
However, the n-type silicon shifted at a faster rate than the p-type. Moreover, at a
fixed etchant concentration, a decrease in temperature resulted in a cathodic shift for
the n-type and an anodic shift for the p-type silicon.

Finally, it should be noted that the ECE process may have an advantage over
using heavily doped boron (5 X 10" cm™) as a method of controlled etch stop.
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Heavily doped silicon is typically high
tions required to achieve an effective s

3.3 CMOS TECHNOLOGY AND B

In previous sections the basic concept oI bulk micromachiming was outiined. In this
section, we will discuss processing issues relevant to integrated sensor systems, which
means that the discussion has to include both micromachining and standard IC pro-
cessing. We will start the discussion with a brief description of the basic aspects of
CMOS processing and then look into compatibility of CMOS processing and bulk
micromachining.

3.3.1 CMOS Processing

Today, CMOS processing can meet the requirements of both digital and analog ap-
plications [75]. It is optimized to accomplish superb performance of integrated cir-
cuits based both on n-channel and p-channel devices. Since its appearance in the
carly 1960s it has been a tradition to use an clemental inverter cell when describing
the specifics of CMOS processing. We will use the same approach here to describe
briefly the twin-tub PEOGESS [76]. A ty—3--7 fmmmmbos fo mlooee B THoo e A AR TS
fabricated using {100) p*-substrate silis

formed by ion implantations and drive-

&)

Figure 3.20 CMOS inverter: (a) equivalent circuit; (b) cross section, where 1 is thermal oxide, 2 is
cvd-oxide, 3 is cvd-oxide, 4 is polysilicon, and 5 is metal.
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Figure 3.20 continued.

through the subsequent steps of field oxidation, gate oxidation, polysilicon deposi-
tion, p*- and n*-ion implantations and diffusions, metallization and passivation, both
n-channel and p-channel devices are fabricated. A cross section of the final structure
is shown in Figure 3.20(b). It should be noted that many variations of the CMOS
process exist and the one described here serves just as an illustration.

3.3.2 Micromechanical Structures in CMOS Processing

Can the standard process described previously meet micromachining requirements?
The topic has been already discussed extensively in [36], and the answer is yes. The
key element for use of CMOS process is the use of (100} orientation. Everything
else is a matter of design. We emphasize again that the particular twin-tub process
briefly described in the previous paragraphs has no bearing on the conclusion as long
as (100) orientation is used. Many other variations of CMOS and BiCMOS process
have equal potential for fabrication of micromechanical structures. The benefit of
using IC process is that it enables merging of IC circuits and micromechanical struc-
tures on the same chip. The integration of these technologies can be divided in two
distinctive steps: IC processing itself followed by micromachining as a postprocess-
ing step. For example, the integrated pressure sensor requires fabrication of the cir-
cuit (first step) and micromachining from the backside of the wafer to create the Si
diaphragm (postprocessing as a second step). By the same approach, silicon canti-
levers and other micromechanical structures could be made. It is important to men-
tion that the selectivity of the etch that is used for anisotropic etching plays a critical
role in this procedure.
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Merger of CMOS process and bulk
for microfabrication of micromechanica
sible to utilize silicon dioxide, polysili
in IC processing for micromechanical sti
with respect to silicon dioxide (very lov
this matter. For example, CVD oxide i __ . X
sivation. This passivating layer can serve as a mask for anisotropic etching. At the
same time, polysilicon and metal can be used as active parts of the micromechanical
devices. Field oxide and nitride can be used as a basic holder of mechanical devices,
There are many possible combinations of the films for fabrication of multilayer dy-
namic micromechanical structures [77]. The devices fabricated using this approach
can measure gas flow [78] or be used as actuators [79]. Here, we will describe just
a few basic structures as an illustration of the versatility of this approach.

3.3.2.1 Bridges and Suspended Mass

The simple method for designing of a microbridge is presented in Figure 3.21. The
two triangular shaped areas (on either side of the diagonally shaped field oxide-
polysilicon—metal-CVD oxide layers) represent silicon exposed to anisotropic etch.
The edges of the rectangles are aligned in {110} directions that will define the cavity,

(a) N-GU

Figure 3.21 Design of a microbridge: (a) top view; (b} cross section; (¢) SEM micrograph of a mi-
crobridge, where 1 is thermal oxide, 2 is cvd-oxide, 3 is cvd-oxide, 4 is polysilicon, and
5 1s metal.
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standard twin-tub CMOS process [36,80]. The postprocessing step of anisotropic
etching is done by EDP and KOH, creating a cavity beneath the suspended bridge
as shown in Figure 3.21(b). Using the same approach, many other complex structures
including a suspended mass can be fabricated. An example of the suspended mass
is shown in Figure 3.22. The structure was also fabricated in the twin-tub CMOS
process using field oxide, polysilicon, and CVD oxide. The arms that keep the mass
suspended are spiral like. Micromachining is again done as a postprocessing step.

3.3.2.2 Cantilevers

The method for designing a cantilever beam is based on the property of anisotropic
etch to undercut convex corners. All edges of the mask shown in Figure 3.23 are
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Figure 3.23 Design of a cantilever beam: (a) top view, (b) cross section, and (¢) SEM micrograph of
a cantilever array, where 1 is thermal oxide, 2 is cvd-oxide, 3 is cvd-oxide, 4 is polysilicon,
and 5 is metal.
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Figure 3.23 continued.
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aligned with the (110) directions, w
silicon is exposed to anisotropic etch,
ners and will stop when the (111) su
cantilever over the cavity.
The combination of layers for a
included field oxide, polysilicon, an
sealed between the two oxides. The cantilevers are also fabricated using the twin-
tub CMOS process and micromachined as a postprocessing step. An early version
of this approach dealing only with oxides was published in 1988 [81].

3.4 APPLICATIONS OF BULK MICROMACHINING

There are many useful practical examples of bulk micromachining applications for
the manufacture of sensors and actuators. Therefore, choosing only a few represen-
tative devices for illustration is not an easy decision. In this section we have selected
three examples, which, in our opinion, are distinctive enough and at the same time
demonstrate the capability of bulk micromachining technology described in previous
sections. The first example is a bulk micromachined accelerometer which utilizes
piczoresistive sensing. The second and third examples are representative of what may
be expected in the future in the form ’

3.4.1 Bulk Micromachined Acceler

A bulk micromachined accelerometer

ture consists of a sensing device and

square silicon proof mass suspended

dimensions of 7.7 X 7.2 X 1.2 mm _ _

from 1-500 g. It uses piezoresistors placed in the tethers (flexures) to sense flexure
strain induced by deflection of the silicon proof mass under acceleration. The piezo-
resistors are produced using ion implantation. The proof mass is created by aniso-
tropic etching from the back side of the wafer and dry etching from the front side
of the wafer. The dry etching also determines the final tether dimensions.

The axis of sensitivity is in the direction perpendicular to the chip surface.
Because the center of the proof mass is not on the same plane as the flexures, ac-
celeration in any direction other than the desired sensing direction tends to induce
torsion about a perpendicular axis. To compensate for cross-axis sensitivity, two
resistors are placed on each flexure (one at the mass end and one at the frame end).
They are all connected in a Wheatstone bridge arrangement with two sensing resistors
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Figure 3.24 Bulk micromachined accelerometer.

in each leg of the bridge. Using this configuration, off-axis sensitivity can be reduced
to less than 1% of full-scale response.

As already mentioned, the sensing device is capped from both sides. The shal-
low cap cavities are etched at the wafer level with a depth control of +1 um. The
top and bottom caps are bonded to the central wafer for several reasons: The caps
provide an isolated space for the proof mass to move, they protect the sensing device
during sawing, and they act as overtravel stops for large acceleration inputs. At the
same time, the cavity created by the caps determines the damping characteristics of
the device. That is, the cavity restricts the movement of air around the mass, which
increases the damping and reduces oscillations. A range of damping levels can be
obtained by varying internal cavity size, which could be accomplished by varying
the depth of the cavity. Figure 3.25 shows the response as a function of frequency
using the three dominant modes of oscillation of the proof mass: vibration in the
sensing direction and torsion about the two axes perpendicular to the sensing direc-
tion. The cases for critically damped devices (curve for optimum depth), overdamped
devices (+2 and +5 um curves), and underdamped devices (—2 and —5 um curves)
are shown (=2 and *+5 um are referred with respect to the depth of the cavity for
critical damping). As can be seen, a flat frequency response can be achieved by
appropriate damping.
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Figure 3.25 Damping as a function of frequency for various cavity sizes. Curves for cavities smaller
than the cavity with optimum depth are marked with a minus sign; for the cavities larger
than the cavity with optimum depth, the curves are designated with a plus sign.

3.4.2 Thermal Infrared Sensor

The second example in this section deals with an infrared sensing array based on
silicon thermopiles [83]. Figure 3.26 shows a schematic diagram of an infrared sens-
ing array. The array consists of a group of 10-um thick, 3-mm long, and 440-pm
wide cantilever beams surrounded by a supporting rim that acts as a heat sink. The
basic structure is fabricated using a combination of standard IC technology and bulk
micromachining processes. A 10-um thick n-type epilayer was used to define the
thickness of the cantilevers. A subsequent p-type diffusion was used to create the
thermopile strips in the cantilever area. The thermopiles consist of a p—Si/Al com-
bination. A backside silicon nitride mask was used for the anisotropic etch. Elec-
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trochemical etching was employed to create the cavity from the back side of the
wafer with the n-type epilayer used as an etch stop. Silicon plasma etching from the
front side was used to define the cantilevers. Finally, the beams were coated with
absorbent material to produce the structure shown in Figure 3.26. Each cantilever
is half covered with the absorbent material and the other half hosts the p—Si/Al
thermopile.

The principle of operation of the thermopiles is based on the Seebeck effect.
The doping of p-type strip was chosen to be approximately 35 {2/square in order to
get a high Seebeck coefficient (0.7 mV/K). When exposed to radiation, absorbed
energy creates a temperature gradient in the cantilever that can be detected by the
thermopile array as the heat is distributed via conduction along the length of the
beam. The output voltage of one of the thermopiles is shown as a function of black-
body temperature in Figure 3.27. The device is characterized in vacuum over a tem-
perature of 300K to 400K using a blackbody source at a distance of 5 cm from the
sensor. Good agreement with Stefan’s law was found. The output voltage rises ap-
proximately with the fourth power of the blackbody temperature. Values of 4 uV
output voltage per 1° temperature difference between the source and the thermopiles
were measured.

This device is a good example of the possibilities for future integrated systems.
Because the bulk micromachining is done as a postprocessing step following the
standard IC processing, it is obvious that full integration of the sensing atray and
signal processing has become a reality. Similar devices sitting on a silicon diaphragm
instead of cantilevers were designed and fabricated in the early 1980s [84].
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Figure 3.27 Thermopile output as a function of blackbody temperature.

3.4.3 Inductors in CMOS Technology

The next example illustrates many aspects of future integrated systems made possible
by the merger of CMOS technology and bulk micromachining. CMOS technology
is used to fabricate a monolithic IC amplifier, and bulk micromachining techniques
are employed to produce inductors with self-resonance at 3 GHz. The net result is
a fully integrated RF amplifier on a single chip [85].

The growing interest in monolithic RF amplifiers stems from the current need
to develop miniature components for wireless communication in the 1 GHz band.
The most challenging aspect of this endeavor involves fabrication of monolithic in-
ductors, because RF amplifiers use a tuned load to obtain a desired gain and to filter
band signals and noise. Previous attempts to fabricate spiral inductors on silicon
substrates have failed primarily for two reasons: High parasitic capacitance to the
substrate precludes use of inductors at high frequency, and the series spreading re-
sistance in the substrate severely limits the quality factor (Q) of the inductors. These
problems can be overcome if the substrate area under the inductor acts as an insu-
lator. This could be done if the silicon beneath the inductor were etched away using
bulk micromachining techniques [4].
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:d as an aluminum spiral with 20 turns.
cond-layer aluminum, 4 pm wide, with
1. First-layer aluminum is used to bring
e inductor. The inductors together with
indard 2 um n-well CMOS process. A
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Figure 3.28 Butk micromachined inductor: (a) top view; (b) cross section.

Nintendo Exhibit 1010
Page 0062



T E——

pedance (Ohms)

100 + - v
0.0 1.0 2.C

Freq

Figure 3.29 Inductor impedance as a function o

Section 3.3.2, leaving the inductors susg
inating the substrate beneath the inducto;
MHz to 3 GHz, Figure 3.29. As a conss
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Figure 3.30 Gain of RF amplifier with the inductor loads as a function of frequency.

3.5 SUMMARY

* and micromechanical worlds can lead
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Chapter 4
Surface Micromachining Technology

Lj. Ristic, F.A. Shemansky, M.L. Kniffin, and H. Hughes
Motorola

4.1 INTRODUCTION

It has been pointed out in Chapter 3 that micromachining technology can be divided
into two distinct categories: bulk micromachining and surface micromachining. The
important aspects of bulk micromachining were covered in Chapter 3, and this chap-
ter will cover basics of surface micromachining technology. The advantages of sur-
face micromachining technology result from the ability to produce smaller sensors
as well as from the fact that this approach shares many common features with current
IC technology. It should be pointed out that progress in this field in the last couple
of years has been unprecedented, and a single chapter is not enough to cover all the
results in this rapidly expanding area. With this in mind, we will concentrate on
surface micromachining dealing with polysilicon as a core material. The study of
polysilicon for surface micromachining applications represents a primary effort in
the sensor arena, with polysilicon processing technology verging on manufactura-
bility. This chapter covers the key aspects of surface micromachining with polysil-
icon, including deposition, doping, annealing, sacrificial layers, and sacrificial etching,
as well as characterization of polysilicon films. Some examples of practical appli-
cations are also included.

In addition to polysilicon technology the chapter contains a section on the LIGA
process because the process shares two features with surface micromachining: reli-
ance on orientation-independent etching and use of sacrificial layers for making three-
h " r the inclusion of LIGA process is our

:volution, will be one of the technologies
ion and a place in the book.
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4.2 BASIC CONCEPT OF SURFACE 1
TECHNOLOGY

Surface micromachining is a technique for
chanical structures from multilayer stacked
cept of surface micromachining was origi
Nathanson et al. in the late 1960s [1]. The
after the presentation of two papers on po
Transducers 87 in Tokyo [2,3]. Since tha
this technology further.

4.2.1 Layer Stacking

The basic concept of surface micromachir
isolation layer is deposited on a silicon sub
strate protective layer. Then, a spacer layer
and patterned (this layer is also referred to
the deposition of the structural layer (body
followed by its patterning. Finally, the sacri

[/ S UL EN o AU PR § ORI,

b)

Figure 4.1 Surface micromachining: (a) patterned sacrificial layer; (b) patterned structural layer; (c)

suspended beam after sacrificial etching.
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Features

Bulk Micromachining

Surface Micromachining

Core Material
Sacrificial layer
Size

Processing factors

Silicon

Large (typical cavity dimensions are
several hundred um)

Single or double side processing
(front and back side)

Selectivity in material etching

S RN - on

Polysilicon

PSG, (Si0;)

Small (high precision controlled by
thickness of the film; typical
dimensions are several um)

Single side processing (front side)

Selectivity in material etching

Etching: isotropic

Residual stress in films (depends on
deposition, doping, annealing)
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Material Thick:r;ess (i

Polysilicon 1-4
Si;N, 0.2-2
Si0, 1-3
Polyimide 10

w 2.5-4
Mo 0.5
SiC 1.5
TiNi 8
NiFe 2.5
PolySi—ZnO 2-0.95
PolySi-Si;N,—PolySi 1-0.2-1

P .

] ?

Figure 4.2 Sealing: (a) cavity after sacrificial etching; (b) reactive sealing; (c) sealing by deposition.

Nintendo Exhibit 1010
Page 0073



Figure 4.2 continued.

wrapping the openings with a deposited film, Figure 4.2(c). A good example of the
application of sealing by deposition can be found in the work of the Berkeley group
on incandescent microlamps [15].

4.3 POLYSILICON FOR SURFACE MICROMACHINING

Polysilicon has rapidly become the material of choice for a wide variety of surface
micromachined devices. Polysilicon’s popularity in this area is a direct result of its
mechanical properties and its relatively well-developed deposition and processing
technologies. These characteristics along with the capability of utilizing established
integrated circuit (IC) processing techniques make it a natural selection. However,
the use of polysilicon for micromechanical structures is not without its inherent dif-
ficulties. Producing structures that meet the required electrical and mechanical spec-
ifications of a design can be a very challenging task. The art of film engineering
through judicious selection of deposition parameters and subsequent thermal pro-
cessing is still maturing. The following sections focus on critical processing issues,
such as deposition techniques, doping methods, annealing, and the effects of these
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processes on film microstructure and ele
includes sacrificial layers and sacrificial

4.3.1 Deposition of Polysilicon

Polycrystalline silicon can be deposited -
of source gases including silane, disilan
and tetra-). Films with various properties
ical vapor deposition (LPCVD) [16-37]
plasma-enhanced chemical vapor deposi
sition. However, the most predominant
cations has been LPCVD in hot-wall batc
gas.

The LPCVD silane pyrolysis proce
activation energy E, = 32-50 kcal/mo
range from 530—700°C with total pressur
of process parameters, temperature and s
amorphous (partially crystalline), or polyc
temperatures between amorphous and cr
have been reported [17,19,21-23,26,29]

Kinsbron, Sternheim, and Knoell [:
nucleation and the crystallization rate are
regime temperature spread. If the total |
than the incubation period, then a comj
other hand, if deposition proceeds beyo
commence and a fully polycrystalline filr
front moves more rapidly than the film
mulation is the effect of reactant species _ )
range, because incubation time for nucleation will be a function of this parameter.
The phase transition generally begins heterogeneously at the substrate-film interface
then proceeds along a uniform growth front to the surface of the film, as shown
schematically in Figure 4.3(a) [29,41]. Kinsbron developed a simple expression to
model the in-situ crystallization of LPCVD silicon films [29].

A plot of the crystalline volume fraction (f,) of as-deposited film as a function
of film thickness for the growth conditions modeled in Kinsbron’s work is shown
in Figure 4.3(b). Increasing the film thickness or decreasing the deposition rate leads
to an increase in the deposition time, resulting in an increased extent of crystalli-
zation in the film. A similar effect can be achieved by increasing the substrate
temperature.

Joubert et al. [23] tracked polysilicon-preferred orientation as a function of
deposition temperature and silane partial pressure. Their experiments, and a com-
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Figure 4.3 Microstructure of LPCYD silicon films deposited at temperatures near the amorphous-crystalline
transition temperature: (a) schematic representation of the as-deposited polysilicon micro-
structure; (b) extent of crystallization in an as-deposited film as a function of both the film
thickness and the deposition rate (r).

Nintendo Exhibit 1010
Page 0076



102

pilation of data from previous investigato
ship between process parameters and film
from amorphous to crystalline material |
partial pressure. These observations are :
Cass [37], who showed a transition temp

The transition regime is an important consigerauon m UE MLIICAULVN VL TNI-
cromachined structures because the ultimate average residual stress and stress gra-
dient through the thickness of the film will be strongly influenced by the initial film
morphology. For example, if a constrained structure such as a diaphragm or a bridge
is required, then a tensile stress film would be desirable to assure that the structure
is free standing and not distorted. Postdeposition thermal processing of an as-deposited
amorphous film could produce the desired characteristics. On the other hand, the
appropriate stress condition may be difficult to achieve with an as-deposited poly-
crystalline film.

An attempt to quantify the relationshin between denncition narameters and mi.
crostructure was presented by Voutsas an
were deposited at temperatures as low a:
107>~4 x 107? torr. This work showed th
by varying the deposition rate while mai
Guidelines were also set forth for predic
as a function of deposition parameters.

Hatalis and Greve conducted a det:
tallization and grain growth in amorphou
of their results are summarized in Figure -
in the crystallized film was a function «
temperature of the postdeposition anneal.

Both low deposition temperatures ¢
to lead to an increase in the average grai
similar trend has been reported by French
because low substrate temperatures and fast growth rates suppress the formation of
stable subcritical nuclei, thus decreasing the concentration of available nucleation
sites at the initial stages of crystallization. Hatalis and Greves also found that re-
ducing the temperature at which crystallization takes place results in a significant
increase in the average polysilicon grain size.

LPCVD silicon films deposited at substrate temperatures above about 620°C
are invariably polycrystalline [17,22,27,45,46]. A typical cross-sectional TEM mi-
crograph of an undoped LPCVD polysilicon film deposited at 630°C (290 mtorr) is
shown in Figure 4.5. The film consists of large columnar grains that grow out of a
fine-grained transition region at the polysilicon-substrate interface. The columnar
structure develops as the grains that have their fastest growing plane oriented parallel
to the substrate dominate the growth of the film.

Nintendo Exhibit 1010

Page 0077



Figure 4.4 The effect of deposition temperature and postdeposition anneal on the average grain size of
LPCVD polysilicon thin films.

Similar microstructures are observed for LPCVD polysilicon films that have
been deposited at substrate temperatures up to 700°C. However, the dominant growth
direction rhaneac fram the {110) divection to the (100) direction in the vicinity of

: also tends to increase as the deposition
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ucing micromechanical structures from

ne.average residual stress and the stress

ons. The initial microstructure will con-
_ ) ~ ies regardless of subsequent processing
steps and therefore must be considered carefully.

The average film stress can be determined using Stoney’s equation, which re-
lates stress to wafer curvature. In (4.1), E, is the substrate elastic Young's modulus
and v, 1s Poisson's ratio:

2
¥

o= E,————
761 — wyR,

t
4.1

The radius of curvature is represented by R, and , and t, are substrate and film
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Extraction of absolute reactant conversi
levitch is not possible, but calculated re
position area for all runs) indicate as mu

A stress gradient over the film thi
fested in detlection of a cantilever beam—
of a series of 2-um thick polysilicon car
mtorr. The film stress gradient has rest
shows the resultant deflection as a functi
and polysilicon deposited at 700°C (29(
results from depositions performed at 63(
of 180 mtorr. As previously indicated, a ¢
be obtained by increasing the deposition |
onstrates that the stress gradient can als
when reducing the deposition pressure at

Both the average stress and stress g1
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Figure 4.7 Polysilicon cantilever beam deflection as a function of processing conditions.

highest magnitude and randomly oriented films, the lowest [27,38.41]. The (100}
fiber texture is expected in polysilicon films deposited at 700°C between 100 mtorr
and 1 torr [23], which results in considerable stress reduction. Randomly oriented
films have been demonstrated at reduced pressures (10 2~ 10 * torr) between 600°C
and 700°C [23] and also at atmospheric pressure and temperatures greater than 750°C
[38].

4.3.3 Annealing of Undoped Films

Numerous authors have examined the effects of furnace annealing on recrystalliza-
tion and grain growth in undoped LPCVD polysilicon films deposited at substrate
temperatures around 630°C [17,27,46]. The grain structure of these films is relatively
stable with little change in microstructure expected during subsequent processing,
even upon annealing in an N, furnace ambient at temperatures as high as 1050°C.
However, after annealing at temperatures in excess of 1100°C significant recrystal-
lization and grain growth is observed [17,27].
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Guckel and coworkers [24,32,47,49]
to characterize the effects of annealing ¢
deposited at 580°C. They have found tha
the sign and magnitude of the average res
the films at temperatures close to their ¢
reduction in the magnitude of the compres
with the polysilicon approaching a strain

Chang et al. have observed similar
Postdeposition anneals at temperatures b
compressive amorphous or pseudo-amory
nomencn has been attributed to the volur
lization of the amorphous silicon layer loc
|41,46,49]. The magnitude of the averag
with increasing anneal temperature in this
excess of 1000°C, complete relaxation of wic uncinar sua LCW 13 VUscLYou. mau-
levtich [41,46] noted a similar stress relaxation in polysilicon thin films deposited
at 605°C. TEM micrographs of the annealed films indicate that strain relaxation is
not associated with recrystallization as has been previously argued.

As previously indicated, CVD films deposited at temperature-pressure com-
binations that lie above the amorphous-crystalline transition region tend to be
compressive with the magnitude of the ir
increasing deposition temperature. A plo
nealing temperature for films deposited a
4.8. Significant reductions in the residual
increases in anneal temperature. TEM n
residual stress is not associated with signi
film.

4.3.4 In-Situ Doping

In-situ doping refers to the procedure of impurity incorporation during the deposition
step. In-situ doping, as opposed to an ex-situ doping process, offers a reduction in
the total number of required processing steps, provides a flat concentration profile
over the thickness of the film, and allows precise dopant concentration control.
Arsine (AsH,), phosphine (PH,),and diborane (B,Hy) are often used as source
gases for in-situ doping of polycrystalline silicon. The addition of diborane to silane
tends to accelerate deposition and may reduce the apparent activation energy slightly
(E, = 20 kcal/mol) in the temperature range 620-900°C. Conversely, phosphine
and arsine suppress the deposition rate significantly, and the addition of phosphine
appears to slightly increase the apparent activation energy (E, = 44 kcal/mol) [52,53].
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deposition. Unfortunately, films used for surface micromachining are often consid-
erably thicker than those used in conventional integrated circuit applications, and the
depressed deposition rate results in a throughput reduction. Introduction of phosphine
also facilitates a degradation in film thickness uniformity, resulting in the need for
specialized equipment. Gas injectors may be used to distribute the flow evenly
throughout the boat of a batch system, and recently single wafer reactors have been
employed to improve film thickness uniformity.

Deposition rate and uniformity reductions are generally attributed to prefer-
ential adsorption of phosphine on the substrate surface [54,55]. Using a Langmuir
model, Meyerson and Yu [55] calculated sticking coefficients for phosphine and for
silane of Spy, = 1.0 and Sgu, = 0.025, respectively. The preferential phosphine
adsorption is thought to suppress a heterogeneous reaction mechanism, with residual
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polysilicon growth resulting from a gas |

neous decomposition of silane. The hig

quantities, would be rapidly depleted res

nonuniform deposition. A reactor scale

and Hochberg [56,57] also indicates that

is necessary to explain the deposition NOLu.uiviiiey vover vou e wine ayowan.

Other effects of the addition of phosphine to the reaction system include a
promotion of crystallization resulting in a lowering of the transition temperature be-
tween amorphous and crystalline material [52]. Harbeke et al. [52] also showed that
the texture of as-deposited in-situ doped polysilicon films differs markedly from un-
doped films. At a deposition temperature of 580°C and 500 mtorr total pressure, a
preferred orientation of {311} is indicated, switching to {111} at 600°C, a combination
of {111} and {311} at 620°C, and strongly (311) at 640°C [52]. Effects of film texture
on mechanical properties were not discussed. In fact, a dearth of published infor-
mation exists conceming the mechanical properties of in-situ doped polysilicon films.

