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Abstract

MEMS resonators, cantilevers and bridges, using the piezoelectric effect to drive and detect the
fundamental resonance mode are studied. Two types of MEMS resonators are investigated in
detail: a conventional quartz tuning fork (a two terminal device) and an InP bridge (a three
terminal device). While the former is fabricated commercially from an insulating piezoelectric
material the latter is fabricated via the controlled growth of a III-V semiconductor material with a
non-zero piezoelectric coefficient. To utilize piezoelectricity based on a III-V semiconductor, an
Tng g5 Gag.15P/InP heterojunction was fabricated resulting in a depletion width which can be
controlled using Schottky contacts. The result of this design is a piezoelectric device, in principle
allowing for (dc) tuning of the magnitude of the resonant (ac) deflection and current. The type of
deformation of interest is flexural and based on this a general theory relating the bending moment
produced due to the piezoelectric stress is presented. Using this bending moment a general
expression for the expected deflection and charge is derived analytically. For the quartz case the
general expression, which has not been previously derived, is compared to the results of
experiments and finite element simulations with good agreement. For the case of InP devices a
resonance was not detected. This is attributed to the small piezoelectric coefficient of InP, the stiff
bridge design that was chosen and large parasitic effects combining to make it difficult to observe
the resonance. The fundamental mechanical noise of the quartz tuning fork was measured and is
due to thermal fluctuations at the measurement temperature (~300K) associated with the
dissipation in the mechanical system and can be related to the effective resistance of the resonator
in the equivalent electrical circuit. Additionally, contributions to the package or dielectric
capacitance using two and three terminal setups were studied. The three terminal configuration

results in a lower package or dielectric capacitance than for the two terminal configuration.
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Chapter 1

Introduction

1.1 MEMS

Micro-Electro Mechanical Systems (MEMS), as the name suggests, are devices in the micron scale
using either electricity or electronics (or both) and having some kind of moving part or parts.
The MEMS concept, however, has grown to encompass many other types of domains like thermal,
magnetic, fluidic and optical devices, with or without moving parts [1]. In practice, MEMS share
several common features:

1. MEMS are both the sensors and actuator part of the system. As sensors, they gather infor-
mation from the environment through measuring mechanical, thermal, biological, chemical,
optical and magnetic phenomena. The “brain” which could be electronics, chemistry, optics
ete processes this information and direct the actuators to respond by moving, positioning etc
thereby interacting with the environment for some desired outcome or purpose

2. MEMS are “systems”, in that system issues like packaging, system partitioning into compo-
nents, calibration, signal to noise ratio, stability and reliability all need to be addressed

3. MEMS devices involve paradigm shifts from macro ways of doing things, by more than simply
reducing the size scale. For examples ink-jet heads allow high-quality color printing at very
low cost, Digital Micromirror Device (DMD) found in digital projectors allow for light weight
home and business projection application, inertial sensors allow for reliable sensing thereby
triggering airbag release only when needed

1.2 Material for MEMS Fabrication

Conventional MEMS devices are fabricated from silicon, silicon dioxide, silicon nitride, poly-silicon
ete.

Silicon is used because: it is abundant, inexpensive and can be produced and processed
controllably with repetitive standard of high purity and perfection, thin films like silicon dioxide,
silicon nitride, poly-silicon can be deposited, patterned, etched which are highly amenable to minia-
turization and most importantly batch fabrication techniques akin to the those used in integrated
circuit (IC) industry can be used. This last point allows for silicon based MEMS to be made cheaply
and integrate the sensory/actuation component with the electronic circuitry or “brain”. Addition-
ally, silicon’s young modulus [2], 1.9 x 10! Pa, is comparable to steel [2], 2.1 x 10'1Pa, and has a
tensile yield strength [2], 6.0 x 10° Pa, which is three times higher than steel making it a good me-
chanical material. The ability to grow high purity crystals allows for fabrication of extremely high
Q resonators thereby increasing sensitivity of resonator applications. Silicon, however, does have

1



1.2, MATERIAL FOR MEMS FABRICATION 2

Figure 1.1: Silicon strained MEMS resonator|3]

disadvantages mainly lack of piezoelectricity, no band gap engineering capability and is optically
inactive due to its indirect band gap property. Additionally, the films grown on silicon can induce
high strain causing unwanted effects like shape distortions, figure1.1 [3], in mechanical structures.

I11-Vs not only share similar advantages to silicon, like comparable young’s modulus, avail-
ability of high purity crystal etc, but have additional properties like being optically and piezoelec-
trically active making it a favorable material for various sensor based applications. I1I-Vs also have
the unique property of forming compatible ternary and quaternary compounds by alloying which al-
lows for variable optical and piezoelectric properties. Additionally, using lattice matched techniques
the ternary and quaternary alloys can be grown on ITI-V substrates, using epitaxial techniques like
MOCVD and MBE, without causing too much strain. This has the advantage that mechanical struc-
tures, after fabrication, do not have unwanted shape distortions. Various micromachining techniques
such as: selective etch stops for heterostructures and homostructures, sacrificial layer techniques,
high yield strength solid state bonding and dry and wet etching for isotropic and anisotropic shaping
have been developed. III-Vs, however, does have disadvantages mainly: high manufacturing costs,
relatively new MEMS technology and most importantly lack of availability of insulating high-quality
oxides and nitrides for reproducible and protective passivating layers. Therefore the powerful MOS
technology in silicon has no counterpart in III-V technology.

Master Thesis - Abhishaik Rampal McMaster University - Engineering Physics



1.3. PIEZOELECTRIC EFFECT 3

1.3 Piezoelectric Effect

Piezoelectricity was discovered by brothers Pierre and Jacques Curie in 1880 [4]. However, this did
not happen randomly. In India and Ceylon the mysterious behavior of tourmalins was well-known. It
was noticed if tourmalins were put into hot ash, at one side they attracted ash particles while at the
opposite side they were rejected. After some time the effect of attraction and rejection inverted. At
the beginning of the 18th century traders brought the tourmalin crystals to Europe. In 1747, Linne
called the tourmalin crystals lapis electricus [5]. In the following century, researchers attempted to
find a connection between the mechanical pressure effect and the electricity. Becquerel was aware
of the fact, that such an effect could be expected with crystals. In 1877, Lord Kelvin established
the correlation between pyroelectricity and piezoelectricity [5]. Tt was verified that the pyroelectric
charge of the tourmalin is ascribed to the formation of piezoelectric surface charge caused by the
elastic crystal deformation under temperature changes. The brothers Pierre and Jacques Curie
discovered the direct piezoelectric effect in tourmalin crystals. They recognized that a mechanical
deformation in certain directions causes opposite electrical surface charges at opposite crystal faces
being proportional to the mechanical deformation. This effect, also found in quartz and other
crystals without symmetry center, has been called piezoelectric effect (Greek: piezein = press) [5)].
The inverse piezoelectric effect predicted by Lippmann [6] based on thermodynamic considerations
were confirmed experimentally by the Curie brothers.

Common naturally occurring piezoelectric materials are a-quartz, bone, silk, dentin etc.
Man-made piezoelectric materials include Gallium Orthophosphate, Langasite, ceramics such as:
Barrium Titanate (BaTiOs), Lead Titanate (PbTiO3), Lead Ziconate Titanate (PZT) etc. A
common property all these materials, than piezoelectricity, is their high resistivities; ranging from
1.0 x 109 — 1.0 x 10'6Q-cm. Infact, having high resistