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ABSTRACT

A novel technology for manufacturing thin silicon diaphragm structures is
presented. Controllability of thin silicon diaphragm is one of the most important
issues in fabricating silicon micromechanical sensors whose sensitivity depends on the
diaphragm thickness. This can be accomplished by epitaxial lateral overgrowth (ELO)
of single crystal silicon on a patterned layer of masking material, typically SiO,,
combined with crystallographic etching of which etching rate depends on the crystal
plane. With recent improvement of ELO material, good quality of 10pm thick, 200pum
X 1000pm single crystal silicon was obtained with its thickness being precisely
controlled by growth rate (£ 1um/min.). The junction leakage of the p-n junction
diodes fabricated on merged ELO silicon indicated the material quality is comparable
to the substrate silicon. Using this technology, a bridge-type piezoresistive
accelerometer with four beams and one proof mass was fabricated successfully. Its
sensitivity and resonant frequency were comparable to the accelerometers made by
other methods. They were analyzed by comparing the experimental results to asimple
analytical solution as well as ANSY S stress simulator using a finite element: methods.
The experimental results showed a potential application of the new technology to
silicon sensor fabrication but some further refinement isremaining.

Free-standing single crystal cantilever beams were fabricated using, MELO
and RIE, of over 1000pum long and 5pm by 10pum in cross section. These beams were
very short, straight, indicating little residual stress. Wide, short beams were .fabricated
using ELO which were also free standing. Special treatment of MELO indicated that
diodes and bipolar transistors fabricated on top of the oxide stripes showed nearly
ideal characteristics, hence the quality of the MELO was improved. With MELO of
thicker than 5um, no voids were observed. Test structures significantly with all

surface micromachining, were designed for further development of silicon membranes.




CHAPTER 1
INTRODUCTION

1.1 Background

In the last four decades, silicon has been the core material in the area of
microel ectronicsdue to its semiconductor electrical properties and fabrication technology.
The continuing progress in microelectronics, with the advent of the microprocessor, has
made the very large scale integration of circuits possible and tremendously improved the
areas of system control and signal processing. In addition, the batch fabrication made the
cost of silicon integrated chipsfall dramatically and hence the cost of discrete mechanical
sensors became a considerable portion in the whole system. That was the time when the
mechanical property of silicon began to draw peopl€'s attention in the pursuit of cheaper
and more versatile sensors. Silicon sensors, if manufactured by batch fabrication which
was well developed in microelectronics, could then replace expensive hand-assembled
sensors, reduce the whole system price, and give severa additional advantages.

With the introduction of the silicon stress sensor in the 1950's, numerous silicon
micromechanical sensors such as pressure sensors or accelerometers have been actively
developedin the 1970's. In virtually every field of application sensors that transform real-
world input into (usually) electrical form of output can be found. Sensor classification
schemes can in general range from the very simple to the complex. Figure 1.1 shows an
exampleof the category of mechanical sensor area, which isthe most related to the silicon
sensor, selected from a sensor classification scheme proposed by White[1].
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o application [1].



1.2 Silicon asamechanica material

Silicon has been increasingly employed in the area of micromechanical sensors
becauseof its excellent mechanical properties. It isrugged, inexpensive.chemically inert
in acorrosive ambient, and superior to meta strain elementsin the piezoresistanceeffect. It
also respondsto external stimuli with a large sensitivity, makes batch fabrication possible,
and permits the integration of the sensing element and the signal-processingcircuit in one
chip. The important physical effects of silicon in sensor applications are summarized in
Table 1.1 [2]. Silicon has shown sufficient effects including the Hall effect, the Seebeck
effect, and the piezoresistance effect, all of which are rather large. One problem with
silicon is that its sensitivities to strain, light, and magnetic field show a rather large
variation with temperaturechanges. The offset due to temperature sensitivity needs to be
eliminated or controlled and it has been shown that the temperature sensitivity of resistors
can be eliminated either by signal conditional circuitry or by laser trimming.

In mechanical sensor applications, because silicon is not piezoelectric, only the
piezoresistance effect is used. This effect is rather large because the average mobility of
electronicsand holesin silicon isstrongly affected by the application of strain. Depending
on the structure and the location of the piezoresistors, thiseffect can be applied to make
micromechanical sensorsfor pressure, force, accel eration, displacement, torque, or stress.

Tablel.1l Physical effectsof silicon sensorsto various signals{2].

Signals Physical effects

Radiant signals photovoltaiceffect, photoel ectriceffect, photoconductivity,
photomagneto-electric effect

Mechanica signas piezoresistivity,lateral photoelecmceffect, lateral photovoltaic
effect.
Therma signals Seebeck effect, temperature dependencedf conductivity and
Magneticsignals Hall effect, magnetoresistance, Suhl effect

Chemica signas ion-sensitivefield effect




1.3 Silicon micromachining

Micromachining is a technology which incorporates miniaturized and mechanical
devices with elecmcal devices, using the already-existingand advanced integrated circuit
fabrication techniques. Silicon micromachining is usually performed by wet chemical
etching to form three-dimensional shapes such as pits, pyramids, trenches, hemispheres,
cantilevers, diaphragms, needles, and walls. A wide variety of micromechanical devices
can be constructed from combinationsof these structural elements([3]. To make acertain
physical structure, silicon needs to be either added or removed only at some desired
locations. The processing techniquesfor thisinclude chemical and el ectrochemical etching,
epitaxial growth processes, thermomigration, and field-assisted thermal bonding [4].
Among the mentioned processes, chemical etching is considered as the most versatile
processing tool due to the etchant's varying degree of selectivity to silicon material. Key
parameters, in controlling micromachining, are crystallographicorientation, etchant, etchant
concentration, starting semiconductor material, temperature, and time.

Accelerometers and pressure sensors, two typical examples of integrated silicon
sensors, utilize a thin semiconductor diaphragm structure. The thin diaphragm, which is
formed by selective etching of the silicon, is used as a stress magnifying device. A
piezoresistive sensor, which utilizes the piezoresistiveeffect of silicon, is the most widely
employed type of sensor using the thin diaphragm. This is due to its easier fabrication,
smaller area consumption, larger dynamic response, and more linear response than other
types of sensors. For the piezoresistive sensors, a full bridge of diffused resistors is
usually formed in a (100) oriented silicon diaphragm to detect the physical stimulus by an
electrical output. The piezoresistiveeffect isachangein resistivity with applied pressure
due to the change of the carrier mobility in aresistor. Although silicon pressure sensors
have been developed for many years, there are problems which have not been adequately
solved. One of the most important problems has been the lack of controllability and
reproducibility in forming the thin diagphragm by .etchingof silicon, resulting in low device
yields. Severa different diaphragm thicknesscontrol and monitoring techniques and their
limitations will be discussed and a new single crystal silicon diaphragm fabrication
technique using merged epitaxial latera overgrowth (MELO) of silicon with SiO, etch-stop
isthe topic of thisthesis.



1.4 1Ccompatible micromechanical sensors
When the substrate material for both the sensor and the electroniccircuitsis silicon,
the integration on the sensor and circuits on one chip is possible and profitable. Some of

the additional advantagesare asfollows:
Better signal-to-noise ratio.

(1)
2

3)

(4)

Improvement of characteristics in non-linearity, cross-sensitivity, offset,

parameter drift, and frequency response.

Signal conditioning and formatting capability: analog-to-digital conversion,
impedance matching, output formatting, conditioning.
Speculative applicationsin future for sophisticated measurement and control

systems.

The popular image of afutureintelligent sensor is an integrated device combining
the sensor with the microcomputer, which is yet to be realized. Figure 1.2 [5] illustrates
development stagesof such an intelligent sensor. Four separate functional blocksincluding
sensor, signal conditioner, A/D converter, and microprocessor are gradually coupled on a
single chip, then turned into adirect coupling of sensor and microprocessor.

I1:

I1:

A/D

S [sd A/D

sclT—™n/mD uP

Smart sensor or
Intellegent Sensor

S upP

Figure 1.2 Development trends of silicon sensorsin integration with microprocessors.
(S: Sensor, SC: Signal Conditioner, A/D: A/D Converter, and nP:

microcomputer){5].

T



1.5 Overview of thesis

The development of a single crystal silicon diaphragm fabrication technology is
described and its application to the fabricationof a bridge-type piezoresi stiveaccel erometer
is presented. This new diaphragm forming technique utilizes a merged epitaxial lateral
overgrowth (MELO) of silicon combined with an SiO, etch-stop and a crystallographic
self-limiting etching by V-grooves; resulting in high-quality silicon membrane with well-
controlled dimensions. The MELO is an extension of the Selective Epitaxial Growth
(SEG) and Epitaxia Lateral Overgrowth (ELO) technologies which already have been
employed in development of novel devices such as three dimensional MOS and bipolar
transistors. Thisindicatesthat the new diaphragmforming techniqueis I C-compatible.

Chapter 2 explores a mechanical propertiesof silicon and the piezoresistive effect
which isemployed in silicon micromechanical sensor applications. Chapter 3 reviews the
present silicon micromachining technologies and addresses a new silicon diaphragm
fabrication technique utilizing MELO-Si and SiO; etch-stop and a crystallographic self-
limiting etching by V-grooves. Chapter 4 presents the fabrication procedure and its
development for a bridge-type piezoresistive accelerometer using the new diaphragm
fabrication technique. Chapter 5 describes the performance of the MELO-Si bridge-type
piezoresistive accelerometer. This chapter includes the experimental results of the
fabricated accelerometer as well as the sensitivity of the accelerometer performanceto the
applied acceleration in terms of structural parameters. Also discussed is the theoretical
static and dynamic response of a bridge-type piezoresistive accelerometer using simple
beam theory and the finite element method (FEM). Finaly, Chapter 6 summarizes the
significance of the new diaphragm technology and discusses the future direction in the
devel opment of monolithic IC-compatible silicon micromechanical sensors.



1.6 References

[1]

[2]

[3]

[4]

(3]

R. M. White, "A Sensor Classification Scheme,"” |EEE Trans. Ultrason. Ferroelec.
Freq. Contr., Vol. UFFC-34, No. 2, pp. 124-126, March 1987.

S. Middelhoek and A. C. Hoogerwerf, " Smart Sensor: When and Where?,"
Sensora and Actuators, Vol. 8, No. 1, pp. 39-48, 1985.

J. B. Angell, S. C. Terry and P. W. Barth, " Silicon Micromechanical Devices,"
Scientific America, Val. 248, No. 4, pp. 44, April 1983.

K. E. Peterson, "' Silicon as a Mechanical Material,” Proc. |EEE, Vol. 70, No. 5,
pp. 420, May 1982.

H. Yamasaki, " Approaches to Intelligent Sensors," Proc. 4th Sensor Symp, pp.
69-76, 1984.



CHAPTER 2
PIEZORESISTANCEEFFECT OF SILICON

2.1 Introduction

There are various typesof silicon rnicromechanical sensors among which two types
of sensors are of the most interest nowadays, the accelerometer and the pressure sensor.
When the mechanical energy isto be transformed into electrical signals, piezoresistive[1-3]
and capacitive sensors [4-6] are two most common sensors used presently. Piezoresistive
type devices are considered in this thesis because they are more easily fabricated in smaller
dimensions, show better linear sensitivity, and have a somewhat larger dynamic range than
capacitive devices[2].

A conventional silicon pressure sensor uses the diaphragm structure shown in Fig.
2.1(8). Particularly in piezoresistive pressure sensors, resistors are implanted or diffused
into the front (or top) side which will become the thin diaphragm. Anisotropic etching
from the backside creates the characteristic rectangular cavity and leads to adie with a thin
diaphragm. A silicon accelerometer typically includes a silicon massin addition to the
beam diaphragm structure which is similar to that of the pressure sensor. Here, the
diaphragm structureis utilized in creating sensitive thin beamswhich would contain stress-
sensitive resistors, called piezoresistors. A Bridge-type accelerometer shown in Fig.
2.1(b) and a cantilever-type accelerometer shown in Fig. 2.1(c) are the two most typical
accelerometer structures.

When the diaphragm deforms with applied pressure or acceleration, the resistance
of aresistor varies accordingly. The resistance change depends on both the change of
resistivity with stress, which isthe piezoresistive effect, and on the dimensional changes of
theresistor dueto the stress. The piezoresistorsare placed at the locations of peak stresses
for the best sensitivity. These resistors are used to form a half or full bridge circuit.
Converting the change in theresistance into a voltage change, using the Wheatstone bridge
circuit, the output can be measured asachangein voltage. Using thisrelation, the overall
response of asensor to a physical stimuluscan be determined.
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Figure 2.1 Silicon micromechanical sensors utilizing a thin diaphragm: (a) pressure
sensor, (b) bridge-typeaccelerometer, (c) cantilever-typeaccelerometer.



This chapter describesthe piezoresistivity of silicon which is the main reason why
silicon started to be recognized as a sensor materia. First, the general theory of
piezoresistivity of asolid material isconsidered. 'The phenomenological description of the
piezoresistivity and its notation simplification are reviewed. Next, the description of the
piezoresistivity in silicon, which is further smplified due to material symmetry, is
presented. Finally, the physical explanation of the piezoresistivity in silicon is discussed
followed by an evaluation of the piezoresistivecoefficientsin silicon.

2.2 Theory of Piezoresistivity

Piezoresigtivity is defined as the changein the electrical resistivity of a material due
to an applied stress. This effect wasfirst investigated by Bridgman [7], who studied the
effect of mechanical tension on the electrical resistance of several materials. Later, he also
measured the resistivity changes for a number of semiconducting materials under
hydrostatic pressure [8]. The symmetry of the second order resistivity tensor for
electrically anisotropic material s was demonstrated by Onsager [9]. After that, the specific
form of piezoresistive tensor has been developed for all known crystal classes, with the
observations about the effects of crystal symmetry on physical properties made by Nye
[10], Bhagavantam [11], arid Juretschke [12]. An early theory of the piezoresistance effect
in silicon and germanium was developed by Smith [13], who described the physical
background of the effect and measured the piezoresistive coefficientsexperimentally. The
theoretical physicsof the piezoresistiveeffectin silicon was addressed by Paul and Pearson
[14], and Hemng and VVogt [15].

The application of the piezoresistive effect to strain gages was made by Mason and
Thurston [16], who provided the first thorough presentation of the theory of
piezoresistivity and who devel oped the equations describing the resistance change along a
uniform conductor subjected to various states of plane stress. These ideas were further
developed by Phann and Thurston [17], and by Thurston [18]. The temperature
dependence of the piezoresistive coefficients was investigated by Morin, et al. [19], and
Tufte and Stelzer [20], shortly after that Keyes investigated the temperature dependenceof
the elastoresistive coefficients of n-type germanium. General discussions of
piezoresistivity were provided by Mason [16], and Bir and Pikus [21] while the
piezoresistive characteristicsof adiffused layer on a cubic semiconductor were investigated
by Kerr and Milnes[22]. The properties and performance characteristicsof semiconductor
strain gages have been discussed by Padgett and Wright [23], and by Dally and Riley [24].



The nonlinearity of the piezoresistive effect, neglected by most researchers, was addressed
by Yamada, et al. [25], and in the same year Kanda [26] represented the piezoresistive
coefficients of n-type and p-type silicon graphicaly, including their dependence on the
impurity concentrationand temperature.

2.2.1  Phenomenological Description
Assume that the electric field components, E;, are functions of the current density

components, J;, and the stress components, o). That is, assume

Ei = Ei(Jj’le)' (221)

When E; is developed in a McLaurin series about the state of zero current and stress, egn
(2.2.1) can berewritten as

aE d2E; 02E;
dE; = aJ d Okl 2, Wd] dJm+dek]don°+25]7—dJ d6k1]+ (2.2.2)

Now the derivatives 0Ej/dGy, 92E;/dJ;0J, and 02E;/00},100,,, are components of tensors

of ranks 3, 3, and 5 respectively and vanish for silicon because all odd rank tensors vanish
when thereisacenter of symmetry. The remainingderivativesare designated asfollows:

JE;

3. ~ pg = resistivity componentsfor the unstressed material
J
02E; : :
= Tjjx1 = Pi€zoresistance components.
aJ jaO'kI

Equation (2.2.2) becomes

dE; = p:_)]dJJ + Tcijkldljdo-kl + ...

or by replacing thedifferential incrementsby the variablesthemselves,

Ei=p; J + TijkJjOk + - (2.2.3)



For sufficiently low levelsof stress, thisexpression can be truncated so that the resistivity
change components are linearly related to the stress components, the second term, and it
becomes o

Ei= P%J i + TijkidiOk1 = (P% + i1k DI (2.2.4)

where the subscripts for stress, k and 1 are variables having arange from 1to 3. The
piezoresistance coefficient myj is characterized not only by the direction of the electric

fields component, i, and the current density component, j, but also by the direction of the
stress. The stress oy corresponds to a tensile stress along the crystal axes if k=l and

represents a shear stressif k=l.

2.2.2  Notation Simplification
The equation relating resistivity change to the state of applied mechanical stressis
written as

pij = p:.,l + nijklokl. (2.2.5)

Because pj;=p;i» which can be shown using the Onsager Reciprocity Principle[9] based on
the theory of thermodynamicsof irreversible processes, only six of the nine equationsare
unique in eqn.(2.2.5). In addition, for the piezoresistance components, the first two
subscripts can be interchanged with each other, as can the last two subscripts, that is

Tijkl = Wikl = Tjlk = Tilk- (2.2.6)

Applying the relation p;j=pj; and eqn.(2.2.6) to eqn.(2.2.5) leads to the following
SX unique relations:
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The conventional shorthand notation for the above subscriptsare asfollows:

11-1 222 3353 23—-4 1355 12—6.

According to this reduced index notation scheme, theresistivity and stress components are
relabeled in the following manner:

P1=Pn1 P2=P22 P3=pP33 Pa=pP23 P5=P13 P6= P12
G1=011 G2 =072 03 =033 G4 = P23 G5 =P13 G6 =012

The piezoresistivity componentsin eqn.(2.2.7) are renumbered, as shown by Mason and
Thurston [16], according to the reduced index notation scheme, except that a two is
factored out of the stress elements which relate to the three shear stresses.

The piezoresistivity equations then can be rewritten in the reduced index notation:

(Pl ] Fp{’ T, Wy, Wy Wy, 7@ i |[ 1]
P2 P2 Ty My My Wy Ty Ty || O
Ps _ P3 + 7?31 7:':32 7}33 7:t34 7:t35 i.tse O, 2.2.8)
Pa Pal | Ta Tuy Ty My Ty Tue || O
Ps Ps Ty Mgy Mgy Wy Tgs g6 || Os
| Ps | LPE_ _ﬁ:Gl Ty, T T s ﬁea_ | O |

The tildes over the reduced index piezoresistivity coefficients indicate that they are
intermediateresults. The piezoresistivecoefficients o are then defined by the following

relation:

Mop = —> (2.2.9)



where the hydrostaticresistivity p isdefined as

[0] o] o]
_ 1 Pi1 P22 P33
) :gtrace(pg) = 3 (2.2.10)

Equation (2.2.8) can be expressed very compactly using indicial notation:

Po= Py + OB 2.2.11)

where o, rangefrom 1to6. Itisimportant to note that the coefficients ., are not tensor

components, and that the (6x6) matrix of reduced index piezoresistive coefficients
expressed in eqn.(2.2.8) is not symmetric.

Equations (2.2.9) and (2.2.11) can be combined to write the piezoresistive
equationsin terms of the standard piezoresistivecoefficients myp:

Pa =Py + (PTop)Op (2.2.12)
or % = TopOp. (2.2.13)

Thiscan be expressedin mamx form asfollows:

[Ap, ] T Ty Ty My Tys Ty || Oy

Ap, Ty My Ty Ty Tys Ty || O

Ap, -5 Ty Tz T3 Ty Tas Ty || Oy 2.2.14)
Ap, Ty Ty T3 Ty Tys Tye || O4 o
Aps sy M5y Mgy Mgy N5 Tsg || O

| Apg | [Te1 Mgy Mgz T Tgs  Tes || O6

It is important to note that the piezoresistive coefficients g are also not tensor
components, and the relation m,g=mg is not valid for general classesof materials.

2.3 PiezoresistiveEffect of Silicon
The phenomenol ogical notation and its simplified form of piezores stancecoefficients
can be even further smplified in acubic material like silicon due to its symmetry condition.



In this section, the material symmetry of silicon is considered and resistance change in
silicon due to applied stressis expressed in terms of piezoresistancecoefficients. Then, the
physical explanation of the piezoresistance effect is exploited and the evaluation of the
coefficientsis described.

2.3.1 Material Symmetry Considerationsin Silicon

The general equations of piezoresistivity can be simplified for certain materials,
particularly cubic materials such as silicon and germanium, by taking into account materia
symmetry. Theequations produced will be considerably simpler in form, but they will be
valid only for type m3m cubic crystalline materials. I arotation and/or reflection of the
lattice leavesiit in a position indistinguishablefromits origina position, the crystal is said to
possess symmetry, and the rotation and/or reflectioniscalled a symmetry operation. Such
acoordinate transformationis also referred to as a symmetry elements. Symmetry elements
play alargerolein determiningthe materia propertiesof acrystal.

The basis of the study of the effect of a crystal's symmetry on its physical
properties is Newmann's principle, which states that the symmetry elements of any
physical property of acrystal must include al the symmetry elementsof the point group of
thecrystal. A point group is defined as the entire set of symmetry elements possessed by
the crystal lattice structure. Due to the restrictions imposed by lattice structure on the
directional symmetry of acrystal, only 32 point groupsexist. These have been grouped
into seven crystal systems, according to their implications on the shape of the unit cell.
Silicon falls into point group 32, which is one of five point groupsin the cubic crystal
system. This point group has the Schoenflies symbol Oy, and the Hermann-Mauguin
symbol m3m. The symmetry elements of this point group, when written out, are as
follows:

E 8C3 3C2 6C4 i 856 36 60 654

where E = 2n rotation about an axis (identity)
Cp= %n rotation about an axis

i = center of inversion
Sp= ‘%ﬂ rotation about an axisfollowed by areflection in aplane normal to that axis

O = planeof reflection.
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There is a subset of the set of symmetry elements of acrystal which forms a basis
for the set of symmetry elements for that crystal's point group. This subset is called the
generating elementsfor that point group. When the coordinate transformations described
by the generating elementsare applied to amaterial property, that property is affectedin the
same way asif theentireset of transformationsdescribed by dl the symmetry elements had
been applied toit. The coordinatetransformationsdescribed by the generating el ementsare
applied successively to the set of tensor equations describing the material property of
interest. It isrequired that the equations remain invariant under each generating element
transformation. Asthe generating elementsare applied, relationshipsbetween the constants
representing the property begin to emerge. After al the generating elements have been
applied, a set of non-vanishing independent coefficients will remain. These simplified
coefficients completely describe the material property of interest for acrystal of a given
symmetry and arevalid for al membersaf that point group.

In the case of silicon, the generating el ements have been given by Juretschke[12] to
be asfollows:

-1 0 O

fajl=1 0 -1 0 |=i (2.3.1)
0o 0 -1
[0 1 0

[aij]= 0 01 EC3 (2.3.2)
100
[0 1 0

[al=[-1 0 0[=Cq4 (2.3.3)
[0 0 1

The components of the unstressed resistivity tensor, p;;, must satisfy the generating
element transformation in eqn.(2.3.4),

[p©] = [al[pC@][a]t. (2.3.4)

Applying each of the generating elements in eqns.(2.3.1) - (2.3.2) to eqn.(2.3.4)
yieldsthefollowing result for the unstressed resistivity components:
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P P Ph p, 0 O
Pz Pz Pn|=|0 p, O (2.3.5)
Pis P Ph 0 0 p,

This result means that unstressed silicon, or any other unstressedcrystal of the same point
group is electrically isotropic. The piezoresistive coefficient matrix in eqn.(2.2.14) can
also be smplified for cubic crystal materials by applying the generating elements to the
invariant transformation rule.

[n] = [TI(x][T]} (2.3.6)

The transformation matrix, [T}, has been defined as

2 m? 2mn, 21;n, 21,m,
2 m} n 2m,n, 21,n, 2l,m,
12 m? n2 2m,n 21.n 2l.m
[T] = 3 3 3 373 3%%3 3°°43 (237)
l,l;, mym; n,n; myn,+myn, Ln,;+Ln, 1,m,+1lm,
I, mm; nn, mn,+myn 1ln;+Ln Im,+1lm,
_1112 mm, nn, mn,+m,n, In,+ln 1m,+1,m, )
where the reduced index notation for thedirection cosinesis defined as
a;, 8, ap l, m n
a, a, ay|=|(l, m, n, (2.3.8)
Q3 A3 Ay, I, my n,

Applying the transformation matrix of eqn.(2.3.7), after substituting each of the
generating elements of eqns.(2.3.1)-(2.3.3) to eqn.(2.3.6) gives the following result for
the piezoresistivecoefficients:



[r] = (2.3.9)

A
S
ks
©
a
8
o
© o o o
© 0o o o

0 0 0 0 0 m

This is the on-axis piezoresistive coefficient matrix. It isvalid for silicon, or any other
crystal possessing m3m point group symmetry, when the coordinate system is aligned with
the principal crystallographicdirections. Theform of the piezoresistivecoefficient matrix
in an off-axis coordinate system can be obtained by substituting eqn.(2.3.9) into the
transformationrelations:

ToB = Toy Ty Tap: (2.3.10)

2.3.2 Resi stance Change Equations
Now that the symmetry effects of silicon have been taken into account, the

equations of conduction for a stressed material can be considerably ssimplified. In athree-
dimensional medium with orthogonal axes 1, 2, and 3, the electric field components, E;,

and current density components, J;, can be related as
E; = pjj Jj- (2.3.11)

Here, each of the subscripts i and j have a range from 1 to 3, and pj; is the resistivity

component which relates the electric field component in the i-direction to the current
component in the j-direction. This expression can be expanded in the single subscript
notation:

Ez =1|Pa P Pz L=|Ps P2 Pa Jz (2.3.12)



For acubic crystal like silicon, under no stress, the resistivity becomesisotropic
and the second order resistivity tensor components can be represented as

pij = poaij where 511 =1 if i:j (2.3.13)
= 0 if i#j

Therefore, the overall relation between mechanical stressand electrical resistivity for silicon
can be expressed as

[P [Po] -7‘:11 T, W, O 0 0 |{oy
P2 Po Ty, My T, O 0 0 ||oyn
Ps Po T, Ty, My O 0 0 || Ox

(P, 2.3.14
o " loel™Pl0 0 o0 m, 0 oo, (2.3.14)
Ps Po 0O 0 o 0 n, O |lo,
Ps] |Po | 0 0 0 0 0 m,]lo,]

In the piezoresistivecoefficient matrix, thefirst subscript denotes the relativedirectionsof

the electric field and current density vectors, and the second subscript denotes the stress
direction. Thus, &t is the piezoresistance coefficient coupling for the elecmc field and the

current density vectors along the same crystallographic direction with the tensile stress
applied in that same direction. Similarly, my, represents coupling between coincident

electric field and current density vectorsand a tensile stressapplied normal to thedirection
of current flow. Finally, m44 representscoupling between elecmc field and current density

vectors (which are normal to each other) and an applied shear stress. In this notation the
three equations of Egn. (2.3.12) become

E
p_l =J1[1+ 7101 + T2(09 + G3)] + Mye(Jp0¢ + J305)
(0]

E
p—2 =Jo[1 + 110 + ®12(01 + 63)] + My4(J 106 + J304) . (2.3.15)
[¢)

E
p—3= J3[1 + 1103 + W12(0) + G9)] + Ty4(J105 + Jp04)
)

e —



A much simpler equation can be used when we are concerned with an electric field
component E, current density component J, and alongitudinal tensilestresso; al along the

samedirection. A smplified expression can be written as

p£=J[l+TC10'1] OI'+?= Po [1+ ;0] (2.3.16)
o

where r; is alongitudinal piezoresistance coefficientand o; is alongitudinal, or uniaxial

tensilestress. Theratio of E/J, which is the longitudinal resistivity under alongitudinal
tensilestress o;, will be denoted by

§:p0+Ap. (2.3.17)

Then, from Egns. (2.3.16) and (2.3.17), the fractional change in resistivity due to a
longitudinad tensilestressis

Ae= 0. (2.3.18)

Po

Similarly, when alongitudinal tensilestressis perpendicular to an el ectric field and current
density components, the fractional changein resistivity due to the stress can be expressed
as

Ap

Po

= K[C[ (23.19)

where , is atransverse piezores stancecoefficient and o, isatensile stress perpendicular to

the current flow.

The actual resistance change will be the result of the combined effects of this
resistivity change and dimension changes. A tensile stress alwaysresultsin an increasein
length and adecreasein cross-sectional area and thus tendsto increase theresistancein that
direction and to decreasein the perpendicular direction. In many cases, the small effect of
dimension changescan be neglected in comparison with the higher effect due to the change
in resigtivity [13, 16].



In atypical application of the piezoresi stanceeffect to micromechanical sensors, i,
and =, are two piezoresistance coefficients which need to be considered. The expression
for these coefficients along arbitrary axes can be expressed in terms of fundamental
coefficients mpj, ®19, and T44. The simplest case is that when a uniaxial tensile stressis
applied along one of the crystal axes, like [100] direction in silicon. In this case, w; is
simply m;1 and w; is 9. For a more general case, the expression for w; and =, can be
obtained by the transformation of the crystal axes. For an arbitrary coordinate system
(1',2,3") which is rotated respect to the crystallographic axes (1,2,3) as shown in Fig.
2.2, thedirection cosines1, m, and nfor thistransformation are

1 23 1 2 3

1' my 1§ n; cosBcosd cosBsing -sinf

X S, . (2.3.20)
my l; np  -sing cosd 0

3'my I3 n3 cos¢sin® singsind cosO

Figure 22 Anarbitrary coordinate system (1',2',3") referred to the crystallographic
axes.




To obtain a new expression of Egn. (2.3.15) in the new coordinate system, the
transformation of the components of Eqgn. (2.3.15) is necessary. First, the stress
components need to beexpressed in termsof new stress componentsin the new coordinate
system. The same procedure needs to be donefor the current density components Jand J.
Also, an expression for thee ectricfield componentsfor the new coordinate system needs
to be writtenin termsaof the eectric fiedld componentsaong the mgor crystallographic axes.
Finally, combining all the previous equations, acomplete set of expressionsrelating the

electric fields, current densities, and stressesin the arbitrary coordinate system (1',2',3")
are obtained [17]. If only E'y and J'; exist and E'5, E's, J'5, and J'3 are zero and if stress

components ¢'; through o' are applied as shown in Fig. 2.3, it resultsin

EI
-1 = J'l(l + 75'110"1 + 75'120'2 + ‘It'130'3 + ‘It'146'4 + E'150'5 + ‘It'160"6). (2321)
Po

1'

Figure2.3 Three tensle stresses 6'y, 67, and o'3, and three shear stresses ¢4, ¢'s, and
o' for colinear field component E'; and current density component J'y.
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The expressionsfor the piezores stance coefficients are shown in Table 2.1. Asan
example, for <110>-oriented resistors on (100)-oriented silicon, ¢=45° and 6=0°.

Substituting these angles into the direction cosines and inserting the resulting direction
cosinesin the expression of the piezoresistancecoefficientsin Table 2.1 resultsin

1
(M1 + Wyp + T4y)

Ty =

. 1

Tz =5 (M1 + T2 - Tgy) (2.3.22)
T3 =Tz

and al the piezoresistancecoefficientsfor the shear stresses(n'y4, ®'15, and ©'1) become
zero. Then, Egn. (2.3.22) can berewritten as
E'l ] ] r ) 1) 1
T, = Poll + 16"y + Ty20" +7713073)
=potAp

= po[1 + A_E]
Po

Table2.1 Expressions for the piezoresistance coefficients for an arbitrarily rotated

(2.3.23)

coordinate system [17].
\ ‘ 2.2 ,.2.2 .2 2
T11 =K11-2(K11-K12-1C44)(11m1+11m1+11mf)
, 2.2 2.2 2 2
T2 =Wy + (W1 - Wy2 - Tgq) (175 + mimy + n'in)

' 2.2 2.2 2.2
13 =7t12+2(7£11 -7(12-1'544) (lll3+m1m3+nln3)

' 2 2 2
N14 = 2 (7511 -2 - 7544) (111213 + mlm2m3 + n1n2n3)
' 3 3 3
T'ys =2 (g - Wy - Tae) (1713 + mym3 + nn3)

. 3 3 3
N1 = 2 (nll -T2 - 7!:44) (1112 + rnlm2 + n1n2)

If we let n'y,=n;, ®'12=n,, ®'13=N", 0'1=0}, 0'2=0,, and ¢'3=0";, where the subscript |
standsfor the longitudinal component and t standsfor the transverse component relative to
the current flow direction, then Egns. (2.3.22) and (2.3.23) resultsin



A_p__ + + ] )
=N0p + Oy + T 0y

Po

1 1 (2.3.24).
= 511 + Typ + Mg4)0; + 5(M11 + Wyp - Ty4)0p + Mg40y

The transformation from the crystal axes to a Cartesian system of arbitrary
orientation can be done by direction cosines between the two axes, which can be expressed
in terms of Euler's angles. Usually, two typical piezoresistance effects are considered
when uniaxia stress is applied in the material. One is a longitudinal piezoresistance
coefficient when the current and field arein the same direction of the stress noted by =, the

other is a transverse piezoresi stance coefficient when the current and field are perpendicular
to the stress noted by ;.

2.3.3 Physicsd Piezoresistivity in Silicon

Silicon isone of the best known materials showing a strong piezoresi stanceeffect
[3, 18] and several attempts have been proposed to explain the piezoresistance effect in
silicon. Based on the work of Herring [15], two mechanisms were generally considered to
be responsible for this effect in silicon. First, the change in the energy gap, Eg, in
response to the applied stresswas considered. The stress causesa volume changewhich in
turn causes a change in the energy gap between the valence and conduction bands.
Therefore, the number of carriers changesresulting in theresistivity change. Thisenergy
gap effect appears to be toa small to explain the large piezores stanceeffects measured, and
it gives zero contribution to the shear coefficients[13].

Second, changes in carrier mobility [13, 15] due to the effect of strain has been
suggested. The energy band structureof n-type silicon shown in Fig. 2.4(a) indicates that
the band structure is not spherical but has sx minima along the <100> axes. Fig. 2.4(b)
shows the structure of the constant energy surfaces which consist of six ellipsoids of
revolution located on the cube axes in momentum space. The electrons arelocated in the
energy minimawhich are centered at theellipsoid centers. Because the energy surfacesare
ellipsoidal, the effective massof an electron in a given group is anisotropic. Hence, the
mobility associated with a group is anisotropic although the overall mobility, or
conductivity, isisotropic. In the absence of strain, theenergy valleys are equally populared
with electrons.
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Figure 2.4 Energy diagram versus wave vector for silicon. (a) A picture of electron
energy versus wave vector along <100> and <111> axes. (b) Constant
energy surfaces characterizing the conduction-band structure in silicon. (c)
and (d) describes schematic diagram of constant energy surfaces and the
effect of stress on the valley energies when the stressis applied (c) along
[100] and (d) along [110] direction.



When the crystal is strained by atension in the [100] direction, the two energy
minima shift in opposite directions. This isindicated by the shift of a given constant
energy surfacefrom the solid line to the dashed positionsin Fig. 2.4(c), where thevalue of
the energy surface along the stress directionisraised and that at right angles to the stress
direction is lowered. The mobility of the chargecarriersin different directionsare roughly
indicated by the arrows. Electronsthen transfer from the high-energy x valley to thelower-
energy y valley. Therewi Il be moreelectronsthat have high mobility and fewer electrons
of low mobility in the x direction. Hence there are more electrons with the higher mobility
in the [100] direction and the conductivity will become anisotropic in <100> directions.
The results have shown that, for an n-type silicon sample, a tensile stress along a
crystallographic axis, when the direction of current flow is same, produces alarge negative
change in the resistance while a stress in a perpendicular direction produces a positive
change of about half the value. Also it can be seen that tensileforces appliedin a[110]
direction will not change [100] and [010] valleys and will not cause the electron transfer
mechanism between x and y valleys. The mobility of the x and y groups are the same in
the [110] direction and the strain shifts the energy of those two valleysidentically, i.e. not
a al, asshownin Fig. 2.4(d). Therefore, no piezoresistanceeffect should be observed.

However, when the tensileforceis applied in a[110] direction, small conductivity
change is observed. Kanda [27], in his recent review, explained this by the change of
effective mass of electron in the [001] energy valleys as shown in Fig. 2.5(b) due to the
special character of the conduction band. Therefore, only asmall piezoresi stanceeffect will
be produced, which is reflected in the low value of the corresponding piezoresistance
coefficient for n-type silicon in <110> direction. These mechanisms, camer-transfer
between intravalleysand mobility change, seem applicableparticularly to n-type silicon and
thereis a good agreement with experimental results.

It has been shown experimentally that the hole mobility is also strongly dependent
on strain [13]. However, the valence band structure for p-type silicon is very complex
since the energy surfaces are not of the multivalley type, but rather of the degeneratetype
illustrated in Fig. 2.4(a) and 2.6(a). Thus, the origin of the large piezoresistanceeffect in
the p-type silicon requires a different explanation. The band edge, the upper P3/, state,
consistsof apair of two-fold degenerate bands at k=0, usually designated as the 'light' and
'heavy' hole bands. These energy surfaces are warped spheres. The spin-orbit split-off
band, the lower P, state, has a spherical energy surface. When auniaxial tensilestressis
applied paralel to the<111> direction, the degeneracy of thevalence band islifted and two
bandsof prolate and oblate ellipsoidal energy surfaces with anisotropic mass parametersare



formed as illustrated in Fig. 2.6(b) [28, 29]. Consequently, the resistivity change comes
from both the mass change and hole transfer. Although several qualitative explanations
were considered for the main source of the piezoresistancein the degenerate bands, the
calculation of the piezoresi stancecoefficientsfrom the energy distortion is more difficult
due to the three energy surfacesfound for p-typesilicon.

Wy, (o)
’N \ K, (o)
100

X

(a) (b)

Figure 25 Schematicdiagramof the <001> valley in k-spacefor n-type silicon. Dotted
lines show effect of stress. (a) corresponds to stresso; and (b) to o [26].
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Schematic diagram of the valence band ener gy surfacesin k-space near k=0

for p-type silicon [29]. (a) Warped and degener ate Sructure under no stress.
(b) The split band valence bandsof uniaxially stressed silicon at k=0, denoted

by A, for acompressive stressc//[001].



2.3.4 Evaluation of PiezoresistiveCoefficientsin Silicon

The values of the piezoresistance coefficients have been investigated by many
authors. Smith [13] published experimental data for my;, ®15, and w44 in bulk material
both for n- and p-type silicon and germanium. The data by Smith were obtained from
materials having an impurity concentration of the order of 1015 cm-3, which istoo low to
be implemented using standard impurity diffusion technology. Also, it can be questioned
whether or not the piezoresistance coefficients measured from the bulk material can be
considered to beidentical to thosefrom diffused resistors. Tufte, Chapman, and Long [30]
reported the first example of an integrated device utilizing both the longitudinal and
transverse piezoresistive effects. In their work, using diffused resistors on a circular
silicon diaphragm, they found the dependence of the piezoresistancecoefficient on surface
impurity concentration shown in Fig. 2.7. Their data revealed linearly decreasing
piezoresistance coefficients with increasing doping. Shortly after this, Kerr and Milnes
[22] presented a theoretical analysis of the piezoresistance coefficients as a function of
surface concentration for diffused resistors. About the same time, Tufte and Steltzer [30]
published experimental data showing the independence of the piezoresi stance coefficients
of the diffused layer thickness. Table 2.2 shows thetypical values of ©y;, wy5, and myy a
room temperature for n- and p-type silicon both in bulk material and in diffused layers
based on the work of the above researchers.

Recently, Kanda [26] published the graphical representation of calculated
piezoresistance coefficients in silicon as shownin Fig. 2.8. Figure2.8(a) and (b) show the
room temperature piezoresistancecoefficients; and x; in the (100) plane of both n- and p-
typesilicon. Figure2.8(a) and (b) indicate that the best piezoresistance effects that can be
obtained depends on the type and the direction of theresistors. When n-type resistors are
used, they should be aligned to <100> directions, and when p-type resistors are used, they
should be aligned to <110> directionsfor the best sensitivity.

Multiplication of these coefficients by a piezoresistance factor, P(N,T), which
summarizes the effects of surface concentration and temperature, determines the actua
coefficients for a given surface concentration and temperature. Figure 2.9(a) and (b) show
the piezoresistance factor, P(N,T), as a function of impurity concentration between
1015¢m-3 and 1020cm-3 with temperature varying from -75" to +175° for n- and p-type
silicon. These calculations are in good agreement with previously reported experimental
data for the variations of & with both impurity concentration and temperature. However,
more accurate calculations that include various scattering mechanisms can be made for
further improvement.
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Figure 2.7 Piezoresistance coefficients vs. surface impurity concentration in silicon
diffused layers [30].

Table2.2 Typica piezoresistance coefficientsin silicon [13, 20, 30] (x 10-12 cmZ/dyne).

Impurity Concentration 11 19 Taq

Bulk p-type (1.6 X 1015cm-3) . 6.6 -1.1 138
Materid | n-type (4x 1014cm-3) -102 53.4 -14
Diffused |p-type( 10!1%m-3) 4 -1 100
Layer | n-type(1019%m-3) -65 32 -12
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Figure2.8 Theoretical piezoresistancecoefficient in n- and p-type (100) silicon [26]: (a)
Graphical representation of piezor esistance coefficients in the (100) plane of
p-Si (10-12cm?2/dyne). (b) Graphical representation of piezoresistance

coefficients in the (100) planeof n-Si (10-12cm?2/dyne).
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Figure 29 Piezoresistancefactor, P(N,T), in the theoretical piezores stance coefficient in
n and p-type (100) silicon [26]: (@) Piezoresistance factor P(N,T) as a
function of impurity concentration and temperature for p-Si. (b)
Piezoresistance factor P(N,T) as a function of impurity concentration and
temperaturefor n-Si.
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CHAPTER 3
PROPOSED SILICON DIAPHRAGM FABRICATION

3.1 Introduction

A basic requirement in silicon sensor fabrication is the formation of three
dimensional shapesin silicon. Particularly a thin silicon digphragm has been one of the
mogt frequently employed as a stress magnifying structure in micromechanical sensors.
Accelerometersand pressure sensors, two most popular examples of integrated silicon
sensors, utilize a thin silicon digphragm structure. One of the key issues in the
development of the silicon micromechanical sensor has been the controllability and
reproducibility of an 1C compatible silicon diaphragm with a good materid quality. This
chapter reviews existing silicon diaphragm control and monitoring techniques. It aso
presents a new silicon diaphragm fabrication technique usng MELO-Si technology
combined with an SiO, etch-stop and a crystallographic self-limiting etch-stop. This
technique resulted in a high-quality silicon digphragm with well-controlled dimensionsad
device quality material. The fabrication technique improves the controllability and
reproducibility of theslicon digphragm thicknessas compared to existing techniques.

3.2  Slicon Bulk Micromachining

The successful redlization of practical integrated sensing structuresduring the past
several years has been due in part to the continuing progress being made in integrated
circuit (IC) process technology [1]. Moredirectly it has been the result of the successful
development of additional processes specifically required for sensorsfabrication [2-4].
The most important process has been silicon micromachining, i.e. selective precision
etching of the silicon substrate. Thisability to etch silicon, with high accuracy in an I1C-
compatible batch process has.made silicon solid-state sensors to be realized as commercia
products. This section presents current silicon rnicromachining technologiesand their
characteristics, particularly silicon digphragm fabrication techniques for application in
pressure sensors and acceerometers.

e g
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3.2.1 Silicon AnisotropicEtching

Silicon etching can be divided into two categoriesdepending on its directionality:
isotropic and anisotropic. |sotropicetchants etch the dlicon crystal at the sameratein dl
directions and makes gently rounded shapes at the edges as shown in Fig. 3.1(a). On the
other hand, anisotropic etchants etch silicon at different rates in different directions
depending on the crystal orientation, doping concentration, or etching condition. The
anisotropic etchants can form well-defined shapeswith sharp edgesand comers and hence
micromachining makes more extensve used the anisotropicetchants than of theisotropic
ones. Figure3.1(b) and (c) are examplesaf orientation dependent anisotropicetching on
(200) and (110) slicon wafers respectively.

In typical applications of micromechanical sensors, the silicon wafer must be
selectively thinned from a starting thicknessof 300-500um to form a digphragm or thin
beam having a thicknessdf 5-30pum with well-controlled vertical and lateral dimensions.
This was quite difficult to achieve accurately with isotropic etchants, but became much
more possible with the development of anisotropic etchants such as potassium hydroxide
(KOH) [5], hydrazine [6, 7], and ethylenediamine pyrocatechol [8, 9]. All of these
anisotropic etchants, which are aso known as orientation-dependent or crystallographic
etchants, etch at different rates in different directions in the crystal lattice. All of them
attack the { 100) planesa typicaly 1-2pm/min, depending on the temperature, but attack
the {110) and the {111) planesat aconsderably dower rates. More specifically the order
of the etch ratefollows (211)-(100)-(110)-(331)-(111}, highest dong the (211) plane
and thelowest dong {111) planes[lo-121.

The precise mechanisms underlying the nature of chemica anisotropic (or
orientation-dependent) etches are not yet well understood. Since (111) slicon surfaces
exhibit the highest density of atoms per unit area, it has been inferred thet this density
variation is respons blefor anisotropic etching behavior. In particular, the screening action
of attached H,O molecules, which is more effectivea higher densities, i.e. on (111)
surfaces, decreases the interaction of the surface with the activemolecules. This screening
effect hasalso been used to explain the dower oxidation rate of (111) slicon wafersover
(200). Another factor involvedin the etch-ratedifferentia isthe energy needed to remove
an atom from the surface. Since (100) surface atoms have two dangling bonds on each,
while(111) surfaceshave only onedangling bond, (111) surfaces are again expected to
etch moredowly. On the other hand, the differencesin bond densitiesand the energies
required to remove surface atoms do not differ by much more then afactor of two among
the various planes. Henceit isdifficult to use thesefactorsaoneto explain etch rate
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Figure 3.1 Typical wet etching techniqueswhich arecommonly used in micromachining.
(a) Isotropicetching. (b) Anisotropicetchingon (100) silicon subgtrate with
oxide pattern aligned to either <110> or <100> directions. (c) Anisotropic
etchingon (1 10) silicon subdrate with <110> oxide pattern orientation.



differentialsin the range of 100 or more, which is maintained over a relatively large
temperature range. Thisimplies that some screening effects must also play arole. It
appearsthat thefull explanation of orientation-dependent etching behavior is acombination
of dl the abovefactors[3].

3.2.2 Present Silicon Digphragm Fabrication Technology

A thin slicon diaphragm, which isone of the most important structuresfor silicon
micromechanical sensors, can be formed by using one of the previousy mentioned
anisotropic etchants and using a suitable etch-stop technique. The silicon diaphragm
thickness control is dependent on how accurately these etch-stop techniques can terminate
etching. Controlling the digphragm thicknessis crucia in silicon micromechanica sensor
technology as it will dictate the proper performance of the sensors, in particular its
sengitivity isinversaly proportional to the square of the digphragm and beam thickness of
pressure sensor and accelerometer respectively.  Some of the common techniques for
diaphragms formation for micromechanical sensor applications are discussed in the
following sections.

3.221 Time-Controled Etch-Stop

Thisisthe smplest etch-stop technique, in which the etching is stopped just short
of what it would taketo etch through awafer. It isavery crude method and hence causesa
large variation in the resultant diaphragm thickness because of the thickness variation
across a wafer and/or between wafers. Also, adight differencein etching rate, depending
on temperature and the composition of the etching solution, can make a large difference
after along etching time. This method can be used for a quick rough estimates of the
etched cavity depth.

The time-controlled etch technique can be improved by digphragm thickness
monitoring techniques such as the V-groove technique shown in Fig. 3.2(a) [13]. This
monitoring technique makes use of the property that the etch ratefor the (111) planesis
negligible. When the mask, SiO, or SizNy, is aigned with the <110> direction on (100)
slicon, two (111) sidewalls meet during the etching of the (100) plane and the subsequent
etching virtualy stops by forming aV-shaped groove. Since the angle between (111) plane
and (100) planeis 54.74°, the mask width of this V-grooveis about 1.4 times the depth of
the groove. If aseriesof lines of different widths are patterned on the front side of the
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wafer and a corresponding diaphragm pattern is defined on the back, then a seriesof V-
grooves of different depths are produced on the front and the bottom of some V-grooves
will meet the back etching. By monitoring the V-groove with the desired depth to be
opened, etching can be terminated and the diaphragm thicknessis determined. Although
the degree of mask undercutting is ideally none, the mask undercutting becomes
considerablein actual processingof long etching and causesthe thicknessvariation (>5um)
across a wafer resulting low yields [14]. For thin diaphragms, this becomes a serious
problem.

3.2.2.2 Boron Etch-Stop

During early 1970's, it has been observed that the anisotropicetchants etch asilicon
wafer at different rates depending not only on crystal orientation but aso on the impurity
concentrations. Particularly, the etch rate of p-type silicon by EDP etchant falls as the
boron doping level in silicon increases above 1018cm-3 and reaches effectively zero at
5x101%m-3 [12, 15]. Also the etch rate by KOH etchant was shown to be about 0.3
pm/min. for N, = 5x101%m-3 and down to 0.02um/min. for Ng = 1020cm3 [5].

Although the boron etch-stop behavior-has not yet been adequately explained,
severa mechanisms have been suggested. The atomic concentrationsat thesedoping levels
correspond to an average separation between boron atoms of 20-25A, which is also near
the solid solubility limit (5x1019cm-3) for boron substitutionally introducedinto the silicon
lattice. Silicon doped with boronis placed under tension as the smaller boron atom enters
the lattice substitutionally, thereby creating a local tensile stress field. At high boron
concentrations, the tensileforces became so large that it is more energetically favorable for
the excess boron (above 5x1019cm-3) to enter interstitial sites. Presumably, the strong B-
Si bond tends to bind the lattice morerigidly, increasing the energy required to remove a
silicon atom high enough to stop etching altogether. Alternatively, in KOH and EDP
etchants, high enough surface concentrations of boron, converted to boron oxides and
hydroxidesin an intermediate chemical reaction, would passivate the surface and prevent
further dissolution of the silicon [3]. Making use of this fact, the boron etch-stop was
developed during the 1970s[15, 16].
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The boron doping concentration of 5x1019%m-3 or higher can be introduced by a
simple diffusion or ion implantation for an etch-stop in order to fabricate a thin diaphragm
asillustrated in Fig. 3.2(b). Thisetch-stop technique, called boron diffusion etch-stop, is
quite simple and finds many applications in fabricating various thin structures like
cantilever beams, bridges, diaphragms, and microprobes [4]. However, the drawback of
this technology is that the doping level of the silicon diaphragm is too high to allow the
formation of electronic devices within it, and hence it was not appropriate for fabricating
piezoresistive silicon sensors.

Asan alternative, the boron buried layer can be placed underneath an epitaxial layer
which can be more lightly doped and suitable for devices, asshown in Fig. 3.2(c). Witha
heavily doped p* layer formed between lightly doped substrate and epi-layer, when the
silicon isetched from the backside to form diaphragms, the etching rate will significantly
decrease and W practicaly stop when the buried layer, with N4 concentrationgreater than
5x1019%m-3, is exposed. However, this technique has its own limitations which are as
follows. First, the concentration of boron in silicon required to stop etching is so large that
the resultant lattice strain is greater than the maximum that the silicon lattice can
accommodate without the formation of defects [10, 17, 18]. For thicker diaphragms (2
25um) these defects do not severely affect the device performance but in the case of thin
diaphragms they result in adverse effects. Also, a tensile stress is created through the
thickness of the diffusion layer because the boron distribution is non-uniform and because
the atomic radius of boron (0.88A) is smaller than that of silicon (1.17A). This non-
uniform tensile stress causes plastic deformation of thin diaphragms [19-21], and puts a
severe limitation on its use as a stress sensitive membrane. Therefore, fabrication of
sensitive (or thinner) diaphragms with good quality single crystal silicon is very difficult.
Secondly, the out-diffusion of boron from the heavily doped p+ buried layer into thelightly
doped n-type epi-layer, as.well asinto the substrate, during epi-layer growth and further
high temperature steps changes the diaphragm epitaxial doping level. Also, if the out-
diffusion is such that the peak buried-layer doping level falls below the critical value of
5x101%m-3, the etch-stop will be perturbed, resulting in the loss of thickness control
during etching.

3.2.2.3 P-N Junction Etch-Stop
Another etch-stop technique, the electrochemical etch-stop, has been developed
sinceitsfirst introduction by Waggener [22] in 1970. He observed that either n- or p-type
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silicon can be selectively removed from material of opposite conductivity when they are
properly biased in a KOH solution, which is an electrochemically controlled silicon
thinning method. At the same time, Meek [23] reported that n+-typesilicon can be
dissolved while n-type silicon is not when they are properly biased in a HF solution.
Recently, Jackson et d. [24] presented a similar result obtained with EDP solution.

This technique combines the well known anodic passivation characteristics of
silicon [25, 26] with a reverse-biased p-n junction to provide an etching selectivity of p-
type silicon over n-type in anisotropic etches such as KOH and EDP. With a sufficient
potential applied to the silicon, silicon passivates electrochemically as aresult of anodic
oxide formation and the silicon ceases to dissolveresulting in the structurein Fig. 3.2(d).
This potential is defined as the passvation potential. This effect can be used to produce
self-limited semiconductor etch by sdlectively passivatinga thin silicon surface layer (n-
type epitaxia layer) of the semiconductor by maintaining it a a potential above the
passivation potentia while the bulk of the semicanductor (p-type substrate) is & a potential
below the passivation potential. The etching apparatusis illustrated in Fig. 3.3. Ohmic
contact to theentire top surface of the n-type epitaxid layer is made and apositive potentid
dightly greater than the passivation potential is applied between it and cathode. Sincethe
passivation potential gpplied to the n-type layer is positivereative to the cathode, the p-n
junction isreverse biased and the mgority of the potential drop is across the p-n junction.
Therefore, the p-type silicon remainsessentially a open circuit potential and itsrelative
potentia to the cathodeisless than the passivation potentia , resulting in itsetching. With
the completeremova of the p-type silicon, the diode is destroyed and the n-type silicon
becomes directly exposed to the etchant. Sincethe potentia of the n-typesilicon rdativeto
the cathodeis equa to or greated than the passivation potential, etching terminates and
leaves the n-typeepitaxia layer. Therefore, the microstructuremorphology is determined
by the definition of the n-type silicon under anodic bias[10, 17, 24, 27, 28].

The silicon diaphragms produced by this technique have excdlent crystaline ad
electrical quality as they are lightly doped. In addition, unlike the boron etch-stop
technique, thereis no heavy boron diffusion involved a high temperature, hence reducing
the problems concerning built-in stress and outdiffusion. A recent reported thickness
variation of the membranes in this technique is excellent (=2%) [27]. However, the
requirement of individual wafer contact during etching hinders its use in large batch
fabrication processes. Also the membranes produced using this techniquetend to become
thicker & the center than at the edges. Thistrench effect wasdescribe by Pdik et al. [28].
For practica implementationaf this technique, it isvery difficult to make and protect good
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Figure 33 A schematicillustration of the P-N junction el ectrochemical etch-stop.

electrical contactsto the wafersto be passivated from the highly corrosive etching solutions
at higher temperatures(60°C-120°C). Special apparatus may need to be invented for good
passivation because protecting the contact metal by existing passivation techniquesis very
difficult during the required long back-side etch and it will make this process expensiveto
mass produce.

3.2.24 Wafer Bonding and Etch Back

The capability of bonding the silicon wafer became an important part of silicon
micromechanical sensor fabrication. Starting with glass-to-silicon bonding with agluefor
producing a sealed cavity [29], various wafer bonding processes have been developed
including eutectic bonding, anodic bonding, field-assisted bonding, and silicon fusion
bonding. Among those above bonding techniques, silicon fusion bonding techniqueis the
most recently devel oped technique and it provides some advantagesover the other bonding
techniques. Silicon fusion bonding fusessilicon waferstogether at the atomic level without
the need for a'glue’ layer or an applied electric field [30, 31]. Figure 3.4 shows the
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processing stepsin this technique. The bottom constraint substrate is first anisotropically
etched to define the dimensions of the membrane. A second silicon wafer with a lightly
doped epitaxial layer is brought into face-to-face contact with the substrate wafer. The
resulting wafer sandwich is annealed at 1100°C for along time without external force.
This bonds the two wafers together mechanically. A doping-selectivesilicon etch, again
through most of the wafer, removes all of the capping wafer, leaving the epitaxial layer.
This process can overcomesomeof the problemsfaced by other techniques such as thermal
expansion mismatches, fatigue, and creep of the bonding layer, complex and difficult
assembly methods, unreliable bonds, and the large expense of same processes

However, the wafer bonding and etch-back technique has some drawbacks
associated with it. The doping-selectivesilicon etching uses solutionsthat are similar to a
Dash [32] defect etch solution which composed of 1 part of HF to three parts HNOj5 to ten
parts glacial acetic acid. The etch solution has 2 more partsof glacial acetic acid than the
Dash defect etch. Therefore, the lightly doped epitaxial layer must be absolutely defect
free, otherwise any crystallographic defectsin the layer will rapidly dissolve, resulting in
largeirregular holesin the membrane. It isvery difficult to grow alightly doped epitaxial
layer from a heavily doped substrate wafer without any dislocation faults. Even under the
best conditions, 10-15% thickness variation occursin a membrane 3pm thick [17]. Also
the membrane using this doping-sel ective etching tends to have etch pits. An aternative
way of thinning the bonded wafer could be the use of chemical mechanical polishing.
Since the present silicon fusion bonding scheme can not provide any local etch-stops
during the planarization, the membrane thicknessvariationswill still be amajor problemin
the wafer bonding and etch back process.

Four etch-stop techniquescan be comparedin severa areas. diaphragm film quality,
diaphragm thickness control, ease of etch-stop utilization, and suitability for circuit
fabrication. Table 3.1 illustratesthiscomparison.

3.3  MELO-Si Technology for Silicon Diaphragm Fabrication

In this section, a novel silicon diaphragm fabrication technique utilizing merged
epitaxia lateral overgrowth of silicon (MELO-Si) and SiO; etch-stopispresented. Single
crystal silicon can grow from the patterned seed regions of an oxidized wafer, first
selectively only from the open seed regions (SEG) and then laterally over the oxide pattern
(ELO) aswdl asvertically. Two laterally grown siliconfrontsfrom opposite sidesof an
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Table3.1 Comparisonof thefour different etch-stop methodsas applied to thin silicon

diaphragm fabrication.
Etch-Stop Digphragm Thickness Remarks
Method Fabrication Controllability
V-grooves Seriesof V-grooves Far LargeError (25pm) for
along etching
Boron Diffused | Heavy Boron Deep Good Too High Doping Conc.
Diffuson for DeviceFabrication
Boron Buried Epi-Layer on Boron Good High Defect Dendity in
Buried Layer Epi-Layer
Electrochemica P/N or N/P Epi- Excdlent Complicated,
p-n Junction Layer Inconvenient Apparatus
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oxide pattern will meet on the oxide layer and forms a local silicon-on-insulator (SOI)
structure as shown in Fig. 3.5(a). Thislocal SOI structurecan provide several advantages

in silicon micromechanical sensor applications over other silicon micromachining
techniques. First, Si0O, isavirtually perfect etch-stop when EDP or KOH etchant is used

for etching. Hencethe epitaxial silicon on the SiO, pattern is completely protected from
etching as shown in Fig. 3.5(b). Secondly, the thicknessof the silicon diaphragm can be
controlled more accurately than the boron etch-stop techniquessinceit is controlled by the
ELO growth rate which is approximately 0.1pm/min or less. The growth rate can be
adjusted by the amount of source gas, hydrogen, HCl, and temperature of the silicon
epitaxy reactor. Thirdly, thelateraly overgrown epitaxial slicon (ELO-S) filmisof good
quality and hencefabrication of devices, including piezoresistors, is possiblein ELO-S.
Finally, the complex apparatus, which is necessary for the electrochemical p-n junction
etch-stop, can be eliminated since the etching procedureis very smple.
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Figure 35 A schematicillustrationdf anove slicon digphragm fabrication technique. (a)
MELO silicon fabricated on silicon dioxide. (b) Silicon digphragm produced
by SiO; etch-stop.
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3.3.1 Silicon Epitaxy

The fundamentalsaf silicon selectiveepitaxy, effect of processparameters, and the
experimenta resultsof the MELO-Si structure are described in this section since silicon
selectiveepitaxy playsan important rolein the new digphragm fabrication technology. The
word 'epitaxy’ is derived from the Greek words 'epi'(on) and 'taxis'(arrangement). In
semiconductor technology, epitaxy refersto the growth of asingle crystal semiconductor
upon a single crystal substrate. When the grown materid and substrate are of the same
type, the growth isreferred to as'homoepitaxy’, and when they are of different type, the
growth isreferred to as 'heteroepitaxy' [33]. The substrate acts as a seed crystal and the
source of the growing crystal is provided externally. Epitaxy can be divided into four
categoriesdepending on the stateof the source supplied; vapor phase epitaxy (V PE), liquid
phaseepitaxy (LPE), solid phase epitaxy (SPE), and molecular beam epitaxy (MBE). VPE
is the most common form o epitaxy and utilized in conventional full-wafer silicon epitaxy.

Silicon epitaxy isto grow asinglecrysta slicon layer upon asinglecrysta sllicon
substrate.  Silicon epitaxial growth has been developed and widdly used in device
fabrication processes such as bipolar [34], MOS [35-37], discrete power devices, and CCD
technology [38-40]. Silicon epitaxy can be achieved in various systerns, among which
chemical vapor deposition (CVD) is by far the most important. Silicon CVD has bean
accomplished with four different source gases; silane (SiHy), dichlorosilane (SiH,Cl,),
trichlorosilane (SiHCl3), and silicon tetrachlorine (SiCly).

3.3.1.1 Fundamentalsof Epitaxy

CVD epitaxy of dlicon film can be represented as shown in Fig. 3.6 [41]. There
are five basic steps involved; (1) the transport (or diffusion) of reactants to substrate
through the carrier gas, (2) the adsorption of reactants to the substrate surface, (3) the
chemical reaction on the surfaceresultingin the film formation and the reaction products,
(4) thedesorption of the reaction productsfrom the surface, (5) the transport of thereaction
productsfrom the surface.

A ssimple modd developed by Grove [42] is often usad to study the kinetics of
epitaxia film growth. Thismodd is based on only steps (1) and (3) above but it forms the
basis of epitaxy. There are two fluxes F; and F, associated with steps (1) and (3)
respectively. Assume the flux F; can be written as being linearly proportiona to the
differencein the concentration of the gas species at the surface and in the medium away
fromthe surface. Thenit can be written as,



Fy =hy (Cy - Cg) = (Dg,8) (Cy - Cy) (3.3.1)

where Cg and C, are he concentration of the reactant species in the bulk of the gas and
surfaceof the substrate respectively, and hg is the gas phase mass transfer coefficient. h,
can be expressed asaratioof theeffectivediffusion constant, Dy, to the distance6, called
stagnant film region, over which diffusion tekes place. Defining hy as such is called the
stagnant film model and then the above equation is essentially an expression of Fick'sfirst
law. In the stagnant film region, it isassumed that the gas velocity is zero and the transport
isdiffusionlimited. Thismodd of F; showsagood approximation even though in reality

the stagnant film regionisdifferent framthe definition.
Theflux F, isassumed to belinearly proportional to C, and it can be expressed as,

F, = KC, (3.3.2)

whereK, isthe surface reaction rate constant controlling thefirst order kinetics. At steady
state, F; = F, = F, and thus

C
Cy=—B+. (3.3.3)
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Figure 36 Schematicof CVD reaction steps [41].



The growth rate, GR, is given by the ratio of the flux to the number of atoms per
unit volumeincorporatedinto the crystal, Nj, which is 5x1022/cm3 for silicon. SinceC, =
YC,, where Y is the mole.fraction of the reactant species and C; is the total number of

moleculesper unit volumein the gas, the expressionfor the growth rate becomes

_F Ky G Kshy [Co
CR=N; X, + hg [Ni] “K +h, [Ni] Y. (3.3.4)

According to Eqn.(3.3.4), the growth rateis proportional to the molefraction of the
reactant species, Y. Thegrowthrate a agiven molefractionisdetermined by the smaler
value between Ky and hy, which correspond to the limiting cases of mass-transfer
controlled and surface reaction controlled conditions. In these two cases, the growth rates
can beexpressed as,

GR=K; — Y [surfacereaction-controlled] (3.3.5)

or
C
GR =hy [Vj Y [masstransfer-controlled] (3.3.6)

This ssimplified mode neglectsthe flux of reaction products and assumes alinear
proportionality of the growth rate to the molefraction of the reactant pecies, which is true
only for low molefractionsdf the reactant species. As an example, for slicon epitaxy, one
of thereaction productsisHCI which starts to etch the silicon asits molefraction increases.
Therefore, the linear gpproximationof this modd deviates from the experimental results
because the reaction products were not considered.

The temperaturedependence of silicon epitaxy growth ratesfor varioussilicon gas
sourcesis shown in Fig. 3.7 [43]. Hereh, isrelatively temperatureindependent and hence

the growth rate is more temperature dependent in the surface reaction region than in the
mass transfer controlled region. At higher temperatures, in region B, K » hg and the

growth rateis limited by mass transfer which israther temperatureindependent. At lower
temperatures in region A, K « hy and the growth rate is surface reaction limited and is

dependent exponentially on temperature, i.e. proportional to exp(-E,/kT) where E, isan
activation energy. o
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Figure3.7 Silicon epitaxy growth rate as a function of temperature for various gas
sources.

331.2 Selective Epitaxy

Selective epitaxial growth has been accomplished in a standard commercial low
pressure (LP) CVD epitaxial reactor. SiCly, SiHCl3, SiHCl,, and SiH, are four major gas
sources that have been used for silicon selectiveepitaxy. SiCly has been widely used in the
past for silicon epitaxial growth because it is chemicaly stable, has a rather low vapor
pressure, and it usually leaves very little silicon coating on the reactor walls. The
disadvantage of using SiCly is that it requires a high deposition temperature (1100 -

1300°C). Theoverall reaction isa hydrogen reduction of the gasas,

SiCly + 2Hy — Si + 4HCl. 3.3.7)

SiH,Cl, and SiHCl3 have similar characteristics to that of SiCly except that they can be

used at lower deposition temperaturesfor comparable growth ratesand crystal quality. Due
to its lower deposition temperature and hence reduced autodoping and diffusion, SiH,Cl,

iswidely used in low temperature silicon epitaxy. Also, it has been shown that SiH,Cl,

has the highest efficiency of thereaction, i.e. theratio of the amount of deposited silicon to
the amount of reactant gasentering the reactor, while SiCly has thelowest.



Compared to chlorosilanechemistries, silane (SiHy) is not widdly used for silicon
epitaxy even with itslower deposition temperature. The disadvantagesof using the SiHy
are that homogeneous gas phase reactions could occur and no HCl is produced in the
decomposition of the silane. SiHy is not a stable gas and reduces in the gas phase and
formssilicadust which can contaminatethe wafersand the reactor walls. The addition of
HCl is necessary to maintain growth selectivity over oxide when using SiHy. Siliconis
deposited by the pyrolytic decomposition of SiHy as,

SiHy — Si + 2H, (3.3.8)

while thereactionsusng DCS are
SiH,Cl, — SiCl, + Hy (3.3.9)
SiCl, + H, — S + HCI (3.3.10)

where HCI is a decomposition by-product. HCI prevents the nucleation by etching silicon
atomson the oxide surface by the reaction

S + HCl - SiCl, + H,. (3.3.11)

After numerousexperiments by severd research groups, SiH,Cl, has becomethe preferred
source for selective slicon epitaxy for the following reasons [44]: (1) lower growth
temperature, (2) higher conversion rate of silicon, (3) more reduced pressure selective
growth, and (4) lower or no nucleation dendity on theoxide. At Purdue University in the
Solid State Epitaxial Laboratory a Gemini-1 pancake-type reactor uses SiH,Cl; as the
silicon source.