Average residual stress values for 2.0-um thick in-situ phosphorus-doped poly-
silicon films have been shown to be a function of the input phosphine-to-silane flow
ratio. Films deposited in an amorphous state at 575°C and 600°C, at atmospheric
pressure, and annealed at 700°C for 1 hr, with an input phosphine-to-silane flow
ratio ranging from 0.02 to 0.08 show a considerable reduction in tensile stress mag-
nitude as PH;/SiH, ratio increases [50]. Stress magnitudes ranged from ca. 500 MPa
(PH,/SiH, = 0.02) to ca. 100 MPa (PH;/SiH, = 0.08). Corresponding resistivities
for these films decrease monotonically with increasing phosphine-to-silane ratio from
100 £2/square to less than 10 £2/square. Similar resistivity trends were observed by
Kurokawa [58] over the same phosphine—silane range. Kurokawa’s polysilicon films
were deposited at either 630°C or 650°C (1 torr total pressure) and annealed at 1000°C
for 30 min. A resistivity saturation at a PH,/SiH, ratio of 0.04 was also noted.

As previously discussed, introduction of phosphine into a reaction system uti-
lizing silane as the silicon source results in a suppression in polysilicon growth rate.
In order to circumvent this problem, disilane (Si;Hg) has been employed by several
investigators [59,60]. Nakayama, Yonezawa, and Murota [59] showed no reduction
in silicon deposition rate in the Si,H,—PH,;—He system at 520-665°C and 3 torr total
pressure. In fact, at high phosphine concentrations, deposition rates were enhanced
several orders of magnitude relative to the silane-based in-situ phosphorus doping
process. Whidden, Lindlow, and Stiles [60] confirmed these results while depositing
amorphous silicon at temperatures as low as 480°C.

Figure 4.9 shows cross-sectional TEM micrographs of a 1.5-um silicon film
deposited from disilane and phosphine at 510°C and 800 mtorr total pressure. The
as-deposited film is amorphous with little change in microstructure following anneals
at 700°C, 800°C, and 900°C. The film annealed at 900°C had an average residual
tensile stress of ca. 100 MPa and a resistivity of 10 £2/square.
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LPCVD Polysilicon (630 °C)

Figure 4,10 Variation in the sheet resistance of an LPCVD silicon film (T4, = 630°C) as a function

of postdeposition annealing temperature. Doping of the film is achieved via phosphorous
diffusion from the PSG spacer layer.
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of the film. However, to date, little infor
doping of polysilicon films to the physic

For ex-situ doping, via predeposit
containing compounds such as phosphoro
are reacted with oxygen to form phosph
containing oxide then serves as a source for the diffusion of phosphorous into the
polysilicon film. The concentration of phosphorous at the polysilicon surface is a
function of both the gas mixture and the furnace temperature. The phosphorous content
of the film used as a diffusion source in a standard predeposition cycle is typically
higher than the phosphorous content of a sacrificial PSG spacer layer. Consequently
significantly higher doping levels can be achieved at only moderate processing tem-
peratures at the expense of an additional processing step.

The moderate doping cycles commonly used in surface-micromachining ap-
plications tend to have no effect on the microstructure of polysilicon films deposited
at temperatures near 630°C. Comparative analysis of a 630°C deposited LPCVD
polysilicon film before and after doping for 30 min at 875°C in a PH, /0O, atmosphere
shows no evidence of recrystallization or grain growth. Heavier doping cycles (higher
temperatures or longer times) can lead to significant recrystallization and grain growth
[61]. This behavior has been attributed to an enhancement of the silicon vacancy
concentration in the presence of a large concentration of n-type dopants.

For LPCVD polysilicon films deposited at temperatures below about 630°C,
one would expect crystallization of any amorphous material present in the film to
occur during a doping oxide deposition process, and this has been observed
experimentally.

For 2-pm thick LPCVD films deposited at temperatures above 630°C, a mod-
erate phosphorous predeposition tends to lead to a slight increase in the average
residual compressive stress [27,61]. Heavier doping cycles (higher temperatures or
longer times) can lead to a significant reduction in the average residual stress [61].
The reduction in film stress at higher doping temperatures may be associated with
the recrystallization and grain growth typically observed upon annealing heavily doped
n-type polysilicon films.

The residual stress gradient tends to be significantly more sensitive to phos-
phorous predeposition than the average residual film stress [63,64]. The effect of a
moderate phosphorous predeposition and drive-in on the residual stress gradient in
a 630°C LPCVD polysilicon film is illustrated in Figure 4.11, where variations in
the curvature of doped and undoped polysilicon cantilever beams are plotted as a
function of the anneal temperature. Similar results have been observed for films
deposited at other temperatures {65]. A moderate phosphorous predeposition cycle
causes the released film to bend toward the substrate, which represents a reversal in
the sign of the residual stress gradient in the undoped film. This indicates that the
phosphorous predeposition process contributes to a significant increase in the mag-
nitude of the compressive stress at the polysilicon surface. The mechanism for this
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Figure 4.12 Polysilicon sheet resistance following a PH;/O, predeposition as a function of the poly-
silicon deposition temperature.