Maintenanceand control of selectivity of the silicon growth on silicon over that on
the oxide is the key to sdlective silicon growth. The nucleation of slicon on adielectric
material like oxide or nitride needs a higher supersaturation than nucleation on a clean
silicon surface because the adsorption energy of silicon to the didlectric material is higher.
Once the silicon adatoms dart to nucleate on the insulator surface they start to form
clusters. If the cluster exceeds a critical size (supercritical size), then further growth is
favorable. Clustersthat are smaller than the critical size do not grow and eventually get
etched. Therefore, the nucleation can be reduced by increasing the HCI content which will
etch the clusters before they grow above the critical size. Also decreasing the reactor
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pressure, which increases the critical size needed for further growth, improves the
selectivity. In addition, the onset of nucleation on the mask is afunction of temperature,
the mask material, and itscleanliness.

3.3.2 SEG, ELO, and MELO

The selective epitaxial growth (SEG) of silicon has brought much attention for
small deviceisolation [45-47] and the development of various novel device structures[48-
51]. In SEG, the epitaxia deposition conditions are adjusted to prevent silicon deposition
on the mask regions, usudly oxide, while epitaxial growth occurson the exposed sliconin
the seed windows as shown in Fig. 3.8(a). Once the silicon grows vertically above the
mask level, it then grows laterally over the oxide mask asit continuesits vertical growth.
Thisisreferred to as epitaxial lateral overgrowth (ELO), and it starts to construct a locally
silicon-on-insulator (SOI) structureof Fig. 3.8(b). The epitaxial processcan be continued
even further until growth fronts seeded from different windows meet, forming a
continuous film of silicon, or merged ELO (MELO) illustrated in Fig. 3.8(c). Figure
3.8(d) illustrates a rather unique extension of SEG technology and its structure that is
controlled by growing vertically and laterally in a cavity or tunnel consisting of dielectric
meaterial walls, which is caled confined laterd SEG or CLSEG.

3321 Effect of Process Parameters

There are several process conditions to be considered in order to achieve a good
quality MELO dilicon film, to be used for silicon micromechanical sensors. SinceMELO is
just a continuation of ELO, the process conditions considered to improve ELO/SEG are
also applied to the MELO process. For the SEG and ELO processes, the selectivity of
silicon growth is the first concern, i.e. the nucleation of polysilicon on the masking materia
must be limited. The nucleation dependson the masking material, deposition temperature,
pressure, and the carrier gas. It has been found experimentally that nucleation generally
occurs lesson silicon dioxide than on silicon nitride [52, 53]. In addition, the nucleation
can be suppressed by using reduced pressure [54, 55], lowering the deposition temperature
(44, 55], and adding HCI gasin the silicon process gas [56, 57].
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Figure 3.8 (a) Selective epitaxial growth (SEG) of silicon. (b) Epitaxial Lateral
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(CLSEG).
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The crystal quality of SEGEL O dependson several deposition conditions such as
deposition temperature, pressure, seed surface condition, seed orientation, masking
material, and contaminants in the reactor. First of all, oxide has been proved to be the
better masking material than nitride, since nitride generates more stacking faults along SEG
sidewalls than oxide [55, 58]. Also, leakage currentsaong the SEG/sidewall interfacesare
the lowest if the sidewallsare a thick oxide [59, 60]. Therefore, oxideisgeneraly used as
the masking material. Typical defects generated by interaction between oxide edges and
ELO silicon are edge dislocations and stacking faults[61, 62]. These effects are believed
to be aresult of the stressrelief caused by the differencein the thermal expansion between
the silicon and the oxide during the high temperature growth [62]. The density of these
defectsin SEG/ELO can be reduced by lowering the growth temperature.

The seed window orientation also has an effect on the SEG material quality. Films
grown on the seed windows aligned to <110> directions exhibits a higher density of
defects than those grown on seed windows aligned to <100> [61, 63-65]. Another
important factor in the process is the surface condition of seeds. SEG material grown on
(100) substrates shows superior quality to that grown on (111) substrates because of their
lower probability of stacking fault nucleation [54]. An in-situ precleaning with hydrogen to

remove the substrate's native oxide before epitaxy is critical to SEG material quality. It is
believed that H, at high temperatureacts as a reduction agent and remove:; chemical species

that interfere with perfect single crystal formation. Low pressure also enhances the H,

reduction process by encouraging the removal of other foreign atoms from the surface [47,
66].

The use of HCI also decreases defect density on SEGEL O films. However, if too
much of HCl is used in the cleaning step, the undercut between silicon and mask may occur
[47, 54, 59]. Recently, the effects of water vapor and oxygen levels in the epitaxy
environment were investigated [67]. At the same temperature and pressure, the quality of
SEG/ELO improves with the reduction of water vapor and oxygen level:in the reactor. It
was determined experi mental ly that the critical temperature, above which deposition of
good critical quality epitaxy is possible, is governed by the moisture and oxygen partial
pressure during preclean and growth.

The method of etching the masking oxide aso affectsquality of the SEG materia
sincethe sidewall angle of the oxideis related to defect generation &t the interface. It was
found that the vertical sidewallstend to yield the best SEG [59]. Wet etching of the oxide
never achieves a vertical sidewall due to its isotropic etching characteristics. The
anisotropic reactiveion etching (RIE) should idedlly create the vertical sidewall, but it often



creates radiation damage to the seed surface, leading to defects in SEG [47]. In order to
maintain the vertical sidewallsand to hed the surface damage, RIE followed by asacrificial
oxide, which is then wet etched, is an aternative[59].

Uniformity of SEGEL O film on awafer isquiteimportant for the consistent results
between devicesfrom the same wafer. The local growth rate of SEG/ELO can be different
depending on theratio of the exposed silicon seed area to oxide covered area (68, 69]. It
appears that growth rates increase locally as the exposed silicon area decreases. This
phenomenon can occur on-a device scale or wafer scale depending on process conditions.
Thisis called a "loading effect” and is not desirable since it causes non-uniformity in a
wafer and even within adie. Loading effects can be reduced at low temperatures(70], at
reduced pressure [44], and with higher HCI concentrationsduring growth (44, 68]. Also,
it is less significant at alarger Si/S10, surface ratio [44, 68] where rnost wafer areais
exposed.

The shape of SEGEL O films and facet formation are determined by the difference
of the growth rates between growing crystal planes. The formation of afacet can be
reduced by making seeds oriented along <100> directions [47, 71], lowering the
deposition temperature [72], reducing the pressure [45, 55, 59, 73], and increasing HCI
concentration [65, 74]. The morphology of SEG films is highly dependent on the
orientation of the oxide sidewall with respect to the orientation of the oxide [47, 54]. When
the sidewall is parallel to {110} planes, the SEG film typically exhibits {311} facets
adjacent to the sidewalls. Asthefilm continuesto grow over the oxide, then {111} facets
appear on the ELO film as shown in Fig. 3.9(a) [71]. When the sidewall is parallel to
{100) planes, less faceting is observed on the SEG and {110) planes are often observed
after overgrowth begins as shown in Fig. 3.9(b) [65]. When the oxide mask is thin,
sometimes NO facet isobserved on the SEG film. However, the relationship between oxide
thickness and the facet formation is not clear.

Adding HCI, in addition to suppressing polysilicon nucleation on the oxide,
changes the growth rate of the {100} planesrelatively to that of the (110) planes[65]. A
high HCI partia pressureincreases the growth rate of the {110) planes with respect to that
of the {100) planes so that the slow-growing (100) planes remain to bound the deposit,
and vice versa as shown in Fig. 3.10. Controlling the HCI partial pressure during
deposition allows the possibility of varying the shape of the ELO growth fronts and
consequently obtaining satisfactory coalescence of two growth merging fronts. When a
high HCI partid pressureis used, the lateral growth planes become nearly vertical and they
may meet together so as to generate a perfect MELO structure without any groove on the



top. However, if they meet first near the upper edge of the vertical {100} planes, they may
leave avoid below the point where the growth fronts first meet as shownin Fig. 3.10(c).
On the other hand, if alower.HCI partial pressureis used, faceted growth fronts with only
asmall vertical {100} planewill be devel oped and consequently minimize or eliminate the
void when they coalesce. In thiscase, aV-groove will appear on the top MELO structure
and longer epitaxy is necessary to obtain aflat top MELO. The V-groove can be quickly
removed by changing the HCI partial pressure after the first meeting of the ELO growth
fronts.

For the growth of high quality SEG/ELO material, low temperature, reduced
pressures, and addition of HCl in the process gas are generally preferred even though the
growth rates are reduced. These conditions give advantages such as. (1) enhanced
selectivity, (2) better SEG planarity, (3) fewer stacking faultsat the SEG sidewalls, (4) less
loading effects, (5)reduced faceting, and (6) fewer crystal defects and nucleations.

(b)

Figure 3.9 Facet formation depending on the seed window orientation [71]. (a) When
oxide pattern isaligned to <110> directions. (b) When oxide pattern is aigned
to <100> directions.
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Figure 3.10 Facet formation depending on the HCI partial pressure [65]. (a) With little
HCI into the process gas. (b) With more HCl into the process gas. (c) When
too much HCI is used, the top of ELO fronts meet first and avoid may occur.

3.3.2.2 Initial Experimental Results

The first test mask was designed and implemented to study ELO merging
characteristics and to verify the feasibility of the proposed new silicon diaphragm
fabrication technique for both small and large beam dimensions of accelerometers. Figure
3.11 illustrates the test mask for MELO and etch-stop experiments. It comprises array of
oxide strips with various widths and spacings in order to examine the growth and merging
characteristics. Four variations were applied to the seed window width as 1um, 1.5um,
2um, and 3um. The oxide strips also have four different widths of Sum, 10um, 15um,
and 20um. The oxide strips are made into groups and each group includes strips of four
different lengths as 500 um, 1000um, 1500um, and 2000um. The selected values for
seed window widths, oxide widths, and lengths resemble those that would be used in
accelerometer beam fabrication. Nine big squaresof 250 um by 250um and four L-shaped
structures are for ELO thickness measurement. They are so large that they won't be
completely covered by ELO and the ELO thickness can be measured non-destructively way
using a surface profilometer.
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Figure3.11  Thefirst test mask layout for MELO and etch-stop experiment.
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The SEG/ELO experiments started with (100) n-type silicon substrates. The wafers
were initially cleaned in a hot H,SO4 + H,0, solution. After therinse.in deionized (DI)

water and blown dry with Ny, they were oxidized in awet O, ambient. Approximately
1500A of thermal oxide was grown in a steam atmosphere and it was subsequently
patterned for opening seed windows. The seed windows were opened by wet etching in
buffered hydrogen fluoride (BHF) solution. After patterning the seed windows, the wafers
were cleaned again in ahot HySO,4 T Hy0, solution. The wafers wererinsed in DI water

and dipped in aBHF solution for 10 seconds to remove any native oxide. Just prior to the
silicon epitaxy, the wafers were rinsed very thoroughly in DI water and dried with Na,
since the epitaxia silicon quality is greatly affected by the cleanliness of the wafer. For
(100) oriented wafers, the edges of the oxide pattern were placed parallel or perpendicular
to the <100> directions, and all wafers were placed in the reactor such that the mgjor flat of
the wafers would make 45° to theradial direction of theround reactor susceptor.

Selective growth was carried out in Gemini | LPCVD reactor, an inductively heated
pancake reactor, in the Purdue University Solid State Epitaxial Laboratory. After the
wafers were placed on the susceptor, the reactor was heated to 950°C, the deposition
temperature. Then they were subjected to a5 minute bake in a hydrogen ambient at 150
Torr or 40 Torr which is the deposition pressure, to remove any remaining native oxide
from the wafer surface. Subsequently, HCl wasintroduced and the substrates were etched
for a short time, typically 30 secondsor 1 minute. Thereafter dichlorosilanewas added as
a silicon source gas to initiate the deposition and HC1 gas was added to enhance the
selectivity. ELO growth rates of approximately 0.1 um/min were accomplished. These
parameters led to planar SEG with good selectivity and minimum visible defects. The
thorough investigation of SEG/ELO parameters of Gemini | LPCVD reactor a Purdue
University were previoudy performed experimentally by Kastelic and Friedrich [75].

For each of the wafers SEG/ELO growth thickness measurements were taken &
five positions in each of 12 different dies, as marked in Fig. 3.12(a), using a Tencor
Alpha-Step profilometer and averaged for each die. The absolute experimental error for
growth measurements using this instrument was estimated to be 10nm. The seed window
geometries and locations within each die measured for growth rate comparison were
identical. Thetypical measurement results are shown in Fig. 3.12(b), which resemblesthe
previously reported result [48].
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When the ELO fronts start to meet, they form agroove at the top surface due to the
facets on the ELO fronts. Fig. 3.13(a) showsatypical morphology of two ELO fronts just
prior to merging on the 10pm wide oxide after 4.5um growth. This V-groove between the
growth fronts gets smaller and smaller and finally vanishes as the growth progresses.
Therefore, additional growth is necessary to obtain a flat top MELO film even after
merging. It has been observed that there is approximately alinear relationship between the
total growth thickness needed to merge and form aflat top MELO surface and the seed hole
separation as shown in Fig. 3.12(b). Equation (3.3.12) was derived empirically [76],
showing these relationships to facet growth ratesas

Te—S -~ o7 (3.3.12)

2(¥2r - 1)+ °

whereT is the growth thicknessabove the mask, T, is the growth thickness needed before
the ELO starts, Sis the seed hole separation, and r = g11¢/g10¢ IS the ratio of the growth
rates along {110) and {100} planes. The thickness has been a problem when ELO has
been considered as an aternativesilicon-on-insulator(SO1)for dielectrically isolated CMOS
or bipolar technology because a very thin SOI film (=1pum) isrequired. This, however,
does not limit the application of the MELO structure to silicon micromechanical sensors
since the thickness of diaphragmin sensor applicationsis not usually that thin but typically
10 to 30 pm. The V-groovealso can be reduced by increasing the HCI in the process gas
during ELO growth [65].

The ELO dilicon previously showed higher defect densities than SEG or in bulk
semiconductor [56, 63, 77]. However, recent results of R. Zingg and G. Neudeck
demonstrated the bulk-quality characteristics of mgjority carrier MOS devicesfabricated in
ELO silicon [78]. This verifies the applicability of ELO to the silicon micromechanical
sensor where only majority carrier devices are required. Also, crystallographic defects
such as void formation or twinsin the MELO structure has been reported in the earlier
work [63, 65]. The void appears when the upper partsof ELO fronts merge first and trap
somegasin thevicinity of the oxidesurface. The void formation can be avoided either by
decreasing the overall growth rate or by reducing the HCI concentration until the ELO
fronts merge [65].
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Figure 3.13 (a) SEM photograph showing a morphology of ELO prior to merging. (b)
The thickness required for complete merging vs. seed-hole separation [76].




Simple MELO structures on (100) substrate silicon over <100> oriented S5um wide
oxide smps have been produced to examine its crystallographic quality as grown in the
Gemini | LPCVD reactor in the Purdue Solid State Epitaxial Laboratory. A scanning
electron microscopy (SEM) photograph of the cleaved cross section is shown in Fig. 3.14.
Optical observationsindicated that there are no voids on the buried masking oxide or any

other visible crystal defectsafter merging.

Figure 3.14 SEM photograph of MELO silicon cross section.



3.4 Wideand Thin MELO-Si Diaphragm Fabrication Process

Using MELO silicon and the new SiO, etch-stop techniqueillustrated in Fig. 3.5, a
novel singlecrystal diaphragm can be produced. For a small accelerometer, which would
have very small seismic mass and beams of less than Sum thickness, only one oxide strip
can be used to manufacture a thin diaphragm beam. In this case, only oxide would
participate in the etch-stop mechanism and both sides of a beam are formed by slowly
etched crystallographic planes as shown in Fig. 3.15(a). Therefore, a perfect etch-stop
with an excellent control of the beam thickness would be expected.

For reasonably large devices such as an accelerometer with beams whose
dimensions are in the range of 10 to 25pm thick, 100pm wide, and 1000um long, a
modified beam structure needs to be employed. If one wide oxide strip is used for awide
beam structure, then the desired thin MELO silicon on SiO, for a diaphragm structure can
not be achieved. Instead the thickness will be about half of the width of the oxide when the
MELO silicon takes place because the aspect ratio, the ratio of lateral to vertical growth, of
ELO silicon is close to unity. However, the wide and thin diaphragm can be constructed
by MELO silicon on several oxide strips, between which several narrow seed holes are
formed, and SiO, etch-stop combined with V-groove self-limiting etch-stops as shown in
Fig. 3.15(b).

This section presents design, fabrication development, and experimental resultsof a
large area, thin MELO-Si diaphragm with an SiO, etch-stop combined with
crystallographic self-limiting V-groove etching. The V-groove self-limiting process, the
anisotropic etching has been described in section 3.1. The etching will then be limited by
the oxide strips and the slowly etched crystallographic planes exposed between oxide
strips. First isdiscussed the anisotropic etching of thesilicon substrate and MELO-Si film
that was performed with a KOH-based solution for the verification of V-groove self-
limiting etch-stop. Then the thickness uniformity of the MELO-Si filmis presented over a
wafer and by location on a wafer-to-wafer basis. The thickness of the MELO-Si
diaphragm is controlled by the MELO growth rate which is approximately 0.1pum/min. In
addition, the material quality of MELO-Si film was examined by a crystallographic defect
etch and by device fabrication and characterization.
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Figure 3.15 MELO-Si diaphragm fabrication technique by SiO, etch-stop combined with

V-groove self-limiting etch. (a) A narrow beam with a single oxide. (b) A
wide and thin diaphragm or beam with a group of oxide smps.
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3.4.1 Examination of the Etch-Stop by Self-Limiting V-grooves

The anisotropic etching and etch-stop experiments were performed on (100) n-type
silicon wafers which were the same as those used for SEG/ELO experiments. First, SiO,
patterns were aligned to <100> directions which would result in the better ELO quality than
other directions. With the oxide aligned to-<100> directions, the etched structure is
bounded by convergent {110} planeswhich make an angle of 45° with the surface plane as
shown in Figure 3.16(a). Actually, this (110) planeis not a single plane but a group of
(110} edges, each of which resulted from the intersection of a couple of {111} planes.
Therefore, the real etch-stop planes are {111} planes even though the macroscopic view
indicates the etch-stop isrealized by {110} planes. This result agrees with the observation
of Lee [7]. After along etching time with the KOH-based etching solutions, it revealed that
the V-grooves formed between the oxide smps sustained their shapes with some lateral
undercut. The undercut, with the oxide edges aligned to <100> directions, is more
noticeable than with those aligned to <110> directions due to the (110} edges exposed.
However, the etched depth is somewhat compensated for because the angle made by (110)
edges with the surface plane is smaller (45") than that made by (111) planes(54.74)).

Next, SiO, patterns were aligned to <110> directions for the purpose of
comparison. When the masking oxide is aligned to <110> directions, the etching shows
better etch-stop characteristics with less undercut than when the oxide edges are aligned to
<100> as shown in Figure 3.16(b). It has been found experimentally that when the oxide
opening is precisely aligned to <110> directions, etching can conform exactly to the oxide
mask with the negligible undercut [79]. However, when the oxides are aligned to <110>
directions, the angle between one of the slowly etched planes, {111) planes, and thetopis
about 54.7° resulting in deeper grooves than when the oxides are aligned to <100>
directions, provided the etch windows areidentical. For a self-limiting V-grooves etched
for along time, the oxides aligned to <110> directions will have less undercut than those
aligned to <100> directions. However, as mentioned earlier, the ELO material quality
grown on the oxide aligned to <110> directions usually shows more crystallographic
defects and larger facetson the growth fronts [54, 63, 71].
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Figure3.16 (a) SEM photograph of V-groove self-limiting etch-stop after long
anisotropic KOH etch with oxides aligned to <100> directions. (b) SEM
photograph of V-groove self-limiting etch-stop after long anisotropic KOH
etch with oxides aligned to <110> directions.



Finally, the anisotropic etching was performed on the MELO-Si film. A thin
digphragm is normally fabricated by etching a silicon substrate from the back to the desired
thickness, which usually takes several hours. For simplicity, however, etching was
performed from the top MELO surface, assuming the MELO silicon is identical to the
substrate silicon, even though actual etching needs to be done from the back of the wafer.
The legitimacy of this approach was verified by etching the MELO film surface
anisotropically and comparing it with the results obtained from the anisotropic etching of
the substrate silicon. A SEM photograph of the top etched MELO film is shown in Fig.
3.17(a) which illustratesthe V-groovesformed by the dowly etched {110) planesresulting
in the self-limitingetch-stop like the substrate. It indicates the MELO film has the identical
orientation and the same crystall ographic strength as the substrate silicon.

From these etch-stop experiments, it has been shown that the new etch-stop
technique is applicable to form a wide thin diaphragm beam. A beam structure can be
formed with the minor variation in the thicknessdue to the V-groovesformed between the
oxide stripsfor the crystallographicetch-stop. The depth of those grooves mainly depends
on the seed window width between two neighboring oxides and the lateral undercut
associated with the exposed planesduring the anisotropic etching.

3.4.2 Design and Development

The second test mask, shown in Fig. 3.18, was designed and implemented for
realizing a wide and thin diaphragm using the MELO technology and with an SiO, etch-
stop combined with crystallographic self-limiting etching. It was also used for MELO
growth rate and its uniformity characterization. The growth rate of the MELO films was
evaluated by measuring the ELO film thicknessover the large oxide regions, wider than
100um, with an Alpha-Step profilometer. Figure 3.19 shows the places on the wafer
where the measurement was taken. Positions 1 through 8 correspond to the large oxide
islands in quadrant #3. These islands are clearly shown on the mask layout in Fig.
3.18(a). Each vertical bar in quadrant #1 of Fig. 3.18(a) consists of a set of 5x1200 pm?
rectangular oxide islands separated by 2pm wide seed holes; this is magnified and
illustrated in Fig. 3.18(b).
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Figure 3.17 (&) SEM photograph of V-groove self-limiting etch-stop on the MELO film.
(b) Schematic view of the SEM photograph.
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Figure 3.18 Layout of the second test mask. (a) The 4 quadrants cover a whole 3" wafer.

(b) Magnified view of one vertical bar in Quad. #1.



3.4.3 Uniformity of MELO Silicon

Tables 3.2 summarizes the statistical results of the MELO silicon growth on the
wafersover four different epitaxia (epi) runs. All wafersin each run used the same pattern
and orientation. The MELO-Si film thickness analysiswas performed across the wafer by
measuring twenty different positions across each wafer as shown in Fig. 3.19. To further
understand the summary tables, consider the original data sheet of the first epi run givenin
Table 3.3. Statistical parameters, such as the average growth, the standard deviation, and
the percent variation, are calculated across awafer (down a column) over twenty different
locations. The percent variation is obtained by a hundred times the standard deviation
divided by the average growth value. Thus, the last three rowsin Table 3.3 are the values
listed in the middle three columns under average growth rate, standard deviation, and %
variation of Table 3.2. In addition, the same parameters were calculated and added in the
last three columns for a particular location (on the wafer) over al wafers as shown in Fig.
3.19. These parameters have a wafer to wafer basis and are not listed in the summary
tables. To better visualizethe wafer to wafer parameters per run, the ELO thicknessfor all
wafers has been plotted against position (Figures 3.20, 3.22, 3.24, and 3.26; also known
as growth profile), and the standard deviation and the percent variation of al wafers are
graphed versus position as well (Figures 3.21, 3.23, 3.25, and 3.27). The significance
between the parameters within awafer and the parameters with a wafer 1o wafer basis will
become apparent in the following discussion.

In the first run, the growth temperature was 1020°Cat 150 Torr. The variation of
growth across a wafer is within 6% for al six wafers, the lowest being 2.9% for wafer
#GTS. For the second run a 970°C, 40 Ton, the growth variation in a wafer is within
6.4%, very similar to thefirst run. Analogously, the percent variation in awafer is within
4.1% and 6% for the third run at 1020°C, 150 Torr and forth run a 970°C, 150 Torr,
respectively. Thus, at either high or low growth temperature, it is possible to attain less
than 10% growth variation (the accepted range) across a wafer, as listed in Tables 3.2 and
1.3.

The growth profile of each run (Figures3.20, 3.22, 3.24, and 3.26) illustrates that
the epitaxial thicknessat any given position on awafer deviatesvery littlefrom that & the
same position on other wafers in the same run. This can be further verified by the
corresponding bar graphs (Figures 3.21, 3.23, 3.25 and 3.27) that display the standard
deviation and the percent variation at any given wafer location per run.



(b)

Figure 3.19 MELO thickness measuring positions over each wafer and wafer to wafer
with the second test nask.



Table 32

Statistical resultsand uniformity of ELO growth
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Growth Condition Water Avg. totd | Std. Dev. | % Var. | Avg. GR |
Growth(um) (um) (Um)
RUN #1
Temperature | 1020°C GT5 10.43 0.30 2.90 0.130
Pressure 150 Torr GT6 10.48 0.59 5.65 0.131
Ox.thickness [ 0.5 um GT4-tn 10.08 0.44 4.32 0.126
Dep. time 80 min. GT5-tn 10.11 0.45 444 0.126
GT6-tn 10.37 0.40 3.84 0.129
GT7-tn 10.1/ 0.60 2.8/ 0.12/
RUN #2
Temperature | 970°C gtl 11.95 0.52 4.32 0.108
Pressure 40 Torr gt2 11.20 0.45 4.32 0.102
Ox.thickness | 0.5 pm gt3 11.70 0.70 4.02 0.106
Dep. time 110 min. gtd 11.01 0.56 6.01 0.100
gtinl 11.36 0.72 5.05 0.103
gttn2 11.34 0.55 6.35 0.103
| gtn3 11.66 0.51 4.86 0.106
RUN #3 [
Temperature | 970°C + gr10tn 8.181 0.334 4.08 0.128
1020°C gr22tn 8.334 0.326 3.92 0.130
Pressure 150 Torr grl2tn 8.467 0.249 2.94 0.132
Ox.thickness | 0.9 um grl4m 8.403 0.347 4.13 0.131
Dep. time 5+66 min.
RUN #2
Temperature | 970°C grl5tn 9.135 0.54 5.86 0.083
Pressure 150 Torr gr16in 8.56 0.49 5.78 0.078
Ox.thickness | 0.9 pm grl7n 8.28 0.494 5.96 0.075
Dep. time 110 min. grigm 7.87 0.34 4.29 0.073




Table3.3 MELO run sheet of run #1
GT5 | GT6 |GT4-tn|GT5-tn[GT6-tn |GT7-n] Avg. W | Std. [% Var
Position | (um) | (um) | (um) | (um) | (um) [ (um) to W Dev
: (Um) | (um) _
1 10.34 10.49 10.06] 9.985] 10.26] 10.22] 10.23] 0.18] 1.72
2 10.29 10.33 9.905 9.845] 10.09] 10.02] 10.08] 0.17] 1.68
3 10.22] 10.14 9.77] 9.745] 10.05] 9.89 997 0.16] 1.61
4 10.25] 10.07] 9.685] 9.66] 9.903 9.68 9.88__0.16] 1.64
5 10.06 9.725 9.4 9.405] 9.73[ 9.353 9.61] 0.17] 1.79
6 10.01] 959 934 933 9.69 9.235 054 0.17] 1.79
7 9.74 939 9.135 92 9.68 9.06 937 0.22] 2.37
8 9.28 8.975 9.13] 0.15] 1.67
9 10.67] 11.04 1052 1046 1061 10.67] 10.6 0.200 191
10 10.71] 11.14 1057 10.65] 10.91] 10.83] 10.81] 0.20] 1.86
11 10.74 11.05] 10.58] 10.56] 10.85 10.78] 10.76] 0.13] 1.69
12 10.89 11.15] 10.39] 10.61] 10.8] 10.74 10.79] 0.20] 1.87
13 10.64 11.07] 1038 1044 1057 10.6] 10.62] 0.24] 2.29
14 10.52] 1094 1041 1057 1078 10.8] 10.67] 0.19] 1.75
15 10.71  10.8] 10.43] 10.47] 10.75] 10.71] 10.65] 0.15] 1.43
16 10.8] 11.03] 10.42] 10.47] 10.68] 10.51] 10.65] 0.22] 2.08
17 10.55] 10.8 10.2] 10270 104 10.41[ 1045 024 231
18 10.1] 10.37] 9.94 10.28 10.43] 10.47] 10.27] 0.19] 1.85
19 10.360 10.33] 10.06] 10.13] 10.56] 10.34 10.30] 0.18] 1.72
20 10.62] 10.65 10.19] 10.08] 10.37] 10.11] 10.34] 0.21] 2.04
Ave. 10.43] 10.48] 10.08] 10.11] 10.37| 10.17]
Growth
(Lm)
Std. Dev] 0.30]  0.59] 0.44 0.45] 0.40 0.6
(Lm) _
T Var. 290 5.6 4.32| 4.44] 384 5.87




In the high temperature runs (Runs#1 and #3), the percent variation at a specific location is
less than 2.5% whereas, in the low temperature runs (Runs #2 and #4), the same variation
is less than 9%. The nearly constant thickness among the wafersin the same run at higher
growth temperature indicates that any thickness of the diaphragm beam can be repeatedly
grown in the reactor at Purdue University. However, the corresponding growth profiles
show a decrease of growth radially outward in quadrant #3. Thisis merely an indication
that the susceptor in the reactor has a temperature gradient, which has been verified by Ge
dot melts. The same growth reduction is observed for the low temperature runs.
Correction can be made to the reactor by adjusting the RF heating coils such that more
uniformity may be ensured during growth. Lastly, it will be explained that the slight
increase in the percent variation at a reduced growth temperature is a trade off for a better
silicon quality, which is alwaysdesired in the semiconductor technology.

As mentioned before, the percent variation from wafer to wafer at high temperature
1020°C)is slightly less than that at lower temperature (970°C). This rnay be explained
from a growth rate point of view. In Tables 3.2 and 3.3, note that the growth rates at high
temperature runs are always larger and more consistent among the wafers in a run than
those at low temperature runs. This is duly to the increase in the reaction rate of the
reactants at high temperature, which ultimately increases the overall growth. Thus, at low
temperature, low reaction rates across the wafer results in less consistent growth rates
among the wafersin arun; therefore, an increase in the percent variation from wafer to
wafer is observed in the data analysis. Yet, better quality of silicon was obtained at low
temperature.

From the above discussion for four different growth runs, the following
conclusions are made.

1. Temperature gradient across the susceptor isevident in all growth profiles and
has been verified by Gedot melts.
Repeatability of the growth in the reactor is very consistent
a. for within awafer average and

o

b. for at a given position average.

3. Uniformity isimproved for high temperature runs.

4. Increased temperature yields higher growth rate due to the increase in the
reaction rate of the reactants.

5. Lowering of the temperature has slightly increased the percent variation of the
growth from wafer to wafer; however, the surface topology appears excellent.

B



Data for Wafers GT5,6 & GT4,5,6,7-tn
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Figure 3.21 Wafer to wafer standard deviation and % variation of the ELO silicon

thickness a different test pointsfor the first run (at 1020°Cand 150 Torr).
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Data for the wafers gr15tn-gr18tn
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Data for the wafers gr10tn-gri4tn
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3.4.4 MELO-Si Diaphragm Fabrication by SiO, Etch-Stop and Self-Limiting V-grooves

The merged ELO silicon grown on oxide islands in the Gemini-I reactor shows a
very uniform and smooth surface topology. Although SEG growth and MELO growth are
two different processes, the wafer topology of the silicon grown by the two processesin a
given run shows no visible difference under SEM. Figure 3.28 displays an SEM
photograph of the MELO and SEG silicon grown on the same wafer in the same run. Note
that the MELO silicon shown covers approximately 5pm wide oxide islands alternatively
patterned next to the seed holes (refer to Fig. 3.18) and has a thickness of 9um. Because
the merged part has a very uniform surface topology, it is difficult to distinguish the MELO
silicon from the neighboring SEG silicon as demonstrated in Fig. 3.28.

The thin diaphragm structure shown in Fig. 3.29 was achieved by etching the back
side of the wafer using the anisotropic KOH etch. Note that the flat top surface reveals a
completely merged EL O, approximately S9um thick, while the backside was defined by the
V-grooves which resulted from self-limiting crystallographic etch. Backside etching was
performed at a constant temperature of 80+1°C. The etch solution used contains 47gm of
KOH in 127ml of DI water and 39ml of Propanol. Note the formation of the 2pm deep V-
groove etch stops between the oxide islands. Due to the precise temperature control of the
etch at 80+1°C and due to thorough cleaning of the wafer, the undercut across the oxide
islands was minimized. As mentioned earlier, Figure 3.29(b) is a close-up view of the
diaphragm beam of Fig. 3.29(a), but the beam has been stripped of the protective nitride
layer and the oxide islands.

A protective silicon nitride mask wasrequired on both sides of the wafer during the
silicon etch. Plasma enhanced vapor deposition (PECVD) technique was used to form the
silicon nitride film even though low pressure chemical vapor deposition (LPCVD)
technique could have been used just as well. In either case, the nitride film must be able to
sustain itself in the KOH solution for aslong as it takes to etch from the backside of the
wafer to the oxide islands near the top of the wafer. One of the advantages of PECVD
nitride over LPCVD nitrideisthat PECVD nimde isdeposited at a lower temperature than
Al-Si melting point while LPCV D nitride isdeposited & a higher temperature. Therefore, in
the accelerometer fabrication process, PECVD nitride can be employed after Al-Si
deposition but LPCVD cat not. In addition, the PECVD nimde can be patterned by etching
with Buffered Hydrogen Fluoride (BHF) solution. SiO, cannot be used as the mask
because the backside etching takes more than five hours and SiO; is considerably damaged
after one to two hoursin the KOH solution.
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Figure 3.28 SEM photograph showing the MELO and SEG silicon on the wafer grown at
970°Con asilicon substrate. (a) Top view of SEG and MELO which can not
be distinguished from the top. (b) Cross section and top view showing no
voids and visible defects at the merging plane on Si0;.
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Figure 3.29 SEM photograph showing the thin diaphragm beam with flat MELO (top) and
etch stop V-grooves (bottom). (a) A 200pum wide, 9pm thick MELO silicon
diaphragm. (b) Enlarged view of the diaphragm after etching SiO; strips and

nitrideprotection layer.



Figure 3.30 shows the deep basin formation after five hours of etching from the
back side of the wafer. The etched surface and the edges remain very smooth with no sign
of etch pits. Figure 3.31 is an SEM picture of the cross section of the deep basin after
seven hoursaf etching. Here, the pictureclearly showsthe thin MELO silicon diaphragm
hanging at the top of the substrate. Again, it can be reemphasized that the etch stop V-
grooves are well defined and the MELO surfaceremainsflat at the merging seam. Overall,
the critical issues concerning the formation of thin silicon membranewith a large surface
area have been successfully demonstrated.

Evaluation of the cross-sectionsaf MELO filmsin the scanning el ectron microscope
reveals thefollowing characteristics.

(1) The aspect ratio, lateral to vertical growth ratio, of the ELO film is close to
unity. Therefore, ELO growth must continue across at least haf of the SiO,
width before the two ELO fronts merge.

(2) The MELO films do not show any visible voids or crystal defects along the
merging plane. .

(3) The merging fronts make V-groove facets when they start to coalesce and
become a planar MELO surface with additional growth time.

3.4.5 MELO-Si Materid Evauation

As shown in Fig. 3.10, when the two ELO fronts merge on the SiO, mask the
MELOQO silicon film may have voids or defects along and near the merging seam. By
optimizing the silicon epitaxy condition, the voids can be minimized or eliminated. The
defects induced by the merging mechanism can be physically examined with a defect
decorating etch such as Secco etch or Wright etch. It is, however, more intriguing to find
out if those defects would play a significantrole in the electronic device characteristics. In
order to evaluate whether the MELOQ technology is suitablefor electrical devices such as
resistors, diodes, or transistors, it is important to build devices on the MELO film and
examine the device electrical characteristics. The device structure used for testing was
designed to include bipolar junction transistors (BJT), which is one of the most sensitive
devices to the material defects. With this design, both base-to-emitter (B-E) diodes and
base-to-collector (B-C) diodes can be evaluated in addition to the BJT device. By
fabricating such devices on both SEG and on the MELO silicon and testing them, the
electrical characteristics such as diode ideality factor, junction leakage current, can be
compared.
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Figure 3.30 SEM photograph of the deep basin formed by the back side etch.
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Figure 3.31 SEM photograph showing the cross section of the deep basin shown in Fig.
3.24 after completion of the etch.



3.45.1 Device Fabrication - Diode and Bipolar Junction Transistor

The bipolar junction transistor layout is shown in Fig. 3.32. These BJT devices are
placed in each die so that the MELO silicon material can be evaluated across the wafer. The
fabrication of BJT devicescan beincorporated into the MELO-Si accelerometer fabrication
by adding only two more masking steps. The additional two masking steps are base (mask
#4) and emitter (mask #5) implant pattern. The full MELO accelerometer fabrication
procedures, including BJT fabrication steps, are described in chapter 4.

Thedevices were fabricated on three typesof silicon crystal material for comparing
the material quality between SEG and MELO silicon: SEG, MELO-I., and MELO-m.
Figure 3.33 illustrates the cross section diagram of BJT device fabricated on those three
types of film. SEG silicon of Fig. 3.33(a) is a single crystal grown on a large seed
window (or silicon field area) selectively. Since the SEG silicon is grocvn far away from
the SiO, mask, its growth is hardly affected by the SiO, mask. The quality of the SEG
silicon can be compared to the substrate silicon and hence the devices fabricated on the
SEG silicon have repeatedly shown the electrical characteristics comparable to those on the
substrate silicon. Therefore, other types of the devices can be compared to the SEG device
for the evaluation of the devices as well as the material. MELO-1 of Fig. 3.33(b)
represents the MELO silicon grown over a single oxide strip whereas MELO-m of Fig.
3.33(c) represents the MELQ silicon grown over multiple oxide strips, here 13 oxide
strips. Consequently, MELO-1 silicon has a single merging seam, and MELO-m silicon
has several merging seams. The devices were fabricated on these two types of MELO
silicon in order to examine the influence of the oxide strips and the corresponding merging
seams above them.

Thetesting results of BJT devices averaged over a number of dies are summarized
in Table 3.4. As mentioned earlier, the SEG devices are showing excellent electrical
characteristics. The ideality factors from base-emitter and base-collector p-n junction
diodes are almost unity and the reverse biased junction leakage current density from those
diodes are also very low. The electrical testing results of the MELO-1 and MELO-m
devices are not as good as the SEG devices. Theideality factor of the base-collector diodes
are still comparable to the SEG devices and it indicates that the material quality of the
MELO silicon can become as good as the SEG silicon. Also the leakage current of all three
types of devices are comparable. Thisindicates the MELO silicon is good enough for the
majority carrier dominant devices such as piezoresistors and MOSFETSs as well as diodes
and BJT devices. The measured BJT |, vs. V. plots from three types of devices are

illustrated in Fig. 3.34.



Figure 3.32 Top view of the BJT device for MELO silicon materia evaluation. The
devices under the number 1 and 2 are devices fabricated in SEG silicon, the
devices under 3 and 4 are in MELO silicon with one oxide strip, and those
under 5 and 6 arein MELO silicon with multiple oxide strips.

The testing resultsof BJT devicesfabricated on SEG and MELO-Si

Table3.4
t rial . . 42
|r ntm}lr;es 1 (ideality factor) leakage current (A/cm<) Bpeak
BE diode BC diode BC diode BE diode
SEG 1.01 1.00 9.70x10-% | 5.63x10-° 95
MELO-1 1.35 1.12 498x10°0 | 6.25x10-9 72
MELO-m 1.23 1.11 1.85x10" 1.16x10°0 | ~72
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Figure 8.33 Cross section diagram of BJT devices on three different types of material. (a)
SEG device, (b) MELO-1 device, (c) MELO-m device
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Figure 3.34 Typical |, vs. Veplots from BJT device of Fig. 211. (a) SEG device.

MELO-1 device. (c) MELO-m device.
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3.4.5.2 Crystallographic Defect Etch

The conventional Secco defect etch (one part of 0.15 molar solution of K,Cr,05
plus 2 parts of HF) has been executed on MELO silicon for examining crystallographic
defects. Preliminary results show that oval shaped etch pits occurred around the merging
seam of the MELO silicon. When two advancing ELO fronts merge at the middle of the
oxideisland, they produce a thermomechanical stress along the merging seam and thereby
induce dislocation faults. Also the temperature gradient in the reactor and the difference of
thermal expansion coefficient between silicon and silicon dioxide (SiO,) may play arolein
inducing these dislocation faults.

The test mask has different oxide widths starting from 5pm up to 10um as shown
in Fig. 3.35. MELO silicon was grown over these oxide islands on a wafer in a same run.
Asillustrated in Fig. 3.35 merging will occur on the Spum wide oxide island first and finally
on the 10pm wide strips. Figure 3.36 shows the variation number of etch pits and the etch
pit densities which resulted from a 90 second Secco defect etch on MELO silicon grown on
different width oxide islands. Both the number of defects and the defect densities are
increasing with the wider oxide islands as shown in Fig. 3.36 while having the identical
MELO silicon. Since the MELO silicon forms on narrower oxide islands earlier than on
wider oxide islands, the merging seam area on the narrow oxide is covered by thicker
single crystal silicon. While the MELO silicon is forming on wider silicon islands, the
defects around the merging seam on the narrower oxide islands gets healed during the
subsequent film growth. Therefore, fewer defects propagate to the top of the MELO
silicon where the Secco etch has decorated the defects.

Staltmgofmergmg |

—\ 10um

Figure 3.35 Merging on Oxide islands with different width in test mask.
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In the accelerometer design, piezoresistors are fabricated on the top 1 pm out of a
10 um thick MELO silicon film grown over a group of 5 pm wide oxide islands. As
shown in Fig 3.36, both the number of defects and the defect densities over 5 pum wide
oxide islands are minimum and are within areasonable range. The test results of the p-n
junction leakage current densities from the diodes fabricated on the 10 pm thick MELO film
showed reasonable leakage. In fact it islower than the leakage current data of the resistor
on much thicker (=25um) epitaxia silicon grown on P* layer [80]. Therefore, for thick
MELO film the dislocation faults resulting from merging are not playing acritical rolein
device performance. However for thinner MELO film afurther research to reduce defect

counts is recommended.
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# of defects etch pits
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Figure 3.35 Resultsof Secco etching. (a) Graph showing # of etch pits vs. width of oxide
islands. (b) Graph showing the variation of defect density with the width of

the oxideisland.
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CHAPTER 4
FABRICATION OF MELO-SI ACCELEROMETER

4.1 Introduction

This chapter details the structure and fabrication sequence of an |C compatible,
bridge-type piezoresistive accelerometer utilizing the MELO-Si diaphragm fabrication
technique described in Chapter 3. Standard circuit photolithography and diffusion
processes provide pattern definition capabilities and stress-sensitive piezoresistors for the
accelerometer output. Producing the mechanical structure, including its seismic mass and
four supporting bridges (or beams), requires special masking and etching techniques in
silicon. A description of the entire accel erometer precedes sectionsdetailing thefabrication
of its parts and thefinal assembly, and discussing difficultiesalong with solutions.

4.2 Structureof MELO-Si Accelerometer

The essential componentsof a bridge-typepiezoresistive accelerometer are aseismic
mass With supporting bridges, a mechanical-to-electrical transducing device, electrodes,
and protection plates. The key process features which are unique to the accelerometer
fabrication are front-to-back alignment, metal passivation during KOH etching, and reactive
ion etching (RIE) for the front delineation, in addition to the diaphragm fabrication for the
beams. All the above processfeatures must be | C compatiblein order for the accel erometer
to be fabricated with other electrical deviceson the same chip.

The picture of the Purdue MELO-Si accelerometer from the top is shown in Fig.
4.1. Thecenter portionis the heart of the accelerometer, a seismic mass and the four very
thin supporting MELO-Si diaphragm beams, completely surrounded by a thick rim. The
rigid rim provides the "built-in" end condition at one end of the beams, a region for metal
routing and contact pads, and this surroundi ng rim isamain part of the starting silicon
wafers. The thin silicon diaphragm structurefor four supporting bridges are fabricated by
MELQO-Si diaphragm technique described in Chapter 3. The seed windows and SiO5 etch-
stop layers were patterned on the area around the middle seismic mass for the MELO-Si
formation. On the MELO-Si film, where the bridges will be delineated, stress-sensing




Figure4.1 A photograph of thefind packaged MELO-Si accelerometer from the top.
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piezoresistors are fabricated and a Wheatstone full bridge circuit is configured by
metallization and its patterning. At the same time, other electrical devices can be fabricated
on the same die of the wafer. The circuit componentson thefront and the back side of the
wafer are protected by a passivating film such as plasma enhanced chemica vapor
deposition (PECVD) of nitride during the anisotropic etching. Then the back side of the
wafer is patterned and the anisotropic etching is performed to complete the MELO-Si
diaphragm formation. Thediaphragmisfirst fabricated all around the middle seismic mass
and the final four bridge structures are delineated by RIE from thefront side of the wafer.
The seismic mass was defined by anisotropic etching from the back side of the wafer at the
same time when the MELO-Si diaphragmis produced.

4.3 Fundamental Principleof Operation

The basic behavior of the bridge-type accelerometer can be understood using an
analysis of an ideal elastic straight beam whose left end is fixed and right end is guided as
shown in Fig. 4.2. The general differential equation of elastic curve has the following
form for the system shown in Fig. 4.2;

d2y(x) _ . w8
B =M 1= 17 @.1)

where E is Y oung's modulus, | is the moment of inertiaof the cross section in the yz plane
about z axis, t is the beam thickness, w is the beam width, y(x) is the beam deflection aong
the x direction, and M is the bending moment in termsof x. The effect of an accel erometer
on the beam and mass is modeled as a point load (or force), F, equal to the product of the
mass and the applied accel eration perpendicular to the plane of the beam. The stressin this
model of the accelerometer assumes that the beam thickness is much less than its length,
that the load actsin a plane of symmetry of the beam, and that the normal stresses due to
bending are not affected much by the presence of shearing stresses. Under those
conditions, the deflection of the beam can be expressed as

y(x) = —1%(3&2 - 2x3) (4.2)
where Fisapplied force and | is the beam length. The stressesat the surfaceare

600 = 15 - X) y(x). (43)
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For arectangular cross section, the area moment of inertia about the centroid axis of the
beam cross section is

1

I=gzwi (4.4)

giving

y(x) = %[3@-‘)2 : ZGﬂ] (4.5)

12F /I
o(x) =w—t3(§ - x) y(X). (4.6)

The placement of the sensing resistor affects the resistance change observed due to the
variation of stress along the beam. Since the maximum stresses and hence maximum
resistance change occur at y=i'%, x=0 and 1, the most advantageous placement of the

resistorsison the surfaceof the beam at or near thefixed end and the guided end where the
force isapplied. The maximum stress, o, at y-—%, x=0, can beexpressed as

B
and o(x) becomes
o(x) = G, [ 1 zGﬂ] (4.8)

With ashallow resistor ion implant or diffusion the stress acting to change the value of the
resistor is

o(x)=00[1 . 2(§j]=%§[1 . 2(’})}]. 4.9)
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(@)
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Figure. 4.2. Idedized modd of abridge-type accelerometer. (a) Idea elastic Sraight beam
with a bending moment a theend. (b), (c) are two-dimensional structureof a
bridge-type accelerometer before and after deflection respectively.
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The next step in driving the response to acceleration is to examine how the
resistance varies with stress. The basic equation for the resistanceR of adiffused resistor
with resitivity p (in Q-cm), length L(cm), and cross sectional area A(cm?2) isgiven by

R =%I:- (4.10)

assuming the resistivity is uniform in the diffused region. Thedifferential changein R wth
applied stresscan be expressed as

L
dR =2dL - =+ Zdp @.11)

and the fractional resistancechangeis

R AL ATA+£. (4.12)
p

R "L~

The first two terms represent its dimensiona changes of the resistor due to the applied
stress and the last term representsthe change of resistivity with stress, or piezoresistivity.
Generally, however, the piezoresistiveeffect is much more significant than the dimensiona
changes in semiconductor and the first two terms can be neglected. Again, neglecting
shearing stresses, the variation can ke written as

AR
—R_=H//G//+H.L ) (413)

whereoy and 6 are the stress parallel and perpendicular to the direction of theresistor in
the plane of the resistor, respectively, and Il, and I1; are the corresponding piezoresistance

coefficients, coupling stress and resistance change. For a p-type resistor oriented along
<110> direction of the silicon lattice, it has been shown that
1
H//=§H44 (4.14)

and hence

AR 1
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The stress, 6(x), is not a constant along the length of the resistor and its average value
needs to be found from the stress distribution aong the length of the resistor and used in
order to ssimplify the Eqgn. (4.15). Integrating along the length of aresistor near the fixed
end,

L,
Jo(x)dx' 3F(

S0 =——= v(vtzL') (4.16)
(de

where L, is the length of the piezoresistor that was extended out on the bridge from the
beam edge. Substituting into Egn. (4.15), onefinds

AR _3llgq (FLy)
R - 2 Wt2 :

4.17)

The above resistance change can be converted to a voltage change using a
Wheatstone bridge circuit configuration. Figure 4.2 shows that the elastic curve of the
beam consistsaof both concave-down and concave-up curveswhich indicate both expansion
and compression occur with the applied force. Therefore, by placing two resistors at or
near both ends of the each beam, both positive and negative piezoresistive effects can be

obtained with a stress. In a bridge-typeaccel erometer with four beams, eight equal resistors
are placed. If the Whesatstone bridge circuit is driven by a voltage source, V., for

example, then the output voltage, V, would be

V=%

-2AR  2R+2
(ZR 2 +2AR Ve, @.18)

AR~ 4R )Voo:i

assuming R; = Ry =R3 =R4 =Rg=Rg=R7=Rg =R Using thisexpression, the overal
response o the accelerometer to an acceleration acan be obtained as

-
V0=i%n44%vcha. (4.19)



Thisequation indicatesthat the output islinear with applied acceleration and bridge supply
voltage. Theresponseto the accelerationisdetermined and varied by physical dimensions
of the beam width, thickness, length, piezoresistor location, and doping concentration of
piezoresistor. Particularly, the thickness control is more important that other parameters
sinceit isonly the squared term in theequation. The well controlled geometry is necessary
for getting the desired output range.

4.3 Layout Design of MELO-Si Accelerometer

The MELO-Si accel erometer fabrication process, including BIT devicefabrication,
consists of 9 masking steps aslisted in Table 4.1. Each masking step and its design are
described in this section.

Table4.1 Descriptionof MELO-Si accelerometer mask levels.

Mask #1 Alignment Marks after MELO process
Mask #2 Seed Window Patternsfor MELO Silicon
Mask #3 Piezoresi stors Pattern

Mask #4 Base(in BJT device) Pattern

Mask #5 Emitter (in BJT device) Pattern

Mask #6 Contact Definition

Mask #7 Metal Pattern

Mask #8 || Back Etch Pattern

Mask #9 Front Delineation for Beams and Proof Mass

The size of the designed MELO-Si accelerometer is 3 mm X 4 rnm including the
framefor the metal bonding pads and the beam is 10 um thick, 420 um long, and 170 um
long. However, thedie sizeis7 mm x 7 mm and the rest of the areaisfor the fabrication
of other electrical devices such as resistors, diodes, BJT devices, capacitors, and gate-
controlled diodes on the same die for evaluating the MELO-Si material quality as well as
process procedures. Thelayout of thewholedieisillustrated in Fig. 4.3.
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Figure 43 Layout of Purdue MELO-Si accelerometer die. Thediesizeis7 x 7 mm?2

(272 x 272 mil?) and accelerometer size is 3 x 4 mm2. There are other
electrical devices, in addition to the accelerometer, for evaluating the MELO
material and process procedures.
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Thefirst step is to make alignment markson the top that will maintain their shapes
after the MELO process. ldeally the ELO process grows silicon equilaterally over the
adjacent oxide masks from the seed window. However, if the lateral growth rate of silicon
varies in different directions, then the oxide alignment pattern will be covered differently
according to the different lateral silicon growth. This tends to shift the alignment marks
and the subsequent alignment won't be properly registered. When the width of the
alignment marksis so narrow that the ELO silicon mergeson the alignment marks, then the
alignment marks will be washed out and further alignment will be impossible. Therefore,
in this process, the first alignment marks were made with PECVD nitride and they were
designed to be covered by the large oxide areain the next level. PECVD nitride alignment
marks then won't be affected by the subsequent MELO process and maintain their original
shapes through the whole process. Thisisillustrated in Fig. 4.4.

Nitride Alignment Marks

~

Protection O)élde Layer

Washed-out Alignment Mark ELO Silicon

- - Protected Alignment Mar k
Shifted Alignment Mark After ELO Process

Figure4.4 Schematic diagram of the washed-out and shifted alignment marks caused by
thgslf(LO process and the protection of the alignment marks with an additional
mask step.
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The MELO process, after the front alignment pattern definition, starts with thermal
oxidation of the (100) silicon. The oxide smps were then patterned along the <100>
direction for the thin MELO-Si diaphragm formation in the area surrounding the proof
mass. The oxide smps were extended into the mass areain one direction and into the rim
in the other so that it allows tolerancefor the misalignment. When the MELO-Si diaphragm
is fabricated around the proof mass by KOH back etch, the whole diaphragm provides
more mechanical strength until the bridges are defined by the front delineation. The width
of the silicon dioxide smps was determined as 5 pm and the space between them as 2 um
in order to work comfortably in the Purdue University Solid State Laboratory. The
thickness of the oxidewas chosen as1 pm so that oxide smps effectively stop KOH back
etch when the KOH solution reaches the oxide under the MELO-Si diaphragm. Seed
windows are aligned to the <100> direction for the best quality MELO silicon. MELO
silicon growth was performed with a Gemini | reduced pressure RF heated epitaxial
reactor. An in-situ precleaning cycle of a 5-min hydrogen bake and a 30 sec. HCI etch a
970 °C or 1020 °C and at 150 Torr or 40 Torr were performed just prior to the silicon
growth. TheHCl-to-SiH,Cl;(DCS) gasflow ratio was set to produce a silicon growth rate
of about 0.1 pm/min. at acertain temperatureand pressure. For an example, at 970 °C and
a 40 Torr, the growth rate of 0.2 pm/min was obtained at the HC1 and DCS flow rate of
0.64 I/min and 0,22 //min respectively.

The following steps are piezoresistor definition, the base and emitter definition of
BJT devices, contact definition, and metal deposition and patterning. All of these are
considered as standard | C fabrication technologies. The p-type piezoresistorsare aligned to
the <110> direction for their highest resistivity; i.e. the most resistance change induced by
the applied stress. Their junction doping concentration and junction depth were designed to
have a sheet resistance of 212 Q/square and a junction depth of 1 pm. Thegenera ruleis
to make the junction depth of the piezoresistorsless than or equal to 10% of the silicon
diaphragm thickness. Since the ion implant is done without an oxide buffer layer, theion
implant had to be done at the lowest possible energy available at Purdue University Solid
State Laboratory, 25 KeV, in order to achieve a shalow junction depth. The resistance
value of oneresistor was determined such that the stress sensitivity of the piezoresistorsis
reasonably good while the'temperature sensitivity islow. SUPREM III process simulator
was employed to determinethe ion implant dose and drive-in timefor the desired junction
depth and sheet resistance at 25 KeV. The dose of the boron as 1 x 1015/cm? and wet
oxidation drive-in a 1000°C for 30min were selected. As shown in Fig. 4.5, the peak
carrier concentrationand junction depth of a piezoresistor become 1 x 10!8/cm3 and 1.0 um
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after 30 min drive-in. Itscorresponding sheet resistanceis 212 £2/square and the resistance
of each piezoresistor would be 3 kQ2 since 15 squares were employed in one piezoresistor.
The U-shape piezoresistors were selected for an easy metal connection and higher
sensitivity as compared to the I-shape. Two resistors were fabricated on each bridge and
each resistor was placed such that theend of the beam crosses the resistor lengthwisesince
the both ends produce the maximum absol ute stress values as shown by Egn. (4.6). The
drive-in time was divided into two parts so that BIT devicescan be fabricated & the same
time.
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Figure45 SUPREM III process simulator output plot for determining the boron ion
implant dose, energy, and drive-in parameters. The resulting junction depth
and sheet resistance of a piezoresistor become 1.0pum and 212 Q/square
respectively.
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The thickness of the thermal oxide mask for the boron and arsenic ion implant was
also determined by SUPREM 111 process ssimulator. The value was chosen such that 95%
of theimplanted boron will be masked by theoxide. For the piezoresistors, the boron dose
is1x 1015/cm?2 and 4000 A of thermal oxide is necessary. By the same token, for 1 to 3 x
1013/cm?2 of basedoseand 1 to 3x 1015/cm? of emitter dose, 1500A and 1000A of thermal
oxide are needed respectively. Thedrive-infor the piezoresistorswasdivided into two; the
first 15 min. with the base drive-in after both boron implant and the next 15 min. with the
arsenic drive-in. The collector contact region was patterned and implanted with the emitter
with the same mask level (mask #5) so that an ohmic contact can be made to the collector.
The test devices were fabricated on SEG and MELO silicon for silicon material
characterization. The number and location of the silicon dioxide smps under the MELO
silicon are varied such that their effect on the device character can be analyzed. After the
emitter drive-in, the contacts were defined (mask #6) and metal deposition was performed.
Al-1%Si was deposited using a Perkin-Elmer Sputtering System at 100 Watts, 8 mTorr,
for 30min, resulting in 2500A thick metal. The effect of the metal deposition and the
following processes on the passivation layer will be discussed later in this chapter in more
detail. The metal is then patterned by wet etching and annealed at 400°C for 20min. At
this stage, the devices are ready to be tested but the accel erometer needsfurther processing
steps.

The next step is the fabrication of athin MELO silicon diaphragm by KOH back
etch. Thefrontcircuits and metal pattern need to be protected during alengthy KOH etch.
Plasma enhanced chemical vapor deposition (PECVD) of nitride was deposited on both
sides of the wafer as a protection on the front side and as a mask on the back side. The
problems associated with metal passivation and their solutions are discussed in the
following section. The back-etch windows were patterned (mask #8) for KOH etch using
athick (~6pum) A24620 photoresist as a mask. They were patterned by reactive ion etch,
but they also can be patterned by BHF wet etch, or combination of both. The front side
was aso protected by AZ1350 photoresist, or AZ4620 photoresist when only BHF etch is
used, while patterning the back side. It isimportant to pattern the etch windows without
damaging other passivation areas because the damage on the passivation layer would be
attacked during a long KOH etch, resulting in the etched metal and silicon. It is aso
important to remove the nimde or oxide layer completely from the patterned area for a
uniform KOH etch over awafer. If athin nitride/oxide layer isleft in some patterns, then it
will cause a considerable non-uniform etch over a wafer. Also additional KOH etching
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timeisrequired for removing the silicon under the MELO-S81 diaphragm. This longer etch
time will enlarge theetch window by having more lateral undercut and result in alow yield.

The front side wafer delineation can be done either before or after KOH back etch.
At first, The front delineation was designed to be done before KOH etching in order to
make the KOH etching as the very last step since any further photolithography seemed
improper due to the weakness of the thin silicon diaphragm. However, by attaching the
accelerometer wafer, after KOH etch, to another back plate wafer it became possible to
have an additional photolithography step due to its enhanced mechanical strength and hence
the front delineation after KOH etch became possible as well. In addition, the front
delineation before KOH etching creates a big step on the front of the wafer and resultsin a
poor passivation during KOH etching. Therefore, the order the front delineation was
changed to bethevery last step in the accel erometer fabrication process.

4.4 Process Development

In fabricating the MELO-Si accelerometers, there were some obstacles in the
fabrications. In this section, some of thecritical fabrication issues and their devel opments
are presented. They include front-to-backside alignment, piezoresistor fabrication
parameters, metal passivation during KOH anisotropic etching, corner compensation in
KOH anisotropicetching, and front delineation. .

4.4.1 Front-to-Backside Alignment

MELO-Si diaphragm was fabricated by etching silicon from the back side of the
wafer, and hence a front-to-back alignment technique was required. This alignment is
important since the piezoresistorsneed to be placed on precise |ocationsover the diaphragm
to take advantage of the stress pattern of loaded diaphragm beams. Misalignment of the
piezoresistors from the right locations of the beamswill result in the reduced sensitivity or
the functional failureof the accelerometer.

Front-to-backside alignment of silicon wafer has been investigated along with
silicon micromechanical sensor development as it is often necessary to carry out bulk
micromachining accurately. Several techniques have been developed including the use of
specia mechanical jig [1, 2], etching of several alignment mark holes by anisotropic
etching completely through the wafer [3], and infra-red mask aligner. The use of the
special jig and the aignment holes will suffer alignment error due to a mechanical misfit



and lateral etch of the anisotropic etch respectively. In this MELO-Si accelerometer
fabrication, KARL SUSS double-sided mask aligner was utilized to align the front and
back of the wafer. Using a double-sided mask aligner is non-destructive method since it
avoids making holesin the wafer and can improve the alignment of both sides.

4.4.2 Piezoresistors

The piezoresistors are produced with standard I C techniques. Their patterns were
defined by a photolithography in a SiO, masking layer and the doping impurities are
introduced by ion implant for agood control of shape and concentration. Resistancevalues
are set by thelength to width ratio of the doped region and itsresistivity in €/square which
depends on the implanted dose and high temperature drive-in process. As described in
chapter 2, a single piezoresistive coefficient, wy4 for p-type silicon and xt;; for n-type
silicon, dominates silicon's behavior for applied stress[4]. The resistor must therefore be
oriented on the beam in adirection which gives a large coupling coefficient between the
longitudinal stressin the beam and the resistance. In effect, the orientation of the beamsis
determined as well, because the componentsof stress parallel and perpendicular to the axis
of theresistors are determined by the longitudinal axis of the beams. In (100) silicon, the
beam and resistor axes should coincide with <110> directionsfor maximum piezoresistive
effect with p-typeresistors, and with <100> directionsfor n-type resistors.

While the orientation and resistivity type are major factors in achieving alarge
coupling coefficients, other factors need to be considered for the piezoresistors doping
concentration. The piezoresistivecoefficientsare afunction of impurity concentration, as
are the temperature coefficients of resistance[5]. The dominant piezoresistivecoefficient
increases with decreasing surfaceimpurity concentration of thediffused layer, reachingits
limiting value at a surfaceconcentrationof 1017 cm-3. However, the temperature variation
of the piezoresistive coefficients has the opposite dependence on concentration. The
impurity concentration al so determines therange of resistance which can be achieved, given
constraints on resistor length, width, and junction depth. The optimum impurity
concentration for p-type piezoresistors, in order to make its temperature coefficient of
resistance to be canceled. by temperature coefficient of the gage factor, are around
N4 = 1018 or 1020 cm-3 [5]. At these impurity concentrations, theoretically, the
piezoresistancecoefficientsareleast influenced by the temperature change. Therefore, the
impurity concentration and final resistance of the piezoresistors were designed as described
in section 4.3.



115

4.4.3 Fabrication of MELO-Si Diaphragmand Proof Mass by KOH Etching

After the circuit fabrication and metal pattern are completed, the next step is the
fabrication of a thin MELO-Si diaphragm and a proof mass at the same time by KOH
etching. In this section, the development of KOH etching system, the passivation layer for
KOH etching, MELO-Si diaphragm fabrication, and the comer compensation design of the
proof mass are discussed.

4.4.3.1 Development of KOH Etching System

Controlling the etch ratesof variouscrystallographic planes are important because
they are used to determine the pattern dimensions and the final structure of the etched
silicon. Theetch ratesof different crystallographic planes vary depending not only on the
concentration ratio of the etchant components but also on the etching temperature.
According to Price's work [6], the anisotropic ratio of (100) to (111) etch rates appearsto
be & amaximumfor 30 weight percent (w%) K OH without isopropy! alcohol (IPA) and 40
w% KOH with IPA. For (110) to (111) planes, the anisotropic ratio peaks around 35 to 45
w% KOH without P A and reaches a constant value beyond 50w% KOH with IPA. Price
indicated that IPA acts as an additive that enhances preferential selectivity of the crystal.
For a KOH etchant without IPA, the etch rate of (110) place can be greater than that of
(100) plane while for a KOH etchant with IPA the (100) etch rate is always greater. In
general, the etch rate decreases as IPA concentration increases for all crystallographic
planes. Palik [7] suggested after the Raman spectroscopy experiments that |PA does not
participatein the etching process but perhapsacts as a coating, thereby reduces the etch rate

The morphology of the etched silicon surfaceal so varies depending on the etchant
components. The bottom surface etched by KOH etchant is usually smooth for KOH
concentration below 30w% [8] provided that the starting wafer surface is smooth and
clean. However, at higher KOH concentration, pyramids tend to form more frequently.
The pyramids, once they appear during the KOH etching, will continue to keep their shapes
and cause the KOH etching non-uniformity during diaphragm formation.

For the fabrication of MELO-Si diaphragm and proof mass, high vertical etch
with low lateral etch rate at the same time is desirable to reduce undercutson the mask for a
good control of the lateral dimensions. Therefore, alcohol (n-propanol) playsa significant
role in the KOH etching because it reduces the severity of the undercuts as described
before. Increasing the temperature beyond 80 °C will confound the functionality of the n-
propanol sinceit may evaporate away during the etch due toits boiling point, -97.3°C. If
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an azeotropic effect is occurring between water and n-propanol within the KOH solution,
then the azeotropic boiling point is lower, ~87°C [9]. Hence, even if the temperatureis
below the boiling point of the n-propanol, theincrease of the temperature above 80 °C may
cause severe undercut which wasinitially prevented by the n-propanol. Also, when the n-
propanol evaporates, so does water, and the solution concentration will vary accordingly,
Therefore, choosing 80 °C as the operating temperatureis for having a high vertical etch
rate without changing sol ution concentration substantially.

For consistent etching results, it is desired to minimize the temperature variation
of the KOH etching solution, preferably less than or equal tox 1°C. Therefore, achemical
etching system was designed as illustrated in Fig. 4.6. There are two objectives of the
chemical etching system: (1) the precise controllability of the operating temperature, and (2)
the preservation of the n-propanol during etching. First, a stable etching temperaturewill
reduce the fluctuation in the etch rate because the etch rate increase with the temperature.
Therefore, a temperature controller, monitoring the etching system, was required to
maintain a steady temperature. Secondly, a semi-enclosed system prevents the n-propanol
from escaping too quickly since the n-propanol condenses at the top cover and drips back
to the etching solution. This helps to sustain the content of the n-propanol in the etchant and
to reduce excessive n-propanol vapor out of the system, which can be a potential danger.

The KOH etching system consists of a temperature controller, a j-type Teflon
coated thermocouple as a temperature probe, a quartz wafer holder, 1 liter Pyrex beaker for
water bath, 800 ml Pyrex beaker for KOH solution, and a hot plate. A thermocoupleis
placed in the water bath instead of the KOH solution because the water bath acts as a
constant heating source as well as a buffer between the KOH etchant and both the cool air
and the hot plate. To keep a steady temperature, the temperature controller adjusts the
cycling of the hot plate and the magnetic stirrer according to the measured water bath
temperature. To let the heat flow throughout and around inner beaker,,the inner beaker
must be dightly raised; this also allocates a space near the hot platefor stirring. Hence, the
feature promotes constant heating along the side and bottom of the inner beaker.
Therefore, when the system is at equilibrium, the etchant will be heated close to the
temperature of the bath water. To be certain that the etchant would reach close to the water
bath temperature, a mercury thermometer is placed inside the etchant through an opening in
thelid. A vent is built into the lid to sustain pressure equilibrium. The KOH etchant is
agitated by the hydrogen released while silicon is being etched. With this design KOH
etching system, it became possible to achieve + 1°C temperature variation during normal
etching conditions.
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Figure 4.6. KOH etching system using beaker-within-beaker arrangement and Omega
temperaturecontroller [10].