4.3.6 Sacrificial Layers and Sacrificial Etching

Sacrificial film layers can be used as a scaffolding material in the construction of
three-dimensional structures. These layers may also serve as a dopant source. The
use of phosphorus-doped oxide as the sacrificial layer is most common. Etch rate
and reflow properties can be engineered by controlling dopant incorporation. More-
over, the etch selectivity of the oxide in dilute hydrofluoric acid (HF) solution over
other materials such as polysilicon and silicon nitride is generally good.
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Figure 4.13 Schematic representation of PSG sacrificial etching mechanism.

Nintendo Exhibit 1010
Page 0094



120

jrxn :

In this analysis, adsorption, surfac
combined and represented by k. and n
surface concentrations of reactant, respe
and & is the diffusion length. Experin
(49%) in conjunction with model predi
etch solution, reactant diffusive flux b
results of Monk et al. also indicate tha
time with the distance etched into a re«
channel width. Since liquid-phase reac
temperature [72], PSG etch time may
temperature. However, with etching reas
dependence, selectivities of other mater
metals) may be adversely affected. Thu
application will vary and should be opt

Increasing the film phosphorus co
be an overriding consideration, particu
etch selectivities are a major concern. |
to HF solution may degrade mechanic:
to reduce sacrificial etch time. Higher |

Figure 4.14 Composite PSG structure,
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Figure 4.15 (a) SEM micrographs comparing PSG step coverage in rectangular trenches from (b) LPCVD
silane, oxygen, and phosphine with (¢} PECVD tetracthoxysilane, trimethylphosphite, and

oxygen.
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Figure 4,15 continued.

The blanket film thickness in each case is approximately 2.0 um. Figure 4.15(b)
shows the results from a standardly employed thermal LPCVD process using SiH,,
O,, and PH;, at 425°C and 280 mtorr total pressure. The PSG in Figure 4.15(c) was
deposited from TEOS, TMP, and O, in a PECVD system. The step coverage values
tabulated under each micrograph show that the PSG film-thickness uniformity is
greatly enhanced with the PECVD process. Potential difficulties associated with the
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PECVD Process
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Figure 4.15 continued.

poor surface coverage of the LPCVD PSG are many and range from mechanical
obstruction to electrical shorting. Figure 4.16 shows the step coverage (bottom side-
wall/top) as a function of aspect ratio (initial feature height/initial feature width)
for both processes. In each case, the conformality decreases with increasing aspect
ratio. The LPCVD process degrades more rapidly than the PECVD process, dropping
to nearly 0 at aspect ratios above approximately 3.0.
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Figure 4.16 Step coverage of PSG as a functio
LPCVD processes.

4.3.7 Stiction

During the rinse and dry cycle that follc
rating rinse solution creates a large capillary force that tends to draw the micro-
mechanical device structure toward the underlying substrate [74,75]. Should the device
structure come in contact with the substrate as a result of this capillary action, sub-
stantial attractive forces can develop between the two surfaces. For large-area or
low-spring-constant devices this attractive force can easily exceed the restoring force
of structure, As a consequence, the micromechanical device will remain adhered to
the wafer surface after the rinse and dry cycle is completed. Once stuck together,
the two surfaces are difficult to separate, and the device is rendered useless. Ob-
viously this can lead to significant reductions in device yield, hence considerable
effort has been devoted to understanding and solving the problem of stiction. In this
section we will briefly review some of the techniques developed to solve this problem.
The simplest way to circumvent the stiction problem is to prevent the micro-
mechanical device from coming in contact with the underlying substrate at any point
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f attaining this goal is to minimize the
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oach has met with some success. How-
1en applied to large-area or low-spring-

npletely eliminated by supplanting the
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or example, Orpana and Korhonen have
shotoresist can be used to form a solid
1 oxygen plasma to leave a freestanding
»machined devices can be immersed in
r cyclohexane, which is then frozen to
tly sublimed in vacuum to release the
promise but need additional work to be

vice’s mechanical restoring torces will be sulficient 10 OVeICOME iNe I0ICEs Cuusiug
it to adhere to the underlying substrate. Several methods of modifying the silicon
surface termination to achieve this goal have been examined. The simplest processes
involve treating the device in an oxidizing bath such as H,0, or subjecting it to an
RCA cleaning prior to the final rinse [75]. Others involve terminating the silicon
surface with hydrophobic functional groups using hexamethyldisilazane (74] or
octadecyltrichlorosilane [75]. Both techniques have been shown to reduce yield loss
due to stiction, though the former is most easily integrated into a conventional IC
manufacturing process.

Structural modifications to the micromechanical device have also been em-
ployed to reduce the attractive forces between the device and substrate. Standoff
bumps have been designed to reduce the area of contact between the device and the
underlying substrate, thus minimizing the net force acting on the device [79]. This
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