4.4.3.2 PassivationLayer for KOH etching

In order to define the etching region, a protective layer must be used to cover the
silicon wafer. The most popular masking films are silicon dioxide (SiO;) and silicon

nitride (SizNy4). In KOH solution, however, Si3Ny4 is a preferred passivating layer than
Si0, because SizN4 has alower etch rate and SiO, tends to be damaged after awhile by the
KOH etchant. Plasma Enhanced Chemical Vapor Deposition (PECVD) or Low Pressure
Chemical Vapor Deposition (LPCV D) techniquescan be used to form SizNy.

From the etching experiments without deposited metal, silicon nitride deposited by
low pressure chemical vapor deposition (LPCVD) at 800°Cserved as the best passivation
layer with a minimum lateral undercut. Also, LPCVD nitride can be deposited more



conformally and hence should be able to protect the metal edge better than PECVD nimde.
However, LPCVD nitride can not be used with Al-Si metal pattern due to its high
temperature requirement. The passivation layers available with Al-Si metal pattern are
silicon nitride(SiNx) and silicon oxide (SiOyx) deposited by plasma enhanced chemical
vapor deposition (PECV D) due to their low deposition temperature. The low temperature
process required for the passivation layer is due to the choiceof the metal, Al-Si, which is
easily available and good for silicon IC processing. Table 4.2 shows the differences
between PECVD and LPCVD nimdefilm characteristics.

Table4.2 Comparisonof PECVD and LPCVD nitridefilm characteristics.

PECVD Nitride LPCVD Nitride J
Deposition Temperature =300°C =750°C 3
Surface Coverage L ess Conformal Conformal
Required Thickness >3 um = 0.2 um
Cracks appear >5um 2 0.4 um
Latera Undercut more than LPCVD smdl

PECVD nitride, instead of oxide, was deposited on the Al-Si layer as the
passivation layer and examined its endurance in the KOH etchant. A thick (> 3 um)
PECVD nitride protected the silicon surfaceand AL-Si metal pattern quite well as shown in
Table 4.3. However, too thick of a passivation film applies stressto the silicon wafer and
may result in cracking during the KOH etch. PECVD SiN,/SiOx/SiNx multiple layer was
also examined instead of one thick passivation layer so that PECV D oxide can act as stress
relief material between the nitride sandwich. According to the results in Table 4.3, the
multiple layer seems to work the best thus far, but the whole deposition takes a much
longer time than a single passivation layer deposition because the PECVD chamber and
electrodes need to be cleaned before each deposition. Also, removing those three
passivation layers will require three different etching steps whereas it takes only one
reactive ion etching (RIE) step to remove the thick PECVD nitride.



Table4.3 Number of good MELO accelerometer dies after 5-hour KOH etch with
different Al-Si deposition pressure and different passivation layers for

comparison.
Sputter Deposit SinglePECVD SiN, PECVD SiN,/SiO,/SiN,
Base Pressure (Torr) about 3 pum) 2um/1um/0.7um
2% 10 -7 10 out ﬁ 26 40-47 out of 50
3% 10 -7 < 15 out of 50 < 25out of 50

4.4.3.3 MELO-Si digphragm fabrication

The KOH etchant which was used for MELO-Si diaphragm formation consists of
63.25w% deionized (DI) water, 13.34 w% n-propanol, and 23.41 w% KOH pallets. They
correspond 127 ml DI water, 39 m! n-propanol, and 47 mg KOH pallets, respectively. The
entire etching takes 5 to 6 hoursdepending on the KOH etchant temperature fluctuations,
the original wafer substrate thickness, and the number of wafers (loading effect). The
etching was performed inthe chemical etching system which was described before, by
controlling the temperature with the temperature controller. Figure4.7 illustratesthe SEM
picturesof (a) the back of the MELO-Si diaphragm surrounding the proof massand (b) the
enlarged view of the back of the MELO-Si diaphragmin the bridge area.

Because the oxide idands used to create SEG are sandwiched between the epitaxial
layer and the substratesilicon, etching for aperiod of time from the substrate silicon would
mean that the oxide islands are exposed before continual etch into the epitaxial layer. There
are two properties that accountsfor the successful use of the oxide islands as the etch-stop
layer: (1) the etch rate of the oxide layer is much lower than silicon and the oxide layers
can be differentiated from the silicon by visual inspection and (2) the small seed windows
have alower etch ratedue to the limiting crystal planes.

Since the oxide film colors under white light and has alow etch rate (relative to
silicon) in the KOH solution, the strips of oxide islands can be easily observed during
KOH etching and do not quickly dissolveinto the KOH etchant once the substrate silicon is
etched away. A concern, a thispoint, is the effect of the KOH solution on the SEG seed
windows aligned across the beam. On the (100) wafers, V-groovescan be formed during
concave etching (Section3.2.1). Thisisespecially trueif the etching windows are kept to
small dimensions. Since a seed hole between the oxide islands has a small width, V-
grooves are serially formed across the length of the beam from backside KOH etching.
However, since thelong rectangular SEG windows are aligned to <100> direction, striated
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Figure 4.7. SEM picturesof therear view of aresultant MELO-Si diaphragm after along
KOH etching. (a) MELO-Si diaphragm surrounding the proof mass. (b)
Enlarged view of the MELO-Si diaphragmin the bridge area.



planes will bound the V-groovesinstead of the smooth (111) planes, asillustratedin Figure
3.16(a). Yet, since the striated planesforming the V-groovesconsist of both (110) and
(111) planesand since the width of the seed window issmall, lateral undercutting would
not be severe. if KOH etching is allowed to continue, the V-groovescan deepen into the
epitaxial beam. In thiscase, avery thin epitaxia silicon beam can be punched through.
Therefore, it is important that during the last few minutes of KOH etching, visual
ingpection for the oxide color isdone periodicaly.

Since the oxide film colors under white light and has alow etch rate (relative to
silicon) in the KOH solution, the strips of oxide islands can be easily observed during
KOH etching and do not quickly dissolveinto the KOH etchant once the substrate silicon is
etched away. A concern, a thispoint, is the effect of the KOH solution on the SEG seed
windows aligned across the beam. On the (100) wafers, V-groovescan be formed during
concaveetching (Section 3.2.1). Thisisespecially trueif the etching windowsare kept to
small dimensions. Since a seed hole between the oxide islands has a small width, V-
grooves are serially formed across the length of the beam from backside KOH etching.
However, since the long rectangular SEG windows are aligned to <100> direction, striated
planes will bound the V-groovesinstead of the smooth (111) planes, asillustrated in Figure
3.16(a). Yet, since the striated planes forming the V-grooves consist of both (110) and
(111) planes and since the width of the seed window is small, lateral undercutting would
not be severe. If KOH etching is allowed to continue, the V-grooves can deepen into the
epitaxial beam. In this case, a very thin epitaxial silicon beam can be punched through.
Therefore, it is important that during the last few minutes of KOH etching, visual
ingpection for the oxide color is done periodicaly.

4.4.3.4 Corner Compensationof the Proof Mass

Although the beam is crucial to the accelerometer, the mass suspending from the
beamsis just as important because it playsarolein the sensitivity of the accelerometer. In
a batch processing of the accel erometers, repeatability in the mass sizeis desired. So, the
behavior of mesa etching is a necessary knowledge to determine the mesa shape.
Therefore, from being able to determine the mesa shape, the weight of the accelerometer
mass can be repeated from run to run. Therefore, convex etching of the mass or mesa will
be discussed.

The anisotropic etching for fabricating aMELO-Si diaphragm described in chapter 3
iscalled a concave anisotropicetching, or a basin etch, since the etched shapeis a trench on
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the wafer surface. In concave etching, the etched shape is controlled by the most owly
etching planes. However, the accelerometer proof mass exposes a mesa shape after the
anisotropic etching, and hence it is called a convex etching or a mesa etch. In convex
etching, the etched shapeis controlled by thefastest etching planes[11-13], particularly at
the convex comers. Therefore, the convex corner undercutting ultimately reduce the size of
themesa which is the back.df. the proof mass. In addition, the faceting phenomenon of the
convex comers basically creates two extra traces on the wafer surface for each convex
corner encountered in ageometry. For example, if arectangular pattem is used to create a
mesa, each comer on the rectangle may have two extrafaceting planes connected to the side
walls of the rectangle, shown in Fig. 4.8. Therefore, the convex comers of a rectangular
mesa will not belinescreated from theintersectionsd the side wall planes. The possibility
of having comer facetsat each convex comer dependson thedirection of the wafer surface
as well astheorientation of the pattem relative to the wafer surface.

facetted comer
after etching

etching area

original convex
corner

(TOPVIEW)

Figure 48 Faceting of convex comers after anisotropic etching, with mask aligned to
<110> flat on a(100) wafer.

—



The convex comer undercutting is associated with the depth of the etch [11, 12].
Severa researchers have presented their experimental results and theoretical analyses about
the convex corner undercutting and tried to control the convex corner shapes during
anisotropicetching process. The convex comer facets aredifferent depending on the wafer
orientation, the direction of the pattem relative to the wafer surface, and etching solution.
However, under the same conditions, the facets have been identified differently. Thefacets
which were generated by KOH etchant with IPA on a (100) wafer with arectangular shape
mesa aligned to the <110> direction were identified as (331) planes by Bean [11], and
{212} by Wu and Ko [14]. It was also presented that different etching solutionssuch as
KOH etchant without IPA and Ethylenediamine-based solution expose different facets[12,
15-17]. Nevertheless, all authorsagree that corner faceting is inevitablefor sharp corners
and can be corrected to a certain extent.

Since an absolute agreement about the corner facets orientations has not been
reached, likewise the suggested correction techniques of the corner undercutting are
different [11, 12, 14, 16, 17]. However, the ideas, in general, can be classified into two
categories: (1) addition of a compensation mask to protect the convex comers from
undercutting and (2) alignment correction of the mesa pattem relativeto the wafer flat or to
<110> direction. Thefirst ideaisconsidered as the better choice becauseit can be applied
into any orientation of themesa. The corner compensation mask would act as a buffered
area for undercuts to occur and the resultant corner becomes a sharp 90" convex corner
trace on the (100) wafer surface. Further etching of a given compensation mask would
result in comer undercutsagain. Therefore, the ability to identify the convex comer facets
IS important in obtaining the most effective comer compensation pattern. The general
approach to determining the shape and the dimension of the compensation mask is to
estimate the plane of facets, the ratio of comer undercut relative to the etched depth, and
then therelative dimension of the mask based on crystalline geometry.

The criterion to designing a compensation mask by superimposing an additional
shapeisthat the receding peaksof the convex comers under the compensating pattern have
to reach the main mesa tip simultaneously when the specified etched depth is reached. K.
E. Bean proposed a square mask that overlapseach comer of a mesafor compensating the
effects of corner undercuts [11]. Abu-Zeid attempted to modify the square corner
compensation mask by superimposing rectanglesand creating various shapes of the design
[12]. Neither Bean nor Abu-Zeid designed acomer compensation specifically based on the
corner faceting planes, though. A novel corner compensation design made by X. Wu and
W. H. Ko [14] is thefirst design which utilized the corner faceting planes. They defined



the trace line of the fastest etched plane on (100) wafer experimentally and described the
extent of comer undercutting by normalizing the etched distance of this trace line by the
etched depth. Then, by crystalline geometry, a triangular pattem defined by the equivalent
trace lines is designed to surround the convex comer as illustrated in Fig. 49. One
disadvantage of this method is that its length takes up a large space and its improved
version was introduced by B. Puers and W. Sansen [17]. They incorporated rectangles
and flat trianglesin order to reduce the space that the whole triangle takes as shown in Fig.
4.9. Recently, R. Buser et d. introduced an aternative comer compensating method for
pure KOH etchant, called <100> oriented compensation mask . This method utilizes a
rectangular strips oriented 45" relative to the mesa pattem, which overlaps the convex
comer, and introduced a perfect convex comer from top to bottom.

<110>*

convex comer
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flat triangular
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mask

triangular compensating
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Figure 4.9. Different compensation designs based on bounded, fastest etching planes.



A test pattern mask was designed, as illustrated in Fig. 4.10, in order to
characterizethe KOH etching behavior and to estimate the comer compensation mask. It
was also designed such that it can somewhat simulate the structural design of the
accelerometer. The mask covers two directions of alignment, <100> and <110> in order to
check the KOH etching characteristicsin two interesting directions smultaneously. The
mask also includes both the concave and convex comers and hence a comparison can be
made on those comers between the <100> and the <110> alignment. The inner boundary
of the "C*" shape models what may be an accelerometer mass with only one beam. The
width of the shaded region, which is the open areafor KOH etching, is chosen as 500um
that is approximately the actual accelerometer beam length. Therefore, the test pattern
covers most aspectsof interest so that acompensation pattern can be devel oped.

concave
cormers

500pm

500Um \

convex
T comers

<110>

Figure 4.10. Test pattern (top view) for concave/convex anisotropic etching analysis,
where the shaded region is unprotected and, therefore, etched.

To determine the dimensions of the corner compensation mask for the
accel erometer, an experimental etch was performed using a KOH etchant whose contexts
are 63.25w% DI water, 13.34w% n-propanol, and 23.41w% KOH. Tencor apha-step
profilometer was used to measure the vertically etched depth, and an SEM was used to
measure the lateral etch. Also, some qualitativeobservations, such as surface morphology,
were made by using the SEM. The comer compensation mask is used for the undercuts &
the convex comers of a mesa aligned to the <110> direction. The comer compensation



mask design is based on the techniquespublished by Puers and Sansen [17]. Thedesignis
calculated based on the desired final etched depth. Therefore, ratios should be used to
describe the comer undercutting characteristics. Figure 4.11(a) is a SEM photograph
illustrating the top view of the etched testing mask pattern whose edges are aligned along
the <110> directions. First of al, the tracelineof the fastest etching plane on (100) wafer
must be identified experimentally and described the extent of corner undercutting by
normalizing the etched distance of this trace line by the etched depth. Figure 4.11(b) isa
schematic figure of the SEM photograph of Fig. 4.11(a) in order to identify the corner
facets. The trace line of the fastest etching plane on (100) wafer can be determined by
examining the angle made by the facet plane and the top (100) plane. The angle6 between
two planes[h;k;1;] and [hyksl,] can be obtained by

(hihy + k1ko + 111p)
[(h) + K} + 1) (h§'+ k22 + 1%_)]1/2

6 = cos! (4.20)

After 2 hoursof KOH etching, the vertical etched depth was 127um and the latera etching
was 105um. Using the Eqgn. (4.20), the angle between the comer facet and the top (100)
plane became 50°. Since the corner facets suggested by several researchers are (211},
(331}, {221}, and {411}, the angle made between those planes and the: top (100) plane
were examined and summarized in Table 4.4. From the table 4.4, the (221) plane made
the amost identical result as the etching experiment and therefore the comer facet plane was
determined as {221} plane. Thedirection of theintersecting line of the (221} plane and
(100) plane is <210>.

Table4.4 The angle made by comer facets and (100) top plane.

{211} {221) {331} {411}

The angle made 35.26 48.2" 46.5 19.5"
with (100) plane or 65.9 or 70.5" or 76.7' or 76.4"
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Figure 4.11. Top view of aconvex comer etching result of the testing mask whose mesa
edges are aligned along the <110> direction. (2) SEM photograph. (b) A
schematic drawing of the SEM and cross section of the (212) sidefacet.




There are two parametersin Fig. 4.12 that are used for calculating the corner
compensation pattern: d, and 6. The parametersd, and 6, areratioed to the etched depth
in the experimental etch, also called tip undercut and relative facet undercut, respectively.
Relative facet undercut can be used to determine the dimension of the triangular corner
compensation mask. Relative tip undercut will determine the diagonal.extension of the
square compensation mask to the corner of the mesa. Then, by geornetry, the square
dimension of the corner compensation is determined. One example of corner compensation
mask and its geometry calculation is illustrated in Fig. 4.13. The corner compensation
mask dimension can be obtained by using other geometrical parameters as discussed by J.
Chang in her thesis[10].

Thefirst comer compensation mask waslarge enough to protect the comer from the
undercutting but it turned out to be larger than necessary asillustrated in Fig. 4.14. Even
though the comers are bigger than the original convex corner, since the silicon digphragm
Is exposed between the proof mass and the frame, the accelerometer still can function as
designed. The variation of the mass will have some effect an the measured sensitivity and
resonant frequency. In order to refine the corner compensation mask, a series of KOH
experiments were performed and the improved comer compensation mask was obtained
and its improved etching resultisillustratedin Fig. 4.15.

(100) top surface

proof mass undercut edges

<110> alignment Oy overhanging
0‘ (212) .'. nltI'idC maSk
(111) . facet : edge
sidewall ‘e
4.12. Top view of a convex corner with parameters used to design corner

compensation mask.
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After 2-hoursKOH etching:  etched depth =d, = 127um
d, =50um, 6, =45um
Therefore, d, = V5 8, = 100.6um

For 15 mil. (381um) thick wafer etching:
(Assuming that al the etchingisproportional to the vertical etching)
Required etched depth = 381um = 3 x 127 um

381um
d = 1_27}f1_m x 100.6um = 300pm

O, = 135um =yq sin18.43° -> y; =427um
x1 = d, €0S 26.65" = 300 um cos 26.65" = 268um

For a square comer compensation with each edge length of' 2r,
r=(yjp-r)tanl8.43° = (y;-r) X 0.3332

r=106.72um

Figure4.13 Top view a square corner compensation mask using <210> traces and the
calculation of the square compensation mask dimension.
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Figure4.14 An SEM pictureof theexperimental result of theinitial comer compensation
comer mask after 6-hour KOH etching at 80+1°C.

overhanging nitride of g
a compensated comer ,, y _p.

Figure4.15 An SEM picture of the improved comer compensation mask after about 4
hours KOH etching at 80+1°C.
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4.4.4 Meta Passivationin KOH Etch

After the circuit fabrication and metal pattern are completed the front circuit and
metal pattern need to be protected during KOH etching. Front-side passivation of Al-Si,
during 6-hour long back-side KOH etch, turned out to be one of the critical steps in
fabricating MELO accel erometer successfully unlessmetal deposition and patterning can be
performed after KOH etching. The strength and durability of the passivating layer depend
on the metal deposition, metal pattern, surface cleaning, passivating material and its
thickness, etching solution, and the etching temperature. A series of experiments were
performed in order to improve the metal (Al-Si) passivation and the etching results are
described in this section.

4.4.4.1 Al-Si Lift-off vs. Wet Etch

It has been known that the metal lift-off procedure can cause sharp spikes a the
metal edges when the lithography is not done. carefully. Nevertheless, Al-Si lift-off
procedure is often preferred in device fabrication over wet etching for metal pattern
definition because of its simplicity and fine geometry capability. In addition, Al-Si
passivation is usualy not required for device fabrication unless the device faces a harsh
environment. The electrical devices on a wafer or adie can be tested on a probe station
regardless of the possible existence of the spikes a the Al-Si line edges. Therefore, the
importance of avoiding the spikes at the Al-Si edges and difficulties of Al-Si metal
passivation were not realized until acomplete accel erometer was fabricated.

Meta lift-off isnormally performed by soaking the meta deposited wafer in acetone
until the underlying photoresist gets dissolved and the top unwanted metal is lifted off
leaving a metal pattern. In order to speed up the process, the wafer is sometimesplaced in
the ultrasonic cleaner (USC). This USC treatment turned out to make the spikes even
worse because it breaks the Al-Si edges more abruptly than that of simple acetonesoaking.
The USC process also can produce small particulateof the lifted Al-Si and these particul ate
can cause micrometer range bumps by sticking on the patterned Al-Si surface as shown in a
SEM photograph (Figure 4.16). Figure 4.17(a) illustrates the Al-Si metal surface
roughness a the edge as well as on the metal layer caused by lift-off processeven after
plasma nitride/oxide deposition. The measurement was performed by Tencor Alpha-step
surface profilometer after Al-Si sputter deposition at 8 mTorr (with the starting base
pressure of 3 x 10-7 Torr) on the patterned photoresist, lift-off, and plasma oxide/nitride
deposition. Unfortunately, these spikes caused by the Al-Si lift-off process continue to



maintain their sharpness even after a thick passivation layer deposition. Figure 4.17(b)
illustratesa 1pm high spikeon the Al-Si metal layer after passivation layer deposition. The
height could be as high asfew micrometers

aa6as
U

20

Figure4.16 A SEM photograph of Al-Si particulate sitting on the metal layer after lift-
off.

Even when the spikes are covered by the passivation layer, they are not covered
conformally and a pin hole or break-through can occur from the side of the spikes faster
than on the passivated surface. In this case, during KOH etch, the weaker passivation
layer is damaged by the KOH etch solution and Al-Si becomes exposed. Once the Al-Siis
exposed to KOH etch solution through the damaged passivation layer, Al-Si is then etched
rather fast by the KOH etchant. Figure 4.18 illustrates couple of examples of the etched
Al-Si metal pattern by KOH etch solution after deposition of plasma oxide and nimde as
passivation layers. Therefore, Al-Si wet etching was employed instead of lift-off.
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Figure4.17 Al-Si Metal spikes caused by a lift-off process. After Al-Si sputter

deposition at 3 x 10-7 Torr, lift-off, plasma oxide deposition, and plasma
nimde deposition. (a) spikes on the metal layer as well asat the edge. (b) 1
pm Size spike.
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Figure4.18 Example of the etched Al-Si metal layer by 15 min KOH etch after
passivation. (a) etch starting from acomer. (b) etch starting from an metal
edge as wdll as from the top.
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4.4.4.2 Chamber Base Pressure Before Al-Si Deposition

The original quality of the sputter deposited Al-Si isimportant asit is related to the
degradation of the passivation layer. Previously Al-Si was deposited by sputtering the Al-
Si source target at 8 mTorr with a base pressure of 3x10-7 Torr and the deposited Al-Si was
good enough for electrical testing of the devices. Argon gas was used for making a
plasma. However, Al-Si deposited at the above condition resulted in arough surface and
later caused adegradation of the passivationlayer. Whereas sputtering o the Al-Si layer a
lower base pressures (< 2x10-7 Torr) yielded a better, very smooth and shinny surface
which made the subsequent passivation layer hold much longer during KOH etch using the
same passivation layers. Therefore, the Al-Si deposition base pressure was set as low as
possible and a pressure near 2x10-7 Torr was. usualy obtained. Table 4.3 shows an
improvement in yielding good accel erometer dies with alower base pressureof the Al-Si
deposition chamber.

Asillustratedin Table 4.3, the lower base pressurein the Al-Si deposition chamber
improved the accel erometer fabrication yield considerably. Even though the number (from
3x10-7 Torr to 2x10-7 Torr) doesn't seem to indicate a big difference in the pressure, the
lowering of the base pressure takes 8 to 10 hours of extra pumping time. This longer
pumping would remove the water and oxygen contents from the sputtering chamber and the
quality of thedeposited Al-Si metal might have improved with thislower base pressure due
to lower oxygen and water contents. Degradation of the Al-Si layer deposited at near 3x10-
7 Torr became obvious after the Al-Si annealing at 400°C which is a moderately high
temperature process. In fact, this annealing process have participated in making the Al-Si
metal surface rough and resulting in a degradation of the passivation layer during KOH
etch. However, avery recent surface measurement of the Al-Si layer deposited a 2.2x10-7
Torr followed by annealing at 400°Cfor 20 min. revealed that the surfacedoes not become
very rough after the annealing step. Therefore, -the original Al-Si layer quality from the
deposition seemsto affect the,surface roughness more than the following annealing step.

4.4.4.3 Al-Sit ChromeDoubleMetd Layer

Al-Si deposited with the base pressure of 3x10-7 Torr, which was the typical base
pressure, seemed very difficult to passivate with plasmaoxide or nimdein the early stages.
Chrome(Cr) was employed to examineif the passivation could be improved since Cr has
been known to have a smoother surface than Al-Si. The different smoothness between Al-
Si layer and Al-Si+Cr layer is shown in Figure 4.19. Particularly, after plasma oxide



deposition the Al-Si surface clearly became rougher than the Chrome surface deposited
over the Al-Si layer as shown in Figure 4.19(b). Since Cr has a smoother surface, it was
protected better with the same passivation layer than Al-Si in a KOH etch solution.
However, Al-Si was not replaced by Cr because of the following reasons. First, Cr is
known to make a poor ohmic contact with the silicon substrate and hence only used as a
gate metal for MOSFET devicesinstead of contact metal. Secondly, Crisknown to havea
higher resistance than Al-Si with ametal path, whichis the case with MELO accelerometer
layout. At last, it wasdifficult to bond Al wireon the Cr bonding pads. Therefore, Cr was
chosen as a metal layer but as a protection layer on Al-Si during the KOH etching.

Next, Cr was employed for covering the Al-Si pattern. Al-Si and Cr were deposited
consecutively and patterned with a negative photoresist for a wet etch process. Then Cr
and Al-Si were etched in that order for patterning, resulting in the structure shown in
Figure 4.20(a). Cr on the Al-Si layer can be easily removed by a wet Cr etch without
damaging the underneath Al-Si layer after the KOH back etch isfinished. However, Cr
deposited on the Al-Si and patterned using the same mask did not have perfect coverage
and any exposed Al-Si, particularly a edges, was attacked by KOH etch. Figure4.20(b) is
a picturethe Al-Si layer covered by theidentically patterned Cr layer with the plasma nitride
passivation layer on it. Figure 4.20(c) shows the Al-Si layer being etched by KOH etchant
starting from the edge.

A dlight modification in the mask, by making the Cr patter dightly larger than Al-
S pattern, will resolve the exposed Al-Si edge by covering the Al-Si edges, better. With the
identical mask, Al-Si edge coverage was tried by patterning Al-Si and overetching Al-Si to
make it narrower followed by depositing and patterning Cr. Figure 4.21 (&) depicts the
cross section diagram of the resulting structure. This method somewhat improved the Al-
Si coverage but it wasdifficult to cover all the Al-Si edges without losing the original Al-Si
dimension considerably. Figure4.21 (b) and (c) show the top view of this structure where
most of Al-Si was covered by Cr except one edge. After along KOH back etch, some of
the uncovered Al-Si edges were etched and it depends on the alignment error.

From the above results, it became evident that a Cr protecting layer over Al-Si
pattern can enhance the passivation during KOH etching. Therefore Cr deposition step was
added in the process. In this case, Cr can be deposited over the patterned Al-Si on the
whole front side of a wafer, without being patterned, and passivation layer can then be
deposited. This will not only protect the surface better but also providesmore mechanical
strength after the KOH back-etch is completed.



(a)

(b)

Figure4.19 Comparison of Al-Si and Al-Si + Cr metal layer. (a) Before plasma oxide
deposition. (b) After plasmaoxide deposition.
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Figure4.20 Al-Si plus Cr double meta layer with identical dimension. (a) A cross
section diagram. (b) Al-Si and Cr are deposited and patterned together. ()
Al-Si exposed a the edge getsetched by KOH etch.
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Figure 421 Al-Si plus Chrome double metal layer in which Al-Si is deposited and
patterned by overetching first then Chrome isdeposited and patterned. (a)

A cross section diagram. (b),(c) A top view showing that most edges were
covered by Cr layer except one direction.



4.4.4.4 Wafer Surface Roughness

The wafer surface morphology is another important aspect that needs to be
considered because the surface roughnesscan bring a catastrophic result by degrading the
passivation layer during KOH etching. The surface roughness can be caused anytime
through the fabrication process, between theinitia cleaning and the passivation deposition,
and once the surface becomes rough it will likely stay rough. Cleaning the wafer is very
important throughout the whol e fabrication process because surface uncleannesswill cause
an unexpected roughness. Cleaning isvery important particularly for the following steps:
before oxidation, before and after photolithography, before silicon epitaxy, before Al-Si
deposition, after Al-Si pattern, before PECVD nitride deposition, and after nitride pattern.
Handling wafer with adirty tweezerscan al so make the wafer dirty and rough.

In generd, Piranha (1 H,SO4 + 1 H,0,) cleaning is one of the best methods for
cleaning the wafer during the devicefabrication. Therefore, right before high temperature
process such as thermal oxidation, chemical vapor deposition, silicon selective epitaxy, and
after photolithography. It isvery difficult to remove the defects and roughness generated in
a high temperatureprocess. Therefore, it is required to clean not only the wafers but also
the tweezers and glassware carefully. Photolithography is another major source of the
surface roughness because the unwanted photoresist may stay on the wafer after the
lithography. The surfaceroughnessis more often caused indirectly by mask uncleanness,
imperfectly defined and patterned photoresist, and badly defined lithography. These bed
lithography will induce the surface roughness during the next step, such as oxide or nitride
etching, metal deposition, and silicon epitaxy. In short, it is desirable to maintain the
wafer surface smoothnesslike the starting wafer until the KOH etching.

Recently, the wafer surface roughness, which appeared after the MELO process,
was reduced by chemical mechanical polishing (CMP) and it improved the KOH etching
characteristicsconsiderably. Figure4.22(a) illustrate the step reduction on the front surface
and (b) illustrates the improvement of the back surface morphology, afier CMP process.
Both the front and back polishing was done at 25 Ibs and 150 rpm. The front surface
MELO step reduced from 1um tolessthan 0.2um after 3 min CMP and helped the AL-Si
step coverage. The original one side polished wafer showed *1pm roughness but this
back side also became mirror-like smooth with about +200A roughness after 12 min CMP.
The smooth back surface also improved the KOH etch characteristics by generating less
number of black pyramids, etching uniformity, and enhanced accelerometer yield from
each wafer.



The photolithography process was difficult because of the back surface roughness of the
original wafer. Therefore, the back surface roughness caused a non-uniform etching and

generated black pyramidsduring the KOH etching.
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Figure 422  Surface profile of (a) the step reduction on the front of the wafer, (b) the
improvement of the back surface morphol ogl/ after chemical mechanical
polishing at 25 |bs, 150 rpm with Nalco 2350 + DI water (1:15)



Even though the piranha solution is one of the best cleaning solution, it can not be
used after Al-Si deposition because it attacks the Al-Si layer. After the metal layer is
patterned by negative photoresist and wet etched, the negative photoresist can not be
removed by acetone (ACE) rinse. It can be removed by warm Nophenol followed by
rinsing in tetrachloroethane (TCA), ACE, methanol (METH). During thisrinse, Nophenol
needs to be cleaned thoroughly from the wafer front to achieve a clean surface before
depositing a passivation layer. When Nophenol isexposed to water, it will make foam and
may |eave some residue even after along rinsing with deionized (DI) water. Any residue
before depositing a passivation layer can cause a degradation of the passivation layer.
Cleaning the wafer and apparatus is also important because KOH etch is sensitive to the
cleanness of them. After depositing PECVD nitride and patterning back etch window,
cleaning with piranhawas avoided in order to minimize any possibledamage to the surface
of the passivation layer. The wafer was cleaned only by soaking and rinsing with a mild
agitation in solvents. This cleaning with only solvents may contribute to generating
pyramids on the back of the etched diaphragm after the KOH etch since KOH etch is quite
sensitive to the cleanness.

PECVD chamber must also be cleaned very well in order to obtain a stoichiometric

plasma nitride passivation layer without many defects. Typicaly, PECVD deposition
chamber is cleaned by CF, + O, plasmaetch after each deposition run. However, CF4 *

O, plasma etch is not enough to remove the residue from the electrodes and scrubbing the
electrodes is often necessary particularly to remove the carbon deposited during CF4 + O,
plasma etch. Scrubbing the electrodes and wiping the electrodes with solvents improved
the PECVD nitride quality as a passivation layer.

4.4.5 Front Delineation and Final Assembly

Two different methods were considered and tried for the passivation and the front
delineation. The first design was made such that all lithography steps would be completed
before KOH back-side etching. Figure 4.23(a) illustrates the cross section diagram of the
structure just beforethefront delineation is performed. In thisfirst design, aPECVD oxide
layer was deposited on the front side and patterned using the front delineation mask (mask
#8) after Al-Si metal patterning. Then a PECVD nitridelayer was deposited on both sides
of the wafer. While protecting the front nitride with a photoresist, the back etch pattern
was defined. When the back-etch was completed using KOH, the wafer was placed in the
reactiveion etch (RIE) chamber for thefront delineation.



Asthefront PECVD nitrideis etched away, the patterned PECV D oxideis exposed
and used as a mask while etching silicon for front delineation. The etch rate of, PECVD
oxide, PECVD nitride, and silicon with sulfur hexafluoride (SF¢) at 500watts was found to
be 0.02pum/min, 0.1um/min, and 1.0pum/min respectively. The PECVD oxide thickness
can be optimized such that top Al-Si bonding padswill be exposed when the silicon etching
iscompleted. If the PECVD oxideis thicker than desired and left after front delineation,
then it can be etched with a BHF wet etch. Thisway, when the back-etch is done, the front
delineation can be completed without any further lithography process. Therefore, no
photolithography step would be necessary after the thin silicon diaphragm is fabricated
since the thin diaphragm can be easily damaged. However, with this design some
accelerometers were damaged during KOH etch because of the thick stepsintroduced by
the patterned PECV D oxide and nitride passivation was not thick enough to protect sides of
those steps. The PECV D nimde deposited after patterning the oxide became wesk at those
steps and was damaged during along back-side KOH etch. Thisdesign would work better
if the oxide step was reduced.

The second method is to perform the back-side KOH etch before the front
delineation. Figure 4.23(b) shows the cross section diagram when the wafer is ready for
the front delineation. In this approach, single thick layer of PECV D nitride was deposited
on the front of the wafer after the metal was patterned. Without patterning the front layer,
the back of the wafer was passivated and patterned for KOH etch. When the KOH etch
was completed, the wafer was then attached to a back-plate wafer for an additional
mechanical support as illustrated in Fig. 24. With the back plate wafer attached, the
accelerometer wafer can proceed photolithography stepseven though it still requires much
care.

The PECVD nitride was then etched by RIE using SF¢ followed by Cr etching
before the front delineation lithography. The front delineation was patterned with a thick
(AZ4620) photoresist such that the photoresist can be used as a mask during front
delineation by RIE using SF¢. After the front delineation is completed, the photoresist on
the top can be removed by either ACE soak or a plasma ash without damaging the wafer.
The front lithography worked quite well with the back plate wafer intact and the front
delineation has been successful as long as the top photoresist staysintact during the front
delineation by RIE. The front lithography can still be avoided if the PECVD oxidecan be
patterned after the first nitridedeposition
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MELO Accelerometer Wafer

Back Plate Wafer

F

Figure 4.24 A schematic picture showing MELO accelerometer (AP-1) wafer is attached
on the Delco Electronics ASD back-plate.

4.5. Fina Process Flow and Results

Theresulting final structure of MELO-Si accelerometer is shown in Fig. 4.25 and
the one of the thin MELO silicon diaphragm beams and its close-up view areillustrated in
Fig. 4.26. Thefinal fabrication procedureis briefly described in Figure 4.27 and its across
section diagrams are illustrated in Figure 4.28. A complete fabrication procedure is
described in Appendix A.
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Figure4.26 Theclose-up view of thefinal thin MELO silicon diaphragm beam (a) One
bridge with piezoresistor (b) an enlarged view of the piezoresistor by
Nomarski microscope. The seed window lines are shown by shadow.
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MELO Dep. and Field oxidation Contact Lithography
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- * : Metal Deposition
P+ Plezor':]zsslit:g Lithography Al-Si deposition by sputtering
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Base (p-type) Lithography Frond & Back Passication
mask #4 ‘
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d) Accelerometer Testing

Figure4.27  Final fabrication procedure of MELO-Si accelerometer including BJT device
fabrication
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Figure 4.28  Cross sectional diagram of the MELO accel erometer fabrication procedure.
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CHAPTERS
PERFORMANCE OF MELO-ST ACCELEROMETER

5.1 Introduction

The MELO-Si accel erometer performance isexamined in detail in this chapter. The
theoretical understanding, initially developed in chapter 4, of the static response to the
applied stress will be extended. In addition, the theoretical analysis of the dynamic
response will be presented. Their analytical results are compared with the simulation
results, solved by finite element methods, for stress and strain along the beams. The
testing results of the MELO-Si accelerometers are included and are compared with the
theoretical analysisand the smulation results. Sénsitivity, resonant frequency, and output
linearity are threecriteria that need to be considered for eval uating the performance of an
accelerometer. Also, the effects of the processing toleranceson the performanceof the
MELO-Si bridge-type piezoresi stive accel erometers, such as front-to-back misalignment,
dimensional changedue to overetching, etc. are discussed.

5.2 Static Responseof the MELO-Si Piezoresistive Accelerometer

The static responseof a bridge-type piezoresi stive accel erometer was described in
Chapter 4 using an ideal elastic beam with a boundary condition a one end being fixed and
the other end being guided. A force was assumed to be concentrated at theend of the beam
where the momentum was applied. A fabricated MELO-Si accel erometer, though, consists
of four deflection beams with astiff central section representing a seismic mass. To make
the theoretical analysis closer to the real accelerometer, the two dimensional structure
shown in Fig. 4.2(b) was employed. In this analysis, assuming symmetry in the z
direction, the structure was simplified as two bridges with haf of the original seismic
mass. The forces acting on the bridgesresult from an acceleration of the distributed mass
of seismic mass and the beamsin the y direction, P, and P, asshownin Fig. 4.2(b).

From the elastic beam theory [1], assuming the deflection is very small, the
differential equation for the deflection curve of a beam of Eqn.(4.1) is valid. By
differentiating Eqn.(4.1) with respect to x and substituting the rel ationship between the load



P, the shear force Q,, and the bending moment M (P = -dQy/dx and Q, = dM/dx), the
following equations are obtained.

&

Q
b (5.1)

%
2

(5.2)

dx4

The deflection y(x) can be obtained by solving any one of Eqns.(4.1), (5.1), and (5.2),
depending upon whether M, Q,, or P is known and also depending upon mathematical

convenience. .
For the static analysisof the MELO-Si bridge-type accelerometer with four bridges,
Eqn.(5.1) is the convenient one since the load Q, can be directly obtained from the

structure as

2Q, =m a, (5.3)

wherea, istheaccelerationin they direction, and m; and m; are the mass of the beam and
the seismic mass respectively. If my>>m,, which is the case of the MELO-Si
accelerometer, then Q, = mpa,/4 can be assumed. A genera solution of Eqn.(5.1) can be

written as

y(X) = ap + 21X + apx2 + a3x3 (5.4)

and the boundary conditionsof thisstructureare

_o, QY| _dy oy M,
YO =0, Gxlxo0= ax|x=ty = O Bl s |aet, =2 2y = Fy (5-5)

From these boundary conditions the coefficientsof the general solution can be found as

F F
a0=0,a1=0,a2=-a-gfll,a3=gEyT (56)

Therefore, the equation for the deflection, after few cal culations, becomes



y(x) = %ﬁl [2(%)3 -3 (%)2] 5.7)

which agrees with Eqn.(4.5). Theforce Fy in Eqn.(5.5) is from a quarter of the seismic

mass because the seismic massis supported by four beams. The expression of the strain
aong the x direction at y=y, iS

d2 F
£(x) = y, d—x% = Yo 3 (2%-h) (5.8)
and on the surface, y = %
t. Fut
e(x,y=5) = 787 @x-1)) (5.9)

It exhibits that the mechanical strain has alinear distribution along the length of a
beam when the mass of the supporting beam is negligible. The stress distribution is
obtained by multiplying Y oung'smodulusto the strain as

F.t
o(x3) = 7+ @x-1y) (5.10)

which isidentical to Eqn. (4.8). The sengitivity of an accelerometer is defined as the output

voltage divided by the source voltage and applied acceleration. The sensitivity S of a
bridge-type accelerometer, including the longitudinal piezoresistance coefficient i; dong

the length of the resistors, can be represented using Eqn.(4.19) as

Vo1 mhmy  3mlimy
S=V.a, =% 4n - ¢ wnt?

(5.11)

where V.is the supply voltage for afull Wheatstonebridgecircuit, nis the number of the

supporting beams. The factor a ranges between zero and one depending on the location of
the piezoresistors. A valueaof a=l indicates that the placement of theresistor is placed on
one of the two maximum stress points, x=0 and x=/; from the analytical solution, and that

the sensitivity becomes the maximum. When the piezoresistor i s placed on aregion where




no stressor avery small stressis generated, like on the frame, then a value a&Ois used.

The theoretical analysisof the static responseis summarizedin Table 5.1.

5.2.1 Static Responseto the off-axisstress

The theoretical analysis of the previous section considered the accelerometer's
response to accelerations only in the y direction. However, the device may face the
accelerations in the x or/and z directionsin real applications and the response to those
accelerations needs to be examined for afull understanding of the device performance.
Therefore, the sensitivity of the accelerometer response to the off-axis accelerations is
evaluated. In addition, orice these responses are known, the response to an arbitrary
acceleration can be extracted from the principle of superposition provided that the response
is linearly dependent to the applied acceleration.

Table5.1 A summary of static responseof a bridge type accelerometer.*

Beam Deflection Formula

a2 )]

Center Deflection PF
Yo = 12EI
Stress at Surface (%) = G, [1 _ 9 (%ﬂ
Maximum Stress Oy = %
Maximum Sensitivity Sy =1, [%ﬂi‘rﬁ] = 31, [%]
Moment of Inertia | = —ll—zwt3

*peam of alength I;, L, is the length of the piezoresistor that extended out on the bridge
assuming that it starts from the frame edge, width w, thickness t, number of beamsn,
coordinate along beam axis x with origin at frame end, load distributed on the beam and
mass P, seismic massm;, Y oung's modulusE, and acceleration a, and F=mya,/n.
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Lgain assuming that the forces act through the centroid of the beam cross section
the center of mass exists on the xz plane, the response to an acceleration in the z

) can be determined by an analogous analysis as the previous one. By
ging y and z in Eqn.(4.3), the stressalong the x direction becomes

_ L2k

(x)= W3 (% - X) z(X). (5.12)

age stress G, in theresistor is zero if theresistor is placed symmetrically on the
th respect to the center linein the x direction since the average value of z in the
on for the stress is zero for any value of x. It isdue that haf of each resistor is
pansion and the other half is under compression with the applied stress and they
e resistance change of each other. This holdsfor either a single resistor stripe or

for a U-shaped resistor positioned anywhere along the beam in x. Once the resistors are

placed o

f the centerline of the beam along the x-direction, the resistance change in each

resistor is not canceled any more but is proportional to the applied stress. The ratio of
percent resistance change per unit accelerationg in the z direction to that in the y direction

is

wherez;

AR 1
(—R—)az=au _2™44(G)s
AR L s
(T) . F44( ),
2
- (5.13)
w

s the value of the offset. Thisquadlity is negligiblefor the very smdl value of z/w

which can be obtained with proper process control and for WL <<1. For the MELO-Si

accelerometer design, w = 0.017 cm, t = 0.001 cm, and a value for z; of 0.0005 cm as a

probable

maximum misalignmenterror are the valuesthat can be used and the value of Egn

(5.13), 2tz /w2, becomes|ess than 0.004 which is negligible.

IFor accelerationsin the x direction the beam can be modeled as along column with

the load dpplied uniformly over the cross section of the beam. The stress distribution then

becomes
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F, F
o(x) = K" = m" (5.14)
The corresponding resistance change is then
AR I144F4
R~ 2w (5.15)
giving aratioof sensitivitiesof
e
R -
m Q. (5.16)
R

(AT )aﬂ T30y

The device will not be sensitive to accelerations in the x direction provided t/(I-L,) <<1.
This condition is easily met since t/(I-L;) is typicaly 0.03 which is the same with the
MELO-Si accelerometer. Thus the device can be assumed to react in only in one direction,
to a good approximation.

5.2.2 Static Response Simulation by ANSY S

The static response of the MELO-Si accelerometer was also analyzed by a
commercially available 3-dimensional simulator called ANSYS. The ANSYS isafinite
element analysis program used in a variety of fieldsincluding mechanical stress analysis
[5]. For the finite element method, first the solid needs to be divided into severa finite
elements, then the variation of fields within each element isdescribed by using interpolating
polynomials. Finaly, related physical rules and the boundary conditions are applied in
order to get the solutions for each node, and the field between nodes is approximated by
interpolation [2].

In the simulation of the MELO-Si accelerometer, only one quarter of the entire
structure was modeled and its symmetry property was applied in both directions to ssimulate
theentire structure, as shown in Fig. 5.1. The element type used for this solid modelingis
stiff 45, 3-dimensional isoparametric solid in which each element is defined by eight points
having three degrees of freedom at each node: translation in the noda x, y, and z
directions.
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Figﬁre 51 A pI o‘t“of elements generated for ANSY S stress simulator on one quarter of
the bridge-type accelerometer. (a) Side View. (b) Top view with stress
contours generated by acceleration in the positive z direction (out of the

paper).



The meshes weredivided smaller on and near the beam areaand larger in the seismic mass
and frame in order to get a better smulationresults. The beam is much thinner (=10pum)
than the seismic mass and theframe(= 350pm) and hence most of the stress generated by
the applied force is distributed on and near the beam. Also the stress values change more
rapidly thanin any other region.

The letter 'MN' in the top view of the ANSY S plot of Fig. 5.1(b) indicates the
place where the minimum stressalong the x direction is generated on the top surface by the
applied forcein the positivex direction which isout of the paper. In thiscase the minimum
stress means the most compressing force because the compressingforceisindicated by the
negative value. The maximum stress area is the area where the most expanding force is
applied. The darkest region representsthe area where the most stressis generated. Figure
5.2 isaschematic picture of the ANSY S plot for aclearer view. When the acceleration is
reversed to the negative z direction, the maximum and minimum locations will be
interchanged. Therefore, those two places are where the piezoresi stors should be placed
for alargest sensitivity of the accelerometer. The stressvalues obtained from the ANSY S
analysis showed that the stressis positive from one side to the mid region of the beamin
the x direction and is negativein therest, which indicates that there is a zero stress point
somewhere in the middle of the beam. Also, the maximum stressdoes not occur right at
the frame edge but on the beam alittle toward the massfrom the frameedge. The stressan
the frame edge is still shown to be quite large from the ANSY' S results and hence the
piezoresistors will be effective as long as their active region crosses the frame edge. The
best placement would be to put the resistorsover both the frame edge and maximum stress
area. According to the ANSY S simulator, the maximum point exists approximately within
50 um from the beam edge for the presently designed MELO-SI accel erometer.

Figure 5.3 shows the cross sectional view along the length of the beam. Both
maximum and minimum stress points are indicated by 'MX' and 'MN' as shown in Fig.
5.3(b) and (c). Thisindicates that when the top surface of the beam expands the back of
the beam compresses. This property has been employed in strain gage applications. The
variation of the induced stress on the beam was examined by comparing the stress values
on the nodes of the top surface. Each nodes are 50 pm apart and henceif the stressvalues
are significantly different between the two nodes then the element defined by those two
nodes can be divided again for afiner examination.
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igure 5.2 A schematic drawing of the ANSYS simulation model. (a) Top view
showing elements and nodes (b) An enlarged view of beam area showing
maximum and minimum stress resulted from an applied stress.




First, the stress variation across the beam-(along the beam width) was examined by
comparing the stress at the maximum stress region. They ranged from 10.83 x 106
dyne/cm? to 11.2 x 10® dyne/cm? and its percent variation from the center to the edge is
only 3.6%. Therefore, the misplacement of the piezoresistors along the beam width, or in
the y direction, should not affect the sensitivity very much. The variation of the stress
along the beam length, or in the x direction, isalittle more significant. The stress varies
from 10.83 x 106 dyne/cm? at the maximum location to 7.04 x 106 dyne/lcm? on the frame
edge and its percent variation was 35%. Thisindicates that sensitivity will be affected by
35% if the active region of the piezoresistors are misplaced from the frame edge. This
result is somewhat different from the analytical solution due to the smplification of the
analytical solution. However, if dl the active part of the piezoresistor is placed further into
the frame, the sensitivity variation becomesdrastic. For example, if the stresslevel moves
from 10.83 x 106 dyne/cm? at the maximum location to 0.54 x 10% dyne/cm?, the percent
variation becomes 95 percent and the resistance change from that particul ar piezoresi stance
will be amost zero. The ANSY S program, node and element numbers on the top of the
beam, and their stress values can be foundin Appendix B.

5.3 Dynamic Responseof the MELO-Si Piezoresistive Accelerometer

For the dynamic response analysis, theidealized two-dimensiona structure shown
in Fig. 4.2(b) isagain utilized to model the MELO-Si accelerometer. It isassumed that the
frame and central section, which represents the seismic mass arerigid, that the deflections
aresmall, and that the deformations are limited to the beams. The transverse vibrations of
the accelerometer structure are considered only in the x-y plane, which is assumed to bea
plane of symmetry for any cross section. When the beam is vibrating transversely, the
dynamic equilibrium condition for forces in the y direction combined with the moment
equilibrium condition produces the equation

2 32
% dx=- pA &S L (5.17)

where p isthe material density of theand A isthearea in theyz plane. By substituting the

2
relationship M = EI g—é into Eqn.(5.17), the general equation for transversefree vibrations

of abeam can be obtained as[3]
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Figure5.3 A cross section of elements generated for ANSY S stress simulator on quarter
of the bridge-type accelerometer. (a) Side View. (b) Enlarged view showing
the two maximum and minimum pointsat each end of the beam. (¢)Enlarged

view of the beam with the maximum stress.
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9 4x = - pA &Y
EIS dx = - pA dx5 ] (5.18)

This equation may be rewritten, usng the accel erometer structure geometry, as

y(x,t) My dy(x,t)
EI—ax% = -T—%z— (5.19)

When a beam vibrates transversaly in one of itsnatural modes, the deflectionat any
location varies harmonically with time. Therefore, the solution of the Eqn.(5.19) can be
written, by separationof variables, as

y(x,t) = X(x) T(t) = X(x) eJwt (5.20)

where eJ®t = sinwt + jecoscwt. Substituting Eqn.(5.20) into Eqn.(5.19) resultsin

FIX(x) my
EI—aXT-T(DZX(x) =0 (5.21)
or
HX(x) (A ) A m; w?
x4 - (I_I—TX(X) = O’ [ET = EIll (522)

Then the general formaf the solution becomes

X(x) = Clcos[%jx + Czsin@'—l}x + C3cosh(3—\'l-}( + C4sinh[%l-}< (5.23)

where C;, C,, C3, C4 are constants to be determined and A is a notation introduced for
convenience as
_48n? ml’?

4 o4 -1
M=t (5.24)

The constantscan be determined from the following boundary conditions: (1) the deflection
and the bending at thefixed end of the beam are zero, (2) the bending of the beam at x=/; is

zero due to the solid connection of the beam with the stiff seismic mass, and (3) the
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transverse force must be continuous. From these boundary conditions, the following
equationsare obtained.

dXx dX
X|x=0= dx |[x=0% dx (x=l =0
3
B G0, =7 TE et (5:25)

Form those boundary conditionsand the relationshipof Eqn.(5.24), the followingequation
resultsin:

EIE

& 1-cos(A)cosh(A) (526)
4 sin(\)cosh(A) + cos(A)sinh(A) '

For a given mass ratio m;/m,, an infinite number of h-roots exist which satisfy
Eqn.(5.26). These roots are coupled with possible harmonic modes of the system as
shown in Eqn.(5.24). Thefirst seven roots, A;, are shown in Table 5.2.

Thefirst lowest non-zeroroot, A;, corresponds to the first resonant frequency and
it shows a strong dependence on m;/my while the higher resonant frequenciesare relatively
independent of thisratio. Itsvaluefor the MELO-Si accelerometer is 3.816kHz assuming
the beam dimension is 10um thick, 420um long, 170um wide, and the seismic massis
2.71mg. Further A valuescan be approximated by the relationshipi;,; =A;+n fori 22, as
shown in Table 5.2. Their frequency values can be obtained from the relationship
expressed in Eqn.(5.24). The first resonant frequency also can be obtained by a series
expansion of the right hand side of Eqn.(5.26), by expanding each sinusoidal function and
taking the lowest order term [4]. It resultsin the equation

1 4Ewt3

fi=5= (5.27)
! 2n . l?mz
Table5.2 Thefirst seven roots of the dynamic response differential equation.
ith root 1 2 3 4 5 6 7
A 0.4142 | 4.7305 | 7.8535 | 10.9958 | 14.1373 | 17.2789 | 20.4045




It is desirable to make the sengitivity of the accelerometer as large as possible
without incurring limitations on the bandwidth. Since the resonant frequency mainly
dependson the structural geometry, the sengitivity can be adjusted using the same resonant
frequency by optimizing other parameters such asorientationof the piezoresistors, doping
type and concentrationof theresistors, and soon.

5.3.1 Dynamic Response to the off-axismovement

The accelerometer generally has a number of response modes. One fundamental
mode exhibits motion in the acceleration axis of interest while there are numerous
secondary modes. Some relate to minor spring-mass pairs such as the resonance of the
mass itself. When the secondary modes gppear to affect the off-axis sensitivity, they need
to be consdered with care. Oneof the mgor advantagesthat the four bridge acce erometer
structure has over the double bridge or cantilever-type accelerometer structure is a
substantial reduction in off-axis sengitivity and unwanted resonant frequency modes.
Figure 5.4 shows the three mgjor secondary modes for the four bridge accelerometer
structure [5]. Each of them has a resonance associated with it. For the four bridge
accelerometer, iswas indicated thet theratio of the resonant frequenciesof those modesis
1:2:1.6 respectively [5]. Particularly the third mode will depend on the effective spacing
between the pair of beams on one side of the seismic mass and can be minimized by
controlling their spacing.
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Figure5.4 Three principle modes of motion for a bridge-type accelerometer with four
beams. (a) Verticd (desired) mode. (b) Latera mode. (c) Perpendicular mode.



For a bridge-type accelerometer, even if the off-axis sensitivity can not be
eliminated, the third mode of Fig. 5.4(b) can be compensated and minimized. When the
seismic mass happens to tilt up on one side, as shown in Fig. 5.4(b), the opposite side
tendsto tilt down and thisin fact can compensate the first motion. The careful placement of
the piezoresistorscan effectively cancel this off-axis component because oppositesides of
the Structure arein opposite bending modes. Thiscompensation can not be obtained from a
cantilever-type accel erometer because thereis no such symmetry.

5.3.2 Dynamic Response Smulation by Finite Element Methods

The dynamic response was smulated by a one dimensiond finite dement method
because the smulation of dynamic response by ANSY S smulator requires much larger
computer storage space and memory. In addition, since the structure is ssmple and
syrnmemcal, the interesting answer is the resonant frequency of the entire system, not the
stress distribution on the surface like static response, a one dimensiona response can
provide the desired solution. The structure was smplified as a beam with a bigger mass
dismbutor in the middlelike Fig. 4.2(b) and the elements were divided in the x direction
only. Since thisis a one dimensiona simulation, only the first mode and third mode
resonancedf Figs. 5.4(a) and (b)are considered. Thefirst mode resonant frequency for the
accelerometer of this work was 2.805kHz whereas the third mode resonant frequency as
6.909kHz. Their correspondingcross section curves are shown in Fig. 5.5.
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Figure5.5 Thecrosssection curveof the (8) first and (b) third resonance modes obtained
from one dimensiond smulation using afinite e ement method.
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5.4 Experimenta Results

The MELO-Si accelerometers were successfully fabricated and tested for evaluating
the MEL.O-Si diaphragm fabrication technology and the accelerometer performance. In this
section, their experimental resultsare presented. The accel erometerswere designed to have
good linearity up to 30g, thirty times gravitational acceleration, which is one of the
specifications for automobileair-bag actuation [6]. First, the testing measurement system
is described then the sensitivity, resonant frequency from the dynamic response, and the
linearity of the fabricated accelerometer are presented. The experimental results are
compared with the theoretical results and the effects of tolerances on the results are
discussed.

5.4.1 Accelerometer Measurements System

Once fabrication of the MELO-Si accelerometers was completed, the wafer was
cleaved into dies and each die was placed on the back-plate die. Each-back plate has a
basin pattern aligned so that for each accelerometer the seismic mass was limited to the
displacement of the mass in the transverse direction when the shock or overforce was
applied to the accelerometer. The back-plate not only protects the accel erometer from the
shock but also gives amechanical support to the device after the thin MELO-Si diaphragm
was fabricated around the seismic mass for the last lithography step of front delineation.
The mask was designed to open narrow paths along the die boarder on the back at the same
time with back-etch patterning so that the exposed silicon is etched by KOH etchant. The
purpose is to separate each die easily without sawing and damaging the fragile MELO-Si
diaphragm. However, if the MELO-Si diaphragm is strong enough, then the whole wafer
can be processed, attached to the back-plate, and cut into die using a diamond saw. Each
dieisthen packaged and bonded with aluminum wire.

Both static and dynamic testing were performed on the same testing system whichis
schematically illustrated in Fig. 5.6. The testing system consists of an electrodynamic
shaker, amount fixture, signal generator, oscilloscope, charge amplifier, power amplifier,
and bridge conditioning amplifier. The sinusoidal signal generator has a capability of a
programmable sweep generation for continuousfrequency response testing. Sweep limits,
rate, type (linear or log), and number of sweeps can be programmed. A desired signal is
generated by the signal generator and becomesan input to the power amplifier. The signal
is then amplified by the power amplifier and sent to the electrodynamic shaker which
applies acceleration to the accel erometer under test. A shaker provides a vibrating motion at



various acceleration levelsdepending on the signal amplitude, between 0 and 1 (root mean
squared) RMS volts from the power amplifier. The frequency of the input signal is
changed by the signal generator. A reference accelerometer was mounted in the same
shaker fixture and its output was calibrated by the charge amplifier so that the applied
acceleration can beidentified from the output of the reference accelerometer. The output
signal of the reference accelerometer was calibrated to provide 10mV per every 'g of
acceleration. Output from the MELO-Si accelerometer was amplified by the bridge
conditioning amplifier in order to observe the magnitude of the output signal on the
oscilloscope since the original output voltageis usually lessthan 1mV. Thevoltagegain of
the bridge amplifier was set a 100.

5.4.2 Theoretical Evaluation of the Sensitivity and Resonant Frequency

The sensitivity and resonant frequency of the MELO-Si bridge-type accelerometer
are estimated in this section in order to explain the performance of the fabricated
accelerometers. The theoretical sensitivities were obtained from the analytical solution
compiled in Table 5.1 and the frequency was cal culated from Eqn.(5.27). Table 5.3 shows
the sensitivity and resonant frequency values of not only the ideal structure but also the
structure with varied beam dimensions. The beam dimension can vary if the process was
not carefully controlled when the KOH etching or the RIE was performed. Particularly,
sincethe RIE is used for the front delineationand its etching isisotropic, the lateral etching
becomes the same as the vertica etching which will change the beam length, width, and
even the thickness while delineating the beams. Therefore, the narrower and longer beams
were considered in this calculation. Also, the doping concentration of the piezoresistors
can vary between 1 x 1018/cm3 and 1 x 10!9/cm?2 depending the boron ion implantation.
Therefore, the second group in the table contains the calculated values using the
piezoresistors corresponding to the doping concentrationof 1 x 10!8/cm?.
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Figure 5.6 Testing measurement system for accelerometer characterization.
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Table5.3  Sendtivity and resonant frequency obtained by the analytic solution for two
different piezoresistancecoefficient vaue: 70 x 1012 cm?/dyne and 50 x 1012
cm?/dyne corresponding to the piezoresistor doping concentration of 1 x 1018

fem3 and 1 x 1018 /cm3 respectively.

Ideal Case | 10pm Lateral | Ideal Case | 20pum Lateral

(10pm) Etch (20um) Etch
Beam Thickness (cm) 0.001 0.001 0.002 0.002
Beam Width (cm) 0.017 0.015 0.017 0.011
Beam Length (cm) 0.042 0.044 0.042 0.046
Seismic Mass (gram) 0.00271 0.00271] 0.00271 0.00271
Young's Modulus (dyne/cm?) 1.7E+12 1.7E+12| 1.7E+12 1.7E+12
Gravitational Acceleration (g/cm?) 980 980 980 980
Number of Beams 4 4 4 4
Extension of Piezoresistor (cm) 0.0028 0.0028 0.0028 0.0028
Piezoresistance coefficient 7E-11 7E-11 7E-11 7E-11
(cm?/dyne) @ dose=1x1018/cm?3
Maximum Sensitivity (WV/V-g) 321.5 382.97 80.38 136.89
Resonant Frequency (kHz) 3.819 3.345 10.8 7.58
Piezoresistance coefficient SE-11 SE-11 SE-11 5E-11
(cm2/dyne) @dose=1x101%/cm3
Maximum Sensitivity (WV/V-g) 229.65 273.55 57.4 97.78
Resonant Frequency (kHz) 3.82 3.345 10.8 7.58




171

5.4.3 Senditivity of the MELO-Si accdlerometers

Figure 5.7(a) illustrates the unamplified output voltage (AV) of an accelerometer
with 10pum thick beam and the reference accelerometer at 5g and 100Hz. The maximum
RMS (root mean squared) output voltageof the reference accel erometer was approximeately
50mV which corresponds to the applied acceleration because the charge amplifier was
calibratedfor 10 mV/g asdescribed in the previous section. Accelerometer sensitivity was
obtained by dividing the maximum output voltage by the input supply voltage and the
applied acceleration. In this measurement, the supply voltage was SV DC and the applied
acceleration was 5g. The resulting sengitivity was 286.88 uV/V-g. The small oscillating
characteristics superimposed on the output signal was caused by the resonant frequency.
This phenomenon becomes more obvious in the amplified output signal as shown in Fig.
5.7(b), where the applied accelerationwas 2.5g, the frequency was 100Hz, and the applied
voltage source was 6V DC. Here, the output signal was amplified by the bridge
conditioning amplifier. Table5.4 showsall the sensitivity and resonant frequency results
from the MELO-Si accelerometersincluding the accelerometers, with 20um thick beams.

Table5.4  Sengtivity and resonant frequency measured from the MELO accel erometers
with both 10pm and 20pum thick MELO- Si beams.

Sensitivity (WV/V/g) | Resonant Frequency (kHz)
10um thick Test #10-1 286.88 2.026
MELO-Si beam Test #10-2 168.19 3.052
20um thick Test #20-1 152.79 1.384
MELO-Si beam Test #20-2 101.78 2.5
Test #20-3 50.88 4,19
Test #20-4 47.76 4.128
Test #20-5 37.52 4.2
Test #20-6 34.67 4.0
Test #20-7 21.51 4.4
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Figure 57 The test output of a MELO-SI accelerometer with 10pm thick beam. (a)
Unamplified MELO-Si accelerometer output overlaid with the reference
accelerometer ouélout at 5g and 100 Hz. (b) Amplified MELO-Si output with
thereference accelerometerat 2.5g and 100 Hz.



5.4.4 Linearity o the MELO-Si Accderometer Output

Thelinearity of the MELO-Si accderometer was examined by two different methods.
First, the linearity was compared with the linearity of the reference accdlerometer as shown
in Fig. 5.8 Thelinearity of the both accelerometers are quite close to each other and is
excellent up to 30g. Secondly, the maximum RMS output voltageof the accelerometer was
measured from | g to 30g with an increment of 1g and then these output voltage data were
plotted with respect to the applied acceleration. Figure 5.9(a) showsa plot of the output
voltage versus acceleration of Test #10-1. Figure 5.9(b) illustratesthat the nonlinearity,
calculated from the data, for the Test #10-1 accelerometer up to 30g which was less than
+4%. Once the output voltage data are obtained, thelinear curve-fit can be goplied in order
to get the linearity of the output curve as shown in Fig. 5.10. The linear curvefit was
applied to al the measured data and it was found thet dl the data are within 5% error bar
from the curvefit. Thisaso reatesto thelinearity of thedaa

Applied Accleration: up to 30g @ 100Hz

Reference Accelerometsr

i
MELO-Si Accelerometer

_”'Lﬁ'ri—‘—ar '
L—%. gy W X D AN X X AR - X N AN

Figure2 8 The relative linearity comparison between the referenceaccel erometer and the
MELO-Si accdlerometer Test #10-1 from 1g to 30g accelerdtion.
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Figure5.9 The linearity of the MELO-Si accelerometer Test #10-1. (a) The output
voltage ver sus applied acceler ation up to 30g. (c) percent non-linearity curve
up to 30g acceleration.
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5.4.5 Resonant Frequency of the MELO-Si Accelerometers

The resonant frequency of the MELO-Si accel erometer was measured by the natural
vibration which can be obtained on the testing floor. It also could be measured from an
impulse response of an accelerometer, asillustrated in Fig. 5.11, from which the period of
the sinusoidal signal and hence the resonant frequency can be calculated by inverting the
period. The best method is, however, to use the transfer function gain plot and the phase
plot ssimultaneously since a90° phase shift should appear when the resonant frequency is
reached. Figure 5.12(a) and (b) illustrate a typical transfer function which was obtained
from Test #20-1. The resonant frequency is obviouswhen the phase plot curve crossesthe
90" shift and the gain reaches the pesk value.

The resonant frequency is supposed to be afunction of the beam dimensions and the
proof mass but independent of the dose, shape, and the location of the piezoresistors.
Therefore, the resonant frequency is sometimes used to extract the beam thicknessof the
accelerometersand evaluate the thicknessvariation between dies or wafersassuming other
parameters such as beam length, width, and proof mass are precisely controlled.
However, with the MELO-Si accelerometer, the resonant frequency may vary with the
shape of the V-groovesetch-stop on the back of the beams. For example, even though the
beam thicknesswas designed to be 20um, the resulting effective thicknessfor the resonant
frequency may become 18um or even smaller depending on the V-groove depth.
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Figure5.11 A typical impulseresponseof the MELO-Si accelerometer, which can be used
for calculating its resonant frequency. Thiswasfrom Test #10-1.
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5.5 Effect of front-to-back misalignment

The experimental results from Test#10-1 and #10-2 somewhat agreed with the
theoretical results since the sensitivity might vary from 200 to 400 pV/V-g without
considering the variation of the beam thickness. The piezoresistors placement on the beam
was examined and they were on the desired locations. The resistance of the each
piezoresistor can range from 3KR to 10K€2 on a 3 inch wafer depending the beam current
distribution during boron ion implantation. However, the accel erometers with 20um thick
MELO-Si beam had an additional problem. During the front-to-back mask alignment, the
mechanical ar mof the SUSS double sided mask aligner holds the wafer during the mask
alignment step When the alignment is done, the arm releases the wafer on the bottom mask
for exposure. The mechanical ar mtendsto slide the wafer when it rel eases the wafer and
causes amisalignment. It occurred with the Test#20 dies and varied the sensitivity of the
accelerometers into awiderange. Therefore, in this section, the effect of the front-to-back
misalignment on the sensitivity and resonant frequency of the MELO-Si accelerometer is
presented.

It is assumed that if the active part of the piezoresistors are residing on the frame
edge or the proof mass then &l those resistors experience the identical resistance change
and that the resistance change is much smaller compared to the original resistance value.
When the misalignment is severe enough to cause the half number of the piezoresistors to
be insensitive to the applied stress, the output voltage becomes half of the normal case.
The detail calculations of the analysis are shown in Figs. 5.13 and 5.14. When the
experimental data of Test#20 accelerometers were compared to the analytical results,
including the effect of ion implant dose variation, and the beam dimension variation by
RIE, the sensitivity and resonant frequency didn't correlate with each other. However,
adding the effect of the misalignment, the analytical results and the experimental results
correlated better. This correlation will improveif the stressdistributes along the frame and
the mass as well as the beam can be expressed more accurately because the stress was
assumed to be localized only on the beam in the current analytical solution.

Table 5.5 shows the misalignment values for each MELO-Si accelerometers by
measuring them under an optical microscope but the thickness, which would be the most
important parameter, was not measured because the non-destructive measurement methods
was not available. Also, the optical microscope picturesof the accelerometer top viewsare
illustrated in Figs. 5.15 and 5.16. For more accurate analysis of the measurement results,
the thickness and the proof mass (or volume) also need to be measured accurately.



With Perfect Alignment:
All 8 resistors will change thelir resistances due to applied stress

Assuming all Ri's (i=1 to 8) aresame as R

Vout = ((2R-2AR)/4R - (2R+2AR)/4R))*Vcc

(AR/R)*Vcc

Vcc
| 2R+2AR
2R-2AR Rl R
S+ Vout S-
R4 R6
R7 RS
2R+2AR
2R-2AR
GND =

Vcce GND

Figure 5.13 Theoretica V,,, valuefrom a bridge-typeaccel erometer with four bridges and

eight piezoresistors from aresistance change due to the applied stress with a
perfect front-to-back alignment.



With Backside Misalignment:
Only 4 resistors will change their resistances due to applied stress
In this example, R1,R3,RS, and R7 are not changing their resistance
Only R2, R4, R6, and R8 are changing their resistances.

Assuming all Ri's (i=1 to 8) aresameasR

Vout = ((2R+AR)/(4R+AR) - (2R-2AR)/(4R-AR))*Vcc

(AR(8R+AR)/(4R*4R-AR*AR))*Vcc

Assuming AR << R,
Vout = (AR*8R/(16R*R))*Vce = (AR/2R)*Vee

Therefore, the sensitivity will become half of the ideal case
if that is the only difference. However, the linearity still holds.

misalignment
VCC
| 2R+AR
. \
R1 R2
R3 RS
Vout S-
R4 R6
R7 R8
| 2R-2AR
GND —

Vcce S+ GND S-

Figure 5.14 Theoretical V,, valuefrom a bridge-type accelerometer with four bridgesand

eight piezoresistors from aresistance change due to the applied stress with a
front-to-back misalignment.
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Table5.5 The misalignment along the beam direction in each MELO-Si accel erometer.

Accelerometer #10-1 | #10-2 |#20-1,2| #20-3 #20-4,5,7 | #20-6
misalignment (um) | 19.2 0 48.0 | overetched 60 43.2

‘8 Piezoresistor

Figure5.15 A top view of the MELO-Si accelerometer beam with zero misalignment
shown from Test#10-2.




Misalignment

(b)

Figure5.16 A top view of the MELO-Si accelerometer beam. (@) A minor misalignment
shown from Test#10-1 and Test#20-1,2,6 (b) A magjor misalignment shown
from Test#20-4,5,7
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CHAPTER 6
SURFACE MICROMACHINED MICROMECHANICAL STRUCTURES

6.1  Introduction

Over the last three decades, the rapid progress in the area of microelectronics has
facilitated the successful implementation of large scale integration of many circuits on a
single chip. The number of transistors integrated on achip of silicon has been increased at
the rate of two orders of magnitude per decade with sharp decrease in functional cost. The
continuing progress in micro-electronics has tremendously improved the areas of system
control and signal processing. As aresult, the smart micro-computer has found its way to
enter into our everyday life. For further expansion of the field of application of the smart
VLSl systems, better interfacing and comparatively low cost sensors for sensing the
signals from non-electronic hosts are necessry. A microprocessor is virtually blind, deaf,
and dumb without suitable sensors to provide input from mechanical and physica
variables. Without smart actuators the microcomputer is powerless to carry out control
functions. Today, sensors hold the key to the successful entry of VLSI into a variety of
new market areas, including those in health care, consumer products, automated
manufacturing, and the automotive industry [1-3,7].

Historically, much effort has been applied to produce integrated sensors using bulk
micro-machining [4-9,14,18]. Usually, the bulk micromachined silicon diaphragm
dimensions are larger than 1x1 mm?2 with a thickness of approximately 5 - 20 pm. Itis
difficult to make micro size diaphragms less than 100pm on a side using these techniques.
Bulk micromachining severely limits device density and weakens the mechanical integrity
of the wafer during manufacturing. Front-to-back side wafer alignment is another added
complication to the process. Furthermore, anisotropic silicon etchants (KOH or EDP)
require along etch time and potentially lower the yield of working circuits and sensors on
the wafer.

The mechanical characterization of thin film micro-structures critically depends on
the average residual stress in the film. The commonly used heavily boron-doped Si
diaphragms have sufficient internal tensile stress that their pressure sensitivity is
substantially reduced when compared with lightly doped diaphragms [3]. Hence, the
search for low doped single crystal silicon diaphragms has become a very important issue
in sensor technology. Again, for further miniaturization of sensors, the need for a IC
compatible, one sided process, is very important. Surface micro-machining is a rapidly
developing technology which extends the range of micro-mechanical materials and



structures that can be fabricated using only a planar technology. Recently, with the
introduction of surface micro-machining techniques polysilicon/nitride membranes, using
laterally-undercut sacrificial layers, have been fabricated for piezoresistive type sensors
[23,25,27,29,33]. Both polysilicon and silicon nitride films are plagued with higher
residual stress and not suitable in forming very thin diaphragms [3,10-12,31]. Surface
micromachined capacitive transducers, have recently been shown to offer larger pressure
sensitivity and lower temperature sensitivity than their piezoresistive counterparts.
However, they also require alarger dia area, are more nonlinear, and demand sophisticated
on-chip circuitry along with a somewhat more difficult process [14-16,19,32]. A very
small parasitic in the signal conditioning circuitry can adversely affect the linearity of the
sensor response [20,21]. Therefore, it requires close coupling to relatively carefully
designed analog electronics to minimize the effects of the stray capacitances. Most of the
surface micro-machined capacitive and resonant transducers use finger like structures
formed from the 2pm thick polysilicon slab by removing the underneath sacrificial layers.
It is quite impossible to deposit polysilicon films with small grain size more than 10pum
thick. Particularly when the sensing axis is set along the plane of the chip. Thicker
resonant structures are required as they will increase the active area and reduce the effect
of fringing fields and thereby increase the capacitive sensing considerably. With
polysilicon thicker resonant structures are quite impossible.

Merged Epitaxial Lateral Overgrowth (MELO) of silicon combined with laterally-
undercut sacrificial layers has the potential to overcome these difficulties and open up
possibilities for making ultra-miniature diaphragms and micro actuators. Particularly for
fabricating single crystal silicon resonant structures MELO and SEG silicon are quite
suitable. Using surface micromachining and MELO-silicon, resonant structures such as
free standing beams with different thickness (from less than 1um to greater than 10um)
can be fabricated. This new surface micromachined process is compatible with present day
I C processing, sinceit uses conventional fabrication equipment, techniques, materials, and
chemicals. Another advantage of this techniqueis that it can easily integrate micro-sensors
and circuitry onto a single chip and thereby reduce power consumption and signal paths.
Also the requirement for an extra back-side protecting plate for packaging, which is
essential for bulk micromachined sensors, is eliminated.

Furthermore, a by product of using the MELO techniques will result in local
silicon on insulator (SOI) structures on the same chip, which is an important technology
for device isolation and for special devices. Successful implementation of this technique
will introduce to today’s micro-electronic industries the emergence of broader array of




solid state sensors and open the door for exploring the feasibility of applications of these
new micro sensors/actuators into different areas.

6.2  Surface Micromachining

-Top-side surface micro-machining is a rapidly developed technology which
extends the range of micro-mechanical materials and structures which can be fabricated
using planar a technology. Figure 6.1 illustrates the simple process of surface
micromachining. The silicon substrate is first coated with an isolation layer, then a
sacrificial layer is deposited on it. Windows are opened in the sacrificial layer and micro
structural thin film is deposited and patterned by a proper etchant to define the diaphragm
structures. The free standing micromechanical structure isformed by selectively etching
out the sacrificial layer asillustrated in Figure 6.1(b).

This simple concept was first applied in the 1960s at Westinghouse Research
Laboratories with metal films [22]. In the early 1980s, researchers at the University of
California at Berkeley used polycrystalline silicon as the structural material and oxide as a
sacrificial layer. Most of the related work was confined to study the mechanical properties
of the LPCVD polysilicon [11]. Researchers at University of Wisconsin, Madison, in mid
1980s [23-25], have pioneered a method for making sealed cavities by depositing
additional films over the free standing micromechanical structures. Thermal oxidation of
the polysilicon and silicon substrate or CVD of oxide or nitride films are used for sealing
the cavity as shown in Figure 6.2. Using this technique, a polysilicon micro-diaphragm of
125x125 pm?2 size with thickness varying from 1-4pm were realized by Guckel, et al.[23]
in 1986.See Figure 6.3. They successfully fabricated a piezoresistive polysilicon pressure
sensor using surface micromachining. At the same time Sugiyama, et al,[27] fabricated a
micro-diaphragm pressure sensor with silicon nitride diaphragm of 80um x 80um using
polysilicon piezoresistors, asillustrated in Figure 6.4.
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Figure 6.1 Surface microstructure fabrication process. (a) Patterning the sacrificial layer
and depositing the microstructure layer. (b) Releasing the freestanding
microstructure by etching out the underneath sacrificial layer.

Surface micromachined polysilicon pressure sensors using capacitive sensing has
also been reported [17,32]. In addition to a nonlinear pressure response and the
requirement of additional sophisticated signal sensing circuitry, the circuit noise for
smaller diaphragms has severely limited the resolution of this type of transducers [21,26].
Hence, miniaturization using capacitive sensing has a serious problem, although they offer
higher pressure sensitivities. Additional sensing circuitry also increases the size of thedie.
Particularly, most of the capacitive accelerometers are cantilever type which are more
prone to off axis problems which produces unwanted response during operation. Very
recently (1991) a highly symmetrical capacitive micro-accelerometer using bulk
micromachining was reported to solve the off axis problem [28]. However this technique
required a very large structure measuring 36mm x 3.6mm X 1.7mm and has a four layer




sandwich structure ( glass/si/si/glass ). Alignment of all four layer is an additional problem
along with the already existing difficulties with bulk micromachining.

Microstrugeture Membrane
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Microstrucfure Membrane
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Substrate
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Microstructure Membrane
CVD nitride/oxide
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(©)

Figure 6.2 Sealing of the cavity. (a) The cavity (b) Reactive sealing (c) CVD sealing
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Figure 6.3 Surface micro-machined polysilicon pressure sensor [23].
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Figure 6.4 Surface micromachined pressure sensor using Nitride membrane [27].
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The main advantage of surface micromachining is its ability to scale down the
existing sensors by using completely planar single-sided processing, solely on the top
surface of the silicon wafer. Using polysilicon or SiNy as the structural material has put
some limitations on miniaturization. The mechanical characteristics of thin-film micro-
structures critically depend on the average residual stress in the film and the stress
variations in the direction of film growth or deposition. Both polysilicon and silicon
nitride films are plagued with higher residual stress, and not suitable for making very thin
diaphragms [3,10,31]. Thin membranes using polysilicon usually buckle due to the
residual stress. Using annealing reported to be a cure for this problem, a fairly good
mechanical material can be obtained after the stress relieving annealing cycle [24]. In
addition to the residual stress, the doping concentration of piezoresisters on polysilicon are
much higher (10!8/cm3-1020/cm3). This high doping concentration reduces the
piezoresistive coefficients, hence reduces the sensitivity as a whole [13,30]. Furthermore,
electronic devices made in polysilicon show poor electronic properties. Therefore, a need
of single crystal silicon based surface micro-machined process is a key for successful
miniaturization of sensor technology.

Most recently (June 1991) Peterson, et al.[30] , from Nova Sensor has
demonstrated the use of silicon fusion bonding to fabricate single crystal silicon
membranes using surface micro-machining [Fig. 6.51. This technique shows much
promise. However, the nonuniform membrane thickness control (>10 - 15%) introduced
by doping and selective back etching possess a serious problem to this technique. Unless a
better etch-stop technology evolves, making thin diaphragms repeatability with precise
thickness control will be a major drawback of this fabrication system.

Engineers at Analog Devices [32] has introduced a force-balance surface
micromachined accelerometer chip which claimed to offer many advantages over
conventional accelerometers [Fig.6.6]. The sensor consists of a variable, differential, air
capacitor whose plates are cut (etched) through one, 2pm thick slab of polysilicon. The
fixed capacitor plates, Y and Z, are simple cantilever beams supported 1pum above the
chip, in the free space by polysilicon anchors as shown in Figure 6.6 (b). The
accelerometer's proof mass consists of 50-odd polysilicon fingers[X platesin Fig. 6.6(a)]
which form the movable plate of the variable capacitor [Fig. 6.6(c)]. The two plates of
fixed capacitor plates (Ys and Zs) are electrically connected in parallel within the chip.
This forms a pair of independent capacitors, X-Y and X-Z, with the moving plate X
consisting of all of the fingers extending from the proof mass. Here the X moving fingers
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Figure 6.5 Surface micro-machiningusing Silicon Fusion Bonding [30].

moves along the plane of the chip with acceleration. As these plates move the distance
between X-Y and X-Z plates changes and produces a differential capacitor output. In a
open loop operation the differential output voltage due to the change of capacitanceis feed
into a buffer amplifier, which drives a phase-sensitive demodulator. The demodulator
contains a low-pass filter and provides a low-frequency analog voltage representing the
signature of the acceleration. The air bag system digitizes the signature, and appliesto a
specia-purpose digital signal processor circuits, which makes the decision to deploy. In
the closed loop version, the dc voltage a the output of the preamplifier is applied to the
moving capacitor plates via afeedback path. It creates an electrostatic force between the
fixed and moving plates that opposes the inertial force of the mass and restores the the
mass to the neutral position. The preamplifier output signal is thus a direct function of the
inertial force, and therefore of the acceleration. Figure 6.7 shows a photograph of the top
view of the complete accelerometer chip. Although this technique offers promise, the




192

actual sensing of the acceleration requires an extensive amount of high quality precise on-
chip active signal-conditioning circuitry. Alsothe Y and Z fixed plates are cantilever type
beams. Hence off axis stimulation will result in unwanted sensor output. Since the
capacitor plates are made of polysilicon membranes they can buckle due to intrinsic
residual stressin these thin films and effect the yield adversely. Furthermore, introduction
to anynoise in the circuit will severely limit its performance. Also due to the extensive
amount of on chip circuitry, the die area became relatively large (3mm x 3mm), which in
fact islarger than someof the existing bulk micro-machined devices.

Polysilicon resonant structures such as free standing beams are fabricated and used
to estimate the mechanical properties of the material including the strain in the deposited
film [34]. But non repeatability of polysilicon deposition process and poor electrica
device performance in polysilicon hinders its widespread use. A need for single crystal
silicon micro-mechanical structures in the sensor technology still prevails. Therefore, a
surface micromachined single-crystal silicon process using MELO has the potential to
open the door for broader array of solid state sensors.
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Figure 6.6 Schematic of the Analog Devices IC accelerometer [32]. (a) Surface
rnicromachined variable capacitor module. (b) The Y and Z fixed capacitor
plates. (c) The differential output scheme.

Figure 6.7 Top view of the Analog Devices accelerometer die [32].




6.3  Single Crystal Silicon Cantilever Beams

Two different techniques for fabricating surface micromachined single crystal
silicon cantilever beams will be presented below. The first technique is suitable for
fabricating thin, very wide but short beams. A second technique will be presented that is
very versatile and very suitable for fabricating thin or thick, narrow but extremely long
free standing single crystal silicon beams.

6.3.1 First Technique :Fabrication of Thin but Short and Wide Cantilever Beams

The process sequence for fabricating the thin single crystal silicon cantilever
beams using surface micromachining is illustrated in Figure 6.8. Starting with n-type Si
substrate, a thick oxide was grown and patterned to produce an oxide step [Figure 6.8(a)].
Then using another mask, patterns were defined on the thicker oxide and the oxide was
etched to define beam thickness [Figure 6.8(b)]. Notice the remaining oxide between the
adjacent beams, which will act as the etch-stop oxide during the later Chemical
Mechanical Polishing (CMP).

In the next step the SEG/ELO seed hole was patterned using another mask as
shown in Figure 6.8(c). Now selective epitaxially grown silicon is grown from the seed
hole and allowed to fill in the cavities in the etch-stop oxide [Figure 6.8(d)]. Using
Chemical Mechanical Polishing (CMP) and the etch-stop oxide the thickness of the beams
are defined as shown in Figure 6.8(e). Finally, the etching of the sacrificial oxide layer by
HF results in the thin single crystal silicon free-standing cantilever beams [Figure
6.8(f)].The length of the beam is limited by the amount of ELO. However the thickness
and width have few limits, mainly photolithography and oxide etching.
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Figure 6.8 Process flow of thin but short and wide cantilever beam fabrication.
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Figure 6.8 Processflow contd.
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Figure 6.8 Process flow contd.




6.3.2 Results:

Using the above technique, 0.5um thick, 8um long and 12 micron wide single
crystal_silicon cantilever beams have been successfully fabricated. The clearance of the
beams with the substrate was 0.7um. Figure 6.9(a) shows the photograph of the top view
of the beams after CMP. It clearly shows the single-crystal silicon is preserved in the
cavities between the etch-stop oxides. Figure 6.9(b) shows the photograph of the free
standing cantilever beams after the underneath sacrificial and the etch-stop field oxides are
removed by etching in HF for 10 minutes. Figure 6.10(a) shows the SEM photograph of
the beams after the sacrificial layer etch. A closer view of the SEM photograph in Figure
6.10(b) shows the free standing 0.5um thick cantilever beam.
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Figure 6.9 (@) Photograph showing the top view of the single crystal silicon beams after
CMP (b) Photograph showing the Free Standing Cantilever Beams
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6.3.3 Second Technique: Fabrication of Long-Narrow Cantilever Beams

The process sequence for fabricatingsinglecrystal silicon resonant structures using
surface micromachiningis illustrated in Figure 6.11. Starting with n-type silicon substrate,
athick oxide was grown and patterned to open the seed holes as shown in Figure 6.11(a).
Then selective epitaxially grown silicon, from the seed holes, is allowed to merge in the
middle of theoxideidand.[Fig 6.11(b)]}. Using athick photoresist (AZ4620) as a masking
material, a pattern was defined photolithographicallyand reactive ion etching was used to
etch out the silicon from the seed holes to define the beam as shown in Figure 6.11(c).
After removing the photoresist and etching the sacrificial oxide layer with HF or BHF
results in free standing single crystal silicon cantilever beams as shown in Figure 6.11(d).
They can be of any length. However, the width is limited by the amount of ELO material;
asisthe thickness.

The process sequence for fabricating thin but long cantilever beams is shown in
Figure 6.12. The first two processing steps are common in both processes. After growing
the MELO-silicon [Fig 6.11(b)] alayer of CVD polysilicon was deposited as shown in
Figure 6.12(a). Now a very thin LPCVD nimde layer is deposited on top of the poly-layer
[Fig. 6.12(b)] which will work as an etch stop during chemical mechanical polishing. The
combined thickness of this nitride and the poly-layer will define the thicknessof the beam.
Using Chemical Mechanical Polishing (CMP) and the etch-stop nitride, the thickness of
the beams is defined as shown in Figure 6.12(c). A second mask is used to
photolithographically enable RIE etching of the silicon from the seed holes and hence
define the beam width as shown in Figure 6.12(d). Finally, the etching of the sacrificial
oxide layer with HF or BHF resulted in the thin single crystal silicon free-standing
cantilever beams as shown in Figure 6.12(e). Notice that the whole process sequencefor
fabricating thin or thick single-crystal silicon resonant structures of any length, only
requires two masking steps; one for seed hole openings and other for RIE etch window
openings.




202

)
G s,

\ S
Y s Y

N\
7 Z

(8) Seed Hole patterning

SiC
\\\\\‘3\\&

(b) Epi Growth: Formation of ELO and MELO-Silicon

Figure 6.11 Process Flow of Thick but Long-Narrow Cantilever Beam Fabrication.
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(e) Formation of Free Standing Thin Cantilever Beams.

Figure 6.12 Process flow contd.
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6.34 Results:

Using the above technique, 10um thick, 1000pm long and 5pm wide single crystal
silicon cantilever beams have been successfully fabricated. The clearance of the beams
with the substrate was 1.2um. The sacrificial layer was etched in BHF wet etch and rinsed
in DI water and methanol. Figure 6.13(a) shows the SEM photograph of the beams after
the sacrificial layer etch. A closer view is shown in the SEM photograph in Figure 6.13(b),
which clearly shows the tips of the free standing cantilever beam. The beam ends are
irregular due to purposely fracturing the wafer to get the cross sectional view in the SEM
photograph.

6.3.5 Mask layout for other resonant structures

A test mask set for fabricating different resonant structures is presently underway.
This mask is designed to study the built-in stresses or strains in the single crystal silicon
free standing structures. Usually internal stresses are originated due to the thermal
mismatch between different materials with varied thermal expansion coefficients. To
evaluate the compressive strain fields, the doubly supported beam structures shown in
Figure 6.14 are used. The beams can either be connected or isolated from the substrate as
shown in Figure 6.14(a) and (b). To estimate the tensile strain fields free standing
cantilever with or without the merge seam are considered as shown in Figure 6.15(a) and
(b). Also aring and square structures are considered for estimating the tensile strain fields
[Figure 6.16(a) and (b)]. Table 6.1 lists some of the variation of different dimensions of
the above mentioned structures in the layout. Both capacitive and piezoresistive sensing
modes were considered for estimating the resonant frequency of the beams.




D9.ax ISKU 4D 19MAM
L

Su bsrat rface

(b)

Figure 6.13 SEM Photographs (a) Free standing Single Crystal Silicon Cantilever
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Figure 6.14 Free standing doubly supported beams (a) Beams are connected to the
substrate (b) Beams are isolated from the substrate.
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Figure 6.15 Free standing single crystal silicon Cantilever beams. (a) Merged seam
included in the beam (b) Without the merged seam.
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Table6.1 :Variation of Dimensionsin The Mask Layout

Beam Structures :

Ring Structures:

Square Structures:
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6.4  Electrical Propertiesof MELO-Silicon

Diodes were the primary measuring tool used for MELO material
characterizations. The slope of the forward bias curve determines the junction ideality
factor,-m. This easily measured device parameter (n) is a practical barometer of crystal
quality. Eta (m) is numerically about equal to 2.0 in poor material, and approaches unity
(2.0) in high-quality material. Also reverseleakage currents (both at room temperature and
a 115°C)are measured to estimate the leakage through the junctions.

Figure 6.17 shows the cross sectional diagram of the diodes fabricated on the three
different types of material, namely SEG, MELO and the substrate silicon. The SEG,
MELO and substrate diodes were fabricated in the same process on the same die in order
to make a reasonable comparison of their performances.

EG-diode MELO-diode

ubstrate-diode

n-Si substrate

Figure 6.17 Cross-sectional diagram of three different diodes.
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In addition to normal diode fabrication processing steps, two extra steps prior to
the diode fabrication were introduced. The first additional processing step was a 2 min.
Chemical Mechanical Polishing of the MELO. This polishing step removed any non
uniformity on the surface of the MELO-film due to merging facets. Then, the wafer was
annealed in a oxidation environment for 45 min. at 1100°Cand the oxide grew from this
step was completely removed by BHF etching. A second oxide (-2500 A) was grown at
1000°Cand the normal diode processing steps were carried out on this oxidized wafer. For
the p type junction boron was implanted at the dose of 3x1013/cm?2 at 27 kev and a 21
min. drive-in step at 950°C in oxidation environment was performed. Arsenic was
implanted at the dose of 2x1013/cm? at 25 kev for the back-side contact.

Figure 6.18 shows the forward bias characteristics of the diodes fabricated on
SEG, MELO, and substrate silicon. In al devices theideal regions (where n = 1.00) were
measured over four to five decades of diode current which indicates excellent quality of
the materials. Table 6.2 lists the average ideality factor of the 20 different measurements.
Theideality factor for MELO diodes varied from 1.00 to 1.04 in all 20 devices and all of
them have the ideal region spread over more then four to five decades of diode current.
The similarity between MELO, SEG and substrate values indicates excellent quality in the
MELO and SEG materials.

Table 6.2 : Ideality factor of different diodes

Substrate-Diode | SEG-Diode | MELO-Diode

|deality Factor
1.01 1.01 1.013

(avg. of 20 devices)
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Figure 6.18 Forward bias characteristicsof the diodes.
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Figure 6.18 Forward bias characteristics of the diodes contd.

To estimate the leakage through the diodes on MELO, reverse |eakage current was
measured both at room temperature and a 115°C. Table 6.3 lists the average of the
leakage current density of 10 different measurements. These results show very low
leakage current through the junction which indicates excellent quality of the MELO
silicon. Figure 6.19 shows the breakdown characteristic of the MELO diodes, which
shows breakdown characteristics.

Although there exists some defects in the merged seam, the test results indicate
that they have negligible contribution in device performance when the MELO film
thickness is about 10pum. To investigate whether the oxidation annealing step has a greater
role in improving the device performance, diodes were fabricated in a same run with and
without this annealing step but keeping the same CMP step. The average ideality factor of
devices with oxidation treatment is 1.01 (average of 20 devices) whereas without
oxidation treatment the average ideality factor became 1.07 (average of 20 devices). The
test results show that the oxidation trestment prior to the diode fabrication is helping in
removing some of the defects in the merged seam. The repeatable excellent device
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performance of the MELO-diodes has established MELO-silicon (10um thick) as an
excellent quality single crystal silicon material.

Table 6.3 : Diode |leakage currents

Substrate-Diode | SEG-Diode [IMELO-Diode

Room temp. Leakage -08 ) -08
amp/cm 2 <1x10 |<1x10%8| <1x10

Lejkage at115° C 07 -
amp/cm2 — 3.6x10 2.8x10
|
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| Figure 6.19 Breakdown characteristics of MELO diodes




6.5  Controlling the V-Groove Depth into The Membrane

The relatively wide and thin single crystal silicon diaphragms are formed by
exploiting the advantages of merging of advancing ELO fronts and the formation of V-
groove self limiting etch-stop during the back side etch. Controllability of the depth of the
V-groove etch stops is essential when forming the beams from backside etching. Figure
6.20 illustrates two cases where the V-groove is terminated. Two factors are considered
when controlling the V-groove etch depth; interfacial bond strength at the SEG/SiO,
interface and the SEG seed hole width. In the first case, a weak bond a the SEG/SiO2
interface will increase the etch rate of silicon around the oxide in the anisotropic KOH
etchant and not stop at bottom edge of the oxide. Therefore the depth of the V-groove
etch stop will increase. In the second case, alarge seed hole definesthe opening size of the
V-groove and, therefore, the depth of the etch stop. Reduction of the etched V-grooves can
be accomplished by strengthening the interfacial bond and by tightening the width of the
seed hole.

rged ELO

o A A
1 NN N ) O N VNI L W Y NN T M L

@ Original Seed Windows

Me yed ELO

> J L ENCUCR g ~, Ml S N o N

(b)

Figure 6.20. A wide thin diaphragm formation,using MELO silicon combined with V-
groove self-limiting etch stop: (a) with normal MELO silicon; (b) with the
improved SEG/SiO2 interface.




An attempt was made to minimize the effects of the V-grooves on the topology of
the beam. First, to limit the depth of the V-grooves into the membrane we need to ensure a
stronger bonding between the SEG silicon and the oxide sidewall so that.while etching we
can expose the etch limiting <110> planes earlier along the oxide edges. Secondly, since
the V-groove depth is proportional to the width of the seed window, a reasonably narrow
(2um).seed windows were selected.

SEG/SiO, interface has been investigated due to the large interfacial leakage
current observed in the SEG/ELO |C fabrication. The increase in the interfacial statesisa
result of the weak atomic bonding formed between the SEG silicon and the oxide wall.

Evidence of the weak bonding includes the enhancement in the impurity diffusion down
the sidewall and the silicon etch rate increases along the SEG/SiO, side walls. Possible

explanation for the existence of the weak bond can be based on the following reaction,
occurring at the interface during the epitaxial growth.

Si0p + Si---> 2Si0 ()

This reaction etches away both the silicon atoms and the oxide atoms at the interface,
which, in effect, leaves a sheet of atomic voids and therefore results in a weak bonding
from incomplete bond formation. Figure 6.21(a) shows the silicon near the SiO, strips

etched faster, hence deeper than other parts of the SEG. Figure 6.21(b) shows how this
causes the undercut of the SiO, and therefore deeper V-grooves.

Recent articles have stated that the interface shows improvement after a post
epitaxial oxidation treatment (PEOX). This indirectly implies that the interface can be
healed by normal post-epitaxial re-oxidation. During the re-oxidation, the interface
becomes oxygen-rich and close to a thermally oxidized silicon surface which typically
shows complete and strong bonding with few interface states. Taking advantage of this
improvement, the PEOX process can be included into the normal ELO/MELO film
process without further complexity.
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Figure 6.21 KOH etching of MELO to from V-grooves (a) SEM photograph showing
enhancement of etching of silicon near silicon /oxide interface (b) SEM

photograph showing the cross-section of the v-grooves having considerable

amount of undercutting.




To incorporate this PEOX process into the SEG/ELO and MELO process the
following approach illustrated in Figure 6.22, was attempted. Seed holes were patterned by
wet etch followed by SEG growth. The duration of EPI growth was set such that the SEG
coming out of the seed hole just begins to spread laterally over the oxide [Figure 6.22(a)].
Then, alayer of therma oxide was grown on the SEG/ELO [Figure 6.22(b)]. At this step,
the oxygen molecules will diffuse down the SEG/SiO2 interface, fill the atomic voids
created by the above mentioned reaction, and at the same time, completing the interfacial
bonds. The thermal oxide was removed by BHF and then the ELO islands were planarized
by chemical mechanical polishing (CMP) to remove any planes other than the <100>
exposed on the top surface of the remaining SEG inside the seed hole [Figure 6.22(c)].
Finally MELO was grown from these post epitaxial oxidation treated seed holes [Figure
6.22(d)] To investigate the effect of PEOX treatment on limiting the V-groove depth while
etching, the wafer was put into KOH etchant for a short period of time after removing the
thermal oxide from the top of the ELO idands. Finally the wafer cross section was
examined under SEM to investigate whether there was an early exposure of the etch
limiting <110> planes a the sidewall of the oxide islands.

Thicker oxide was chosen so that the etch can be stopped while the silicon is till
left in the oxide step of the seed hole. Since the etch rate of silicon in KOH is about
1pm/min., it was very difficult to stop the etch so that silicon was left in the oxide step.
When the oxide side wall is slanted either by wet etch or RIE, early exposure of the etch
limiting <110> planes at the side wall of the oxide step was not noticed even though the
SEG/ELO grown from these seed holes were subjected to PEOX treatment [Figure
6.23(a)]. Even a 60 second KOH etching has resulted in a small amount of undercutting
[Figure 6.23(a)]. However the etching characteristics of silicon near the oxide interface
showed considerable improvement. As shown in Figure 6.23(b), the equal etch of both
SEG silicon away from oxide and SEG silicon near the oxide strips was observed. This
indicates that the SEG/oxide bonding at the interface has been improved by this PEOX
process.
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(b) Oxidation to strength SEG-Si/SiO2 side walls.

SEG-Si

.~

-a— Si02

(c) Removal of oxide layer in BHF and after
CMP

MELO-Si

5102

(d) Continuation of ELO/MELO growth to flat top

Figure 622 The SEG/ELO/MELO process including PEOX process.
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(b)

Figure 6.23 KOH etching on PEOX treated seed holes.(a) SEM photograph showing the
cross-section of the v-groove formation in Freon 115 etched seed hole.(b).
SEM photograph showing equal etching of silicon in KOH near and away
from oxideinterface.




An attempt was made to investigate the effect of PEOX treatment on V-groove
formation on SEG/ELO grown from more vertical oxide side walls. An 1um thick thermal
oxide was grown on (100) n-type wafers. The seed windows were etched by RIE with
Freon 116 gas plasmafor 200min at 1000W and 300 mT (about 500A of oxide was left
and removed in BHF dip). Positive photoresist AZ 1350 was used as a masking material
during-this etch. Figure 6.24 shows the SEM photograph of the etched seed hole cross-
section. Here the oxide side walls are almost vertical and the masking photoresist
remained intact.

Figure 6.24. SEM photograph showing the cross-section of the RIE (Fr 116) etched seed
holes.




The SEG/ELO used for these tests was grown for 20 min at 920° C, 150 Torr with
1.76 slpm HCI and 0.44 slpm DCS, resulting in 1.4 pm of growth. Figure 6.25 shows an
SEM photograph of the top view of the ELO idand grown from the RIE etched seed
windows. The ELO spread was about 0.2um over the oxide surface. The wafer was put
into a wet oxidation tube for an hour at 1000' C. After this oxide was removed in a BHF
dip, the wafer was thoroughly cleaned in piranha. Then the wafer was put into anisotropic
KOH etchant for a shot time (40sec). The cross section under SEM analysis shows the
starting of the V-grooveformation inside the oxide step [Figure 6.26(a)]. But alonger etch
(3 min. long) has propagated the V-grooves to the bottom of the oxide sidewall without
any undercutting [Figure 6.26(b)]. With further narrowing the seed hole width and using
PEOX treatment on seed holes with vertical side walls will eventually keep the V-grooves
inside the oxide side walls.

BerBrn 2T WD 15MNM

C3.oasNe o SUM

Figure 6.25. SEM photograph showing the top view of the ELO island grown from the
R Eetched seed holes.
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(a)

®)

Figure 6.26. SEM photographs showing the cross-section of the V-grooves formed in
the seed holes (etched by Freon 116) during KOH etching. (a) Cross-
section after 40 second of etching. (b) After 3 minutes of etching.




6.6

References

1. K. Ayaki, "Silicon Integrated Sensors"*, Tranducers’ 87, 4th Int. Conf. on Solid-
State Sensors and Actuators, pp 438, 1987

2. K. D. Wisg, "Integrated Silicon Sensors : Interfacing Electronics to a Non-
Electronic World," Sensors and Actuators 3, pp 229, July 1982

3. K. D. Wise, Integrated Sensors: Key to Future VLS| Systems”, Digest |EEE Proc.
6th Sensor Symposium, pp 1-9, 1986.

4. Samuel K. Clark and K. D. Wise, " Pressure Sensitivity in Anisotropically Etched
Thin-Diaphragm Pressure Sensors”, |EEE Trans. on Electron Devices, vol, ED-26,
No 12, pp 1887, Dec 1979

5. F. Rudolf, A. Jornod, P. Beneze, "' Silicon Microaccelerometer”, Transducers 87
|EEE Technical Dig., pp-395, 1987

6. T. Ishihara, €t. al., "CMOS Integrated Silicon Pressure Sensors”, |EEE Journal of
Solid State Circuits, vol, SC-22, No-2, pp 151-155, April, 1987

7. K. D. Wisg, " Solid-State Microsensors™, SENSORS, pp-23, March, 1988

8. E. Obermeier, H. Sandaier, K. Kuhl, "A Silicon Based Micromechanical
Accelerometer with Cross Acceleration Sensitivity Compensation™, Transducers
87, IEEE Technical Digs. pp-399-402, 1987

9. L. M. Roylance, J. B. Angedll, A Batch-Fabricated Silicon Accelerometer™, Trans.
on Electron Devices, vol. ED-26, No 12, pp-1911-1917, Dec 1979

10. S. D. Senturia. "*Microfabricated Structures for the Measurement of Mechanical
Properties and Adhesion of Thin Films", IEEE Record of the 4th Int. Conf. on
Solid-State Sensorsand Actuators. pp-11-16, 1987

11. R. T. Howe, " Surface Micromachining for Microsensors and Microactuators™, J.
Vac. Sci. Technol. B, val. 6, no-6, pp-1809-1813, Nov, 1988

12. H. Guckel, T. Randazzo, D. W. Burns, "A Simple Technique for the
Determination of Mechanical Strain in Thin Films with Applications to
Polysilicon™, J. Appl. Phys. 57(5), p-1671-1675, March, 1985

13. P. J. French, A. Evans, "' Polysilicon Strain Sensors Using Shear Piezoresistance”,
Transducers 87 IEEE Technical Dig., pp-379-382, 1987

14. Y. S. Lee, K. D. Wise, "A Batch-Fabricated Silicon Capacitive Pressure
Transducer with Low Temperature Sensitivity", |IEEE Trans. on Electron Devices,
vol. ED-29, p-43, Jan 1982

15. S-C. Kim, K. D. Wise, " Temperature Sensitivity in Silicon Piezoresistive Pressure
Transducers™, IEEE Trans. on Electron Devices, vol, ED-30, No-7, pp-802, July
1983




16. K. E. Petersen, A. Shartel, N. F. Raley, ""Micromechanical Accelerometer
Integrated with MOS Detection Circuitry”, [EEE Trans. on Electron Devices, Vol.
ED-29, No. 1, pp-26, 1982

17. S. A. Joyce, J. E. Houston, B. K. Smith, "Interfacial Force Sensor with Force-
Feedback Control*, Int. Electron Devices Meeting, pp-621-624, 1990

18. M. Tsugai and M. Bessho, " Semiconductor Accelerometer for Automotive
Controls™, Transducers 87, pp 403-406, 1987

19. J. M Borky, K. D. Wise, "Integrated Signal Conditioning for Silicon Pressure
Sensors”, IEEE Trans. on Electron Devices, vol ED-26, No. 12, pp 1906-1910,
Dec. 1979

20. H. V. Allen, S. C. Terry, and J. W. Knutti, "Understanding Silicon
Accelerometer™, Sensors. pp 17-31, Sept. 1989

21.J. Ji,S. T. Cho, Y. Zhang, K. Najafi and K. D. Wise, ""An Ultraminiature CMOS
Pressure Sensor for a Multiplexed Cardiovascular Catheter”, Transducers 91
Technical Dig., pp 1018, June 1991

22. H. C. Nathanson, W. E. Newell, R. A. Wickstrom, and J. R. Davis, Jr.”The
Resonant Gate Transistor' , IEEE Trans. Electron Devices, vol 14, p117, 1967

23. H. Guckel, D. W. Burns, "Fabrication Techniques for Integrated Sensor
Microstructures”, | EEE Int. Electron Devices Meeting, p 176-179, 1986

24. H. Guckle, D. W. Bums, C. R. Rutigliano, D. K. Showers and J. Uglow, "Fine
Grained Polysilicon and its Application to Planner Pressure Tranducers”,
Tranducers 87 Technical Dig. pp 277-282, 1987

25. H. Guckel, T. R. Christenson, K. J. Skrobis, J. J. Sniegowski, J. W. Kang, B.
Choi, and E. G. Lovell, “Microstructure Sensors”, IEEE Int. Electron Devices
Meeting, p 613-616, 1990

26. H-L. Chau, and K. D. Wise, " Scaling Limits in Batch-Fabricated Silicon Pressure
Sensors”, |EEE Trans. Electron Devices, vol ED-34, No. 4, p 850, April 1987

27. S. Sugiyama, T. Suzuki, K. Kawahata, K. Shimaoka, M. Takigawaand I. Igarashi,
"Micro-Diaphragm Pressure sensor, *“ |EEE Int. Electron Devices Meeting, pp 184-
187, 1986

28. E. Pesters, S. Vergote, B. Puers, W. Sansen, A Highly Symmetrical Capacitive
Micro-Accelerometer with Single Degree-of-Freedom Response™, Transducers 91
Technical Dig., pp 97, June 1991

29. K. H-L Chau, C. D. Fung, P. R. Harris, and G. A. Dahrooge, "A Versatile
Polysilicon Diaphragm Pressure Sensor Chip", IEEE Int. Electron Devices
Meeting, p 761, 1991




228

30. K. Peterson , D. Gee, F. Pourahmadi, R. Craddock, J. Brown, and L. Christel,
" Surface Micromachined Structures Fabricated with Silicon Fusion Bonding',
Transducers 91 Technical Dig. pp 397-399, June 1991

31. P. Krulevitch, R. T. Howe, G. C. Johnson, and J. Huang, " Stress in Undoped
LPCVD Polycrystaline Silicon™, Transducers 91 Technical Dig., pp 949-952,
June 1991

32. F. Goodenough, “Airbags Boom when IC Accelerometer Sees 50G”, ELECTRON
DESIGN, pp 45- 56, Aug. 1991

33 K. H-L. Chau, C. D. Fung, P. R. Harris, and J. G. Panagou, *“ High-Stress and
Overrange Behavior of Sealed-Cavity Polysilicon Pressure Sensors”, |EEE Solid-
State Sensors and Actuators Workshop, p 181, 1990

34. R. T. Howe, and R. S. Muller, "Polycrystalline Silicon Micromechanical Beams,"
J. Electrochem. Soc., val 130, No. 6, p 1420-1423, June 1983




3]

APPENDIX A

MELO-Si ACCELERPMETER FABRICATION PROCESS FLOW

(mask set JTP-MALT)
Wafer Set
Starting material
a. Dateprocessflow started
b. Lot# ; # of wafers
d 3inch n-type; (100) with flat on <110>
d.  Resistivity: R-cm
e. Comments:

Alignment mark nimde
(Includemonitor waferd)

a.
b.

Piranha clean (H,SO4:H,0, = 1:1), DI rinse, dry

Plasma nimde dep. - S000A
@ 650 mTorr, 300 °C, 50 Watts, w/5 sccm SiHy, 50 sccm NH3, 50 sccm Np

Resulted thickness:
Comments:

Nitrideaignment lithography

a
b.

Clean the mask plate w/ piranha, DI rinse, Dry, Hardbake for 10 min.
Mask #MA-1: Light Field!

-- Apply HMDS, AZ4620 resist spin @ 6000rpm for 40sec.

-- Softbake @ 90°C for 30min.

-- Expose @ 23Watt/em? w/ SUSS mask aligner for 30sec.

-- Develop w/ AZ developer + DI water (1:1) for 2min., DI rinse, Dry
-- Inspection:

-- Hardbake @ 110°C for 30 min.

Etch plasmanimde in BHF until the etched areadewets: time

Strip resist w/ solvents and then piranhaclean for 20 min.

-- Inspection:

Comments:

Field oxidation (or Etch-stop oxide growth)
(Include monitor Wafersl)
a. Piranhaclean, DI rinse, Oy.

b.
C.

H, burn oxidation @ 1100 *C w/ 90sccm Hy, 60sccm O, for 150 min.
Oxide color/thickness: / (10251A from SUPREM3)

Time/Date




6.

8.

230

Time/Date
MELO seed lithography
a. Clean the mask plate w/ piranha. DI rinse, Dry. Hardbake for 10 min.
b. Mask #MA-2: Light Field!
-- Apply HMDS, AZ1350 resist spin @ 4000rpm for 30sec.
-- Softbake @ 90°C for 15min.
-- Expose @ 23Watt/cm? w/ SUSS mask aligner for 7.5sec.
-- Develop w/ AZ developer + DI water (1:1) for 2min., DI rinse, Dry
-- Inspection:
-- Hardbake @ 110°C for 20 min.
C. Etch with BHF until the etched area dewets: time
d. Strip resist w/ solvents
-- Inspection:
e. Comments:
MELO-Si growth
(Include monitor wafers!)
a. Piranhaclean for 15 min., DI rinse
b. BHFdipfor 10 sec., DI rinse, Dry
-- Thorough rinse with DI water is an ABSOLUTE condition for good MELO-Si
-- Avoid any contamination while drying with nitrogen gun.
c. MELO process parameters:
FUr#:
prebake: time «Hy » HCL DCS .Temp ____,Pressure______
HCL etch: time ,Hp HCL Temp ,Pressure
Dep.:time____ ,Hp , HCL , DCS , Temp ,Pressure___
d. Inspection:
-- ELO thickness with profilometer: average , Std. dev.

-- Nucleation (subjective):
— Sheet resistivity with four point probe:
e. Comments:

MELOQO-Si field oxidation

(Include monitor waferd)

a. Piranhaclean, DI rinse, Dry.

b. Hy burn oxidation @ 1100 ‘C w/ 90sccm Hy, 60sccm O for 30 min.
-- Oxide color/thickness: / (3125A from SUP3)

c. Comments:

Piezoresistor lithography
a. Clean the mask plate w/ piranha, DI rinse, Dry, Hardbake for 10 min.
b. Mask #MA-3: Dark Field!
-- Apply HMDS, AZ1350 resist spin @ 4000rpm for 30sec.
-- Softbake @ 90°C for 15min.
-- Expose @ 23Watt/cm? w/ SUSS mask aligner for 7.5sec.
-- Developw/ AZ developer + DI water (1:1) for 45- OW., DI rinsg, Dry
-- Inspection:
-- Hardbake @ 110°C for 20 min.
c. Etch with BHF until the etched area dewets: time
-- Rinse, dry, and use the photoresist as an additional ion implant mask.
-- Inspection:

O



9. Piezoresigor (p-type) implant

a

o

Boron implant @25keV, 1.0x1015/cm?

-- Implant with the beam line pressure bdow 1x10-6 Torr
-- Beam current:

Strip photoresist with solventsand then piranha clean.
Comments:

10. Basdlithography

a

b.

Clean the mask plate w/ piranha. DI rinse. Dry. Hardbake for 10 min.
Mask #MA-4: Dark Feld!

-- Apply HMDS. AZ1350 resist spin @ 4000rpm for 30sec.

-- Softbake @ 90°C for 15min,

-- Expose @ 23Watt/cm? w/ SUSS mask aigner for 7.5sec.

-- Develop w/ AZ developer + DI water (1:1) for 45-60sec., DI rinse. Dry
-- Ingpection:

-- Hardbake @ 110°C for 20 min.

Etch with BHF until the etched areadewets: time

-- Rinsg, dry, and use the photoresist as an ion implant mask.

-- Ingpection:

Comments:

11. Base(p-type) implant

a

b.
C.

Boron implant @25keV, 3.0x1013/cm?

-- Implant with the beam line pressure below 1x10-6 Torr
-- Beam currenr

Strip photoresist with solventsand then piranha clean.
Comments:

12. Basedrivein .
a. Piranhaclean. DI rinse, dry

b.

C.

Wet oxidation @ 1000°C w/ 90sccm H,, 60sccm O; for 15 min.

-- Oxidecolor/thickness: SEG/MEMO: /
piezoresistor: /
base: /

Comments:

13. Emitter lithography

a

b.

Clean themask plate w/ piranha. DI rinse. Dry. Hardbake for 10 min.
Mask #MA-5: Dark Field!

-- Apply HMDS. AZ1350 resist spin @ 4000rpm for 30sec.

-- Softbake @ 90°C for 15min.

-- Expose @ 23Watt/cm? w/ SUSS mask aligner for 7.5sec.

-- Develop w/ AZ developer + DI water (1:1) for 45-60sec., DI rinse. Dry
-- Ingpection:

-- Hardbake @ 110°C for 20 min.

Etch with BHF until the etched area dewets: time

Strip photoresi st with solvents and piranhaclean, DI rinse, dry.

-- Inspection:

Comments:

Time/Date
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14.

15.

16.

17.

18.

19.

Emitter implant
a. Arsenicimplant @25keV, 3.0x1015/cm2
- Implant with the beam line pressure below 1x10-¢ Torr
- Beem current.
Strip photoresist with solventsand then piranhaclean.
c. Comments:

o

Emitter drive-in
a. Piranhaclean, DI rinse, dry
b. Wet oxidation @1000°C w/ 90sccm Hj, 60sccm O, for 15 min.

-- Oxidecolor/thickness: SEG/MEMO: /
piezoresistor: /
base; /
emitter: /

c. Comments:

Contact lithography
Clean the mask plate w/ piranha, DI rinse. Dry, Hardbake for 10 min.
b. Mask #MA-6: Dark Field!
-- Apply HMDS, AZ1350 resist spin @ 4000rpm for 30sec.
-- Softbake @ 90°C for 15min.
-- Expose @ 23Watt/cm2 w/ SUSS mask aligner for 7.5sec.
-- Developw/ AZ developer + DI water (1:1) for 45-60sec., DI rinse, Dry
-- Inspection:
-- Hardbake @ 110°C for 20 min.
Etch with BHF until the etched area dewets: time
Strip photoresist with solventsand piranhaclean, DI rinse, dry.
-- Inspection:

Ao

Meital (Al-Si) deposition

Sputter deposit Al-Si(1%) @ 100 Watt, 8 mTorr for 30min.
I nspect the metal surfacesmoothness
Comments:

coop

Metal Anneal
a.  Anned in Nitrogen @ 400 °C for 20 min.
b. Comments:

Mctal lithography
a. Clean the mask plate w/ piranha, DI rinse, Dry, Hardbake for 10 min.
b. Mask #MA-7: Dark Field!
-- Apply HMDS, KTI 747 negativeresist spin @ 3000rpm for 40sec.
-- Softbake @ 90°Cfor 15min.
-- Expose @ 23Watt/cm? w/ SUSS mask aligner for 3sec.
-- Develop w/ KT1 developer Rl nse w/ KTI rinse, Dry w/ Nitrogen
-- Inspection:
-- Hardbake @ 110°C for 20 min.

Load the wafersin the Al-Si dep. chamber and Wait till Pressure<3x10-7 Torr.

Time/Date
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C.

d.

e.

Time/Date

Etch w/ (25ml DI + 100ml Acetic Acid + 25ml Nimc Acid + 100ml Phosphoric Acid)
-- Do not overetch the metal!

-- DI rinse.

Strip photoresist with warm Nophenol with mild agitation

-- Rinse with TCA. ACE, METH with agitation, DI rinse, dry.

-- Inspection:

Comments:

20. Chrome (Cr.) deposition

coow

Load the wafersin the Cr. dep. chamber and Wait till Pressure<3x10-7 Torr.
Sputter deposit Cr. @ 100 Watt, 8 mTorr for 60min.

Inspect the metd surface smoothness

Comments:

21. Passivation nitridedeposition

a

b.

C.

PECVD nitridedeposition @ 350 mTorr, 300 *C, 50 Wait,
w/ 50sccm wf 5 sccm SiHy, 50 sccm NHy, 50 sccm N,

Front deposition- 1 hour + 2 hours (total 3 hours)

Back deposition-1 hour

Comments:

22. Back-etch pattern lithography

a
b

Clean the mask plate w/ piranha, DI rinse, Dry, Hardbake for 10 min.
Mask #MA-8: Dark Field!

-- Apply HMDS, A24620 resist spin @ 6000rpm for 40sec. on the back.
-- Softbake @ 90°C for 30min.

-- Apply HMDS, A24620 resist spin @ 6000rpm for 40sec. on thefront.
-- Softbake @ 90°C for 30min.

-- Expose the back side with SUSS double sided mask aligner for 3min.
-- Develop w/ AZ developer + DI water (1:1) for 3-5min., DI rinse, Dry
-- Inspection:

-- Hardbake @ 110°C for 20 min.

Etch w/ SFg @ 500 watts (PECV D nimde etch rate: = 0.5pum/min)

-- Need a visual inspection

-- Etched time:

-- Inspection:

Strip photoresist with warm Nophenol with mild agitation

-- Rinse with TCA, ACE, METH with agitation, DI rinse, dry.

-- Inspection:

Comments:

23. MELO-Si diaphragm formation

a

b.

K OH anisotropicetching

-- Etching solution: 127ml DI, 47gm KOH, 39ml n-propanol (or their multiples).
-- Temperature: 80+1°C

-- Time: 5-7 hours. After 5 hours, the manual inspection is recommended.

-- DI soak (overnight is recommended).

Thediaphragm is very fragileafter the KOH etching. Therefore, extremecaution
is necessary during rinsing and drying.

-- Inspection:




24.

25.

26.

27.

28.

234

Time/Date

Assembleto the back plate

a. Apply glueon the back plate dies, next to the etched basin edges, paralld to the
accelerometer bridgesdirection and attach the MELO-Si acce erometer wefer (or dies)
on the back plateaigning the beck of the middle massto the basin

b. Hardbake @110 °C for 1 hour or more.

c. IFtheMELO-SI accderometer dies becomeseparated into dies, then the wafer can be
diced and each accelerometer diecan beatached to each back plate dieindividualy.

c. Comments:

Front passivation nitride removal
a  Etch thefront nitridew/ SFg @ 500 wetts

-- Need a visua inspection until Cr. is completely exposed.
-- Etched time:
-- Inspection:

b. Comments

Front Cr. remova .

a Etch Cr. w/(500ml DI + 20ml Acetic Acid + 50gm (NH),Ce(NO3)g)
-- Need avisual inspection until Cr. iscompletely etched.
-- Etched time:
-- Inspection:

b. Comments:

Front delinesation lithography
a.  Thislithography stepcan be performed on either awholewafer or individud dies.
In the case of individual dies, they can be amounted on another wafer and can be processed.
b. Clean the mask plate w/ piranha, DI rinse, Dry, Hardbake for 10 min.
¢ Mak#MA-9: Dak Fed!
-- Apply HMDS, AZ4620 resist spin @ 6000rpm for 40sec.
-- Softbake @ 90°C for 30min.
-- Expose @ 23Watt/em? w/ SUSS mask aligner for 30sec.
-- Develop w/ AZ developer + DI water (1:1) for 90-120sec., DI rinse. Dry
-- Ingpection:
-- Hardbake @ 110°C for 20 min.
d Etch w/ SFg @ 500 wetts (PECVD nitride etch rate; ~ 1um/min)

-- Need avisud inspection
-- Etched time:
-- Inspection:
e. Etch the seed window oxideswith BHF.
-- DI soak (overnight isrecommended).
--Ingpection: ____
Strip photoresist by soaking in solvents, DI rinse, bake dry.
g. Comments

—

Packaging and Al-Si wirebonding

a.  Apply glueon the back o the back-platedie and attach it onto the package
b. Hardbake @110 °C for 1 hour or more.

C.  Wire bond on the bonding padsand test the accelerometer.



APPENDIX B
ANSYSINPUT HLE FOR MELO-SI ACCELEROMETER SIMULATION

* Filename=inl1
* Written by James Pak - 8/ 27/92

* Enable screen plotting using x-window on Sun Sparc work station
/show,x11,,1

/PREP7

/TITLE,MELO-Si accelerometer asasmple bridge
KAN,0

MAT,1

ET,1,45,,,,,,2

* Material Propertiesfor silicon

MP,EX,1,1.7¢12
MP,NUXY,1,.063
MP,ALPX,1,2.33¢e-6
MP,DENS,1,2.33

Input geometrin parametersin CGS units
Thicknessof the beam = 10 microns(=0.001 cm)
Length of the beam = 420 microns (4.042 cm)
Width of the beam = 160 microns (4.016 cm)
Thickness of die =370 microns(=0.037 cm)
Half of thedielength (inx dir) =0.18 cm
Half of thedielength (iny dir) =0.20 cm
Top massedge in x-dir = 880 microns(4.088 cm)
Top massedge in y-dir = 1240 microns (=0.124 cm)
Width of cavity openingin x dir = 420 microns (=0.042 cm;
Width of cavity openingin y dir = 120 microns (=0.012 cm
Distance to cavity outer edgein x dir =0.13cm
Distance to cavity outer edgein y dir =0.136 cm
Bottom massedgein y-dir = 980 microns (=0.098 cmg
Bottom massedge in x-dir = 620 microns (=0.062 cm
Substrate thickness= 360 microns(=0.036 cm)
Accelerationlevel = 1g (=980 cm/sec*sec)

XX X K K XX K X XX X ¥ X X X

* Create keypointsin CGS units (in cm)

* Proof masskey points

k,1,0,0,0
k,2,0,0.04,0
k,3,0,0.056,0
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k,51,0.13,0.2,0.037
k,52,0.18,0.2,0.037
k,53,0.18,0.136,0.037
k,54,0.18,0.056,0.037
k,55,0.18,0.04,0.037
k,56,0.18,0,0.037
k,57,0.13,0,0.037
k,58,0.13,0.04,0.037
k,59,0.13,0.056,0.037
k,60,0.13,0.136,0.037

-
-

>

Create volumesfor mass substrate

v,9,16,8,1,10,15,7,2
v,10,15,7,2,11,14,6,3
v,11,14,6,3,12,13,5,4

* Create volumesfor massepi-region

v,17,24,16,9,18,23,15,10
v,18,23,15,10,19,22,14,11
v,19,22,14,11,20,21,13,12

* Create volumefor support substrate

v,37,48,36,25,38,39,27,26
v,48,41,29,36,39,40,28,27
v,47,42,30,35,48,41,29,36
v,46,43,31,34,47,42,30,35
v,45,44,32,33,46,43,31,34

* Create volumefor support epi-region

v,49,60,48,37,50,51,39,38
v,60,53,41,48,51,52,40,39
v,59,54,42,47,60,53,41,48
v,58,55,43,46,59,54,42,47
v,57,56,44,45,58,55,43,46

* Create volumefor beam
v,23,58,46,15,22,59,47,14
* Proof mass substratelinediv x direction

LDVS,1,,5,.2
LDVS,3,,5,5

LDVS,6,,5,5

LDVS,10,,5,5
LDVS,14,.5,5
LDVS,18,,5,5
LDVS,22,,5,5
LDVS,26,.5,5




* Proof massepi region linediv x direction

LDVS,29,,5,.2
LDVS,33,,5,5
LDVS,38,,5,5
LDVS,43,,5,5

* Proof mass substrateline div y direction

LDVS),,S,.2
LDVS,7,,5,5
LDVS)9,,5,5
LDVS,11,,5,5

LDVS,13,,8
LDVS,15,,8
LDVS,17,,8
LDVS,19,,8

LDVS,21,,5,5

LDVS,23,5,.2
LDVS,25,,5,.2
LDVS,27,,5,.2

* Proof mass epi region linediv y direction

LDVS,32,,5,.2
LDVS,34,,5,5

LDVS,37,,8
LDVS,39,,8

LDVS,42,5,5
LDVS.,44,,5,2

* Proof mass substratelinediv z direction

LDVS,2,,3
LDVS,4,,3
LDVS.8,,3
LDVS,12,,3
LDVS,16,,3
LDVS,20,,3
LDVS,24,3
LDVS,28,,3

* Proof massepi region linediv z direction

LDVS,30,,1
LDVS,31,,1
LDVS,35,,1
LDVS,36,,1
LDVS,40,,1
LDVS,41,,1
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LDVS,45,,1
LDVS,46,,1

* Support substratelinediv x direction

LDVS.47,,5
LDVS,49,,5
LDVS,52,,5

LDVS,85,,5,.2
* Support epi region linediv x direction

LDVS,91,,5
LDVS,95,.5

LDVS,99,,5,5
LDVS102,,5,.2
LDVS104,,5,5
LDVS,109,,5,5
LDVS,114,,5,5

* Support substratelinediv y direction

LDVS,51,,5
LDVS,53,,5
LDVS,55,,5
LDVS,57,,5
LDVS,62,,5
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LDVS,90,,5,5
* Support epi region linediv y direction
5

5
1,,5

LDVS,94
LDVS,96
LDVS,10

LDVSJog;Ls
LDVS,108.,7,.2

LDVSJI%ﬁ
LDVS,113..8

LDVS,117,,5,.2
LDVS,118,,5,5

* Support substrate linediv z direction

LDVS.,48,.3
LDVS,50,.3
LDVS,54,,3
LDVS,58,,3
LDVS,60,,3
LDVS, 64,3
LDVS,68,,3
LDVS,70,,3
LDVS,76,,3
LDVS,78,,3
LDVS,84,,3
LDVS.86,,3

* Support %pi region linediv z direction

LDVS,92,,
LDVS 93,
LDVS,97,,
LDVS,98,,
LDVS,100},1
LDVS,103),1
LDVS,105),1
LDVS,106,,1
LDVS,110),1
LDVS,111),1
LDVS,115/,1
LDVS,116,1

* Linedivi#ion for beam length

LDVS, 119,,8
LDVS120,,8
LDVS,121,.8
LDVS/122,|8
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* Cregte all the nodes
VMESH,ALL

* Clamped boundary conditions at support
NRSEL,Z,0,0
NRSEL,X,156,180
D,ALL,ALL,0

NALL

NRSEL,Z,0,0
NRSEL,Y,162,200
D,ALL,ALL,0

NALL

* Symmetry conditions

SYMBC,0,1,0
SYMBC,0,2,0

* Apply aceleration 10g in zdirection
ACEL,0,0,9800

LWRITE

AFWRITE
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APPENDIX C
FEM ANALY S SFOR MELO-SI ACCELEROMETER DY NAMIC RESPONSE
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Finite Element Analysisdf a bridge-type MELO-Si accel erometer
Usingelastic beam smulation by Linear Interporlation

% o 3k %

- Programmed by : James J. Pak -
. Last Mod. Date : Mar. 22,1992 -
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*¥% ¥ X

PROGRAM PIEZOBEAMFEM

IMPLICIT DOUBLE PRECISION(A-H,0-Z)

DIMENSION AM(50,50),AK(50,50),AMEL(4,4),AKEL(4,4)
& ,NELCON(50,4),EVAL(50),EVEC(50,50)

& ,LEBC(50),UEBC(50),ELENGTH(50),DL(50)
DOUBLE PRECISION ML(50)

CMMON/WORKSP/RWKSP
Red RWKSP(7158)
CALL IWKIN(7158)

OPEN (unit=1 file='femdatapak’,status="unknown’)
OPEN (unit=11 file="model’,status="unknown’)
OPEN (unit=12,file="mode2’,status="unknown")
OPEN((unit=13 file='x",status="unknown')

9 3k 3k 3 ok sk sk 2 ok ok sk ok ok ok ok 3k ok Ok ok 3k o afe Ok ofe kK

*
Congtants
%k sk 3k 3k 2 3k sk 3k 3 ok ke sk ok 2k ok sk 3k sk ok ok 3 k¢ A 6 ok %k ok

pi = 4DO*DATAN(1.D0O) =

3K 2K 2k ok ok ok 3k Ak 3k ok o ke afe 2 3k e o O k¢ 3k 3k e e e oK XK K
* |nitialization
Sk 3k 3k 3k 31 3k K 3k ok 3k ok K 3k 3k 3k ok oK ok ok ok sk ok ok ok ok Kok
DO 1 m=1,50
DO 1n=1,50
AM(m,n) =0.D0
1 AK(m,n) = 0.DO



sk 3k sk ¢ ok s 3 ke ok 36 3 3 e ke K ke 3¢ ke K ke Ak ke ke ok ek ok

* ReadinData

3 3k 34¢ 3k 9k 3k ok 3¢ 3 ¢ 3¢ 3 ok k¢ A 3K Ak ke 3k Ak ok ok 3k oK A Ak Xk
READ(1,*)
READ(1,*) Y,rho

READ(1,*)
READ(1*) Nelem

READ(1,%)
DO 10 N=1,Nelem

10 READ(1,*) NELCON(N,1),NELCON(N,2),NELCON(N,3),NELCON(N,4)

READ(1,%)

DO 20N=1,Nelem

READ(L*) xl,xr,thickness,width

ML(N) = thickness*rho*width

DL(N) = Y/12.D0O*thickness**3*width
20 ELENGTH(N) = xr-xl

READ(1,*)
READ(1,*) Nebc
READ(1,*)
DO 30 N=1,Nebc
30 READ(1,*) Lebc(N),Uebc(N)

Nnode= Nelem*2 + 2

3k 3 3k 3k 3 3 s e sk e dk 24k ke sk Ak ke k¢ Sk e 3k Fe e 3k 3k 2k ke 3k A 3k 3 A 2k 2k k vk e 9k ok 3k e e K¢

*  AssembleGlobal Matrix
3K 3K 3K 3 K 5k 3K 2 2k 2k 3k Ak 3k 3k 3k ok ok 3 3 3 3k ke ok o 3 3k 3k 3k K Ok 3k A o X K ok N K XK Ak Kk
DO 100 N=I ,Nelem
CALL ELEM(ML(N),DL(N),elength(N),AMEL,AKEL)
DO50i=1,4
II = NELCON(N,i)
DO 40 j=1,4
JJ= NELCON(N.j)
AK(ILJ)) = AK(I1,J]) + AKEL(,))
AM@,J)) = AM(LJ)) + AMEL(,j)
40 CONTINUE
50 CONTINUE
100 CONTINUE

sk 3k 3k a3k 3k ok ok ok ok ok ke ok e k ok b 3 A 2k ke e ke 3¢ 3k 3 ke e e ok s ke sk 3 ke s kel ok e e dfe ke

*  Essential Boundary Condition
ok 3 >k e 3k ke 3k 3K ok 3 sk e 3¢ sk 3¢ 3k 2k o k 3k ke ok 3k Ak 3k ek 2k ke 3k ¢ A ke ¢ A e e ok Kk ke Kk

CALL EBC(Nnode, NEBC,Lebc, AK,AM)
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*  Find Natural Frequencies

3k 3k 3k sl ok 3k sk 3k 3k ke 3k 3k e sk sk ok ok 2k 3l 3k ke ok e sk ke ke e sk e ok ok ke ok ke ke sk ok ke kook

CALL DGVCSP(Nnode,AK,50,AM,50,EVAL,EVEC,50)

PRINT*," Natural Frequency’
PRINT*'N  Short Open Red'
DO 300i=I,Nnode
Freq = Sngl(Dsqrt(Eval(i))/2./pi)
PRINT* i,Freq
300 CONTINUE

DO 350 k=1,Nnode/2
PRINT* k, EVEC(2*(k-1)+1,5)

350 WRITE(11,*) EVEC(2*(k-1)+1,5)
DO 360 k=1,Nnode/2
PRINT*, kK, EVEC(2*(k-1)+1,6)

360 WRITE(12,*) EVEC(2*(k-1)+1,6)
x=0.

WRITE(13,*) x
DO 370 k=1,Nelem
x = x + elength(k)
370 WRITE(13,*) x*1.D6

STOP
END

oK e ke e o 3k 3k e 3k ok sk 3k 3e ke 3k e e ke ke ke ke e ke ke b e 2k ok 3k dke sk sk ke ke ke 2k ok 3k Sk e ke ke ok Xk

SUBROUTINEELEM(mL,DL,L,AMEL,AKEL)

st ke ok e ook e ok ok ek o oe 8 b e b e sk ok oo e o ok o ok 3k e e ok o e ok ok o ok

IMPLICIT DOUBLE PRECISION(A-H,0-Z)
DIMENSION AMEL(4,4),AKEL(4.4)
DOUBLE PRECISION mL,L

AMEL(1,1) = 156.D0
AMEL(1,2) = 22.DO*L
AMEL(1,3) = 54.D0
AMEL(1,4) =-13.DO*L
AMEL(2,1) = 22.D0*L
AMEL(2,2) = 4.DO*L**2
AMEL(2,3) = 13.D0O*L
AMEL(2,4) = -3.DO*L**2
AMEL(@3,1) = 54.D0
AMEL(3,2) = 13.DO*L
AMELQ3,3) = 156.D0
AMEL@3.4) =-22.D0*L
AMEL(4,1) =-13.D0*L
AMEL4,2) = -3.DO*L**2
AMEL(4,3) = -22.D0*L.



AMEL(4,4) = 4 DO*L**2
AKEL(1,1) = 12.D0O*DL/L**3
AKEL(1,2) = 6.DO*L*DL/L**3
AKEL(1,3) = -12.DO*DL/L**3
AKEL(1,4) = 6.DO*L¥DL/L**3
AKEL(2,1) = 6. DO*L*DL/L**3
AKEL(2,2) = 4. DO*L**2*DL /] **3
AKEL(2,3) = -6.DO*L*DL/1_**3
AKEL(2,4) = 2.DO*L**2*DL/L**3
AKEL(3,1) = -12.D0*DL/L*¥*3
AKEL(3,2) = -6.DO*L*DL/1.**3
AKEL(3,3) = 12.DO*DL/L**3
AKEL(3,4) = -6.DO*L*DL/L**3
AKEL(4,1) = 6. DO*L*DL/L**3
AKEL(4,2) = 2.DO*L**2*D]/L**3
AKEL(4,3) = -6.DO*L*DL/1L**3
AKEL(4,4) = 4 DO*L**2*DI_/L_**3

DO 10i=14
DO 10j=1,4
10 AMEL(,j) = AMEL(ij)*mL*1./420.D0

RETURN
END

¢ 20 35 57 o sk e e e S e e N e e e 3k e e S e 3 e Sk e e ok ok e ke e e e ok e e 5k e ke 3¢ Fe Ne ok e ke 2k

SUBROUTINE EBC(Nnode,Nebe, LEBC,AK,AM)

3 ok 35 ol e e e ol e 3k ke e e e 3 e e e e He 0 ke e sk ke 2k e e e e K N e e ke e e Ak ek Ak e e e sk ok

IMPLICIT DOUBLE PRECISION(A-H,0O-Z)
DIMENSION AK(50,50),AM(50,50),LEBC(50)

DO 200 N=1,Nebc

DO 100 I=1,Nnode

AK({,LEBC(N)) = 0.0D0

AK(LEBC(N),I) = 0.0D0

AM@XLEBC(N),D) =0.0D0
100 AM(LLEBC(N)) = 0.0D0

AK@LEBC(N),LEBC(N)) = 1.0D0
AM(LEBC(N),LEBC(N)) = 1.0D0

200 CONTINUE

RETURN
END
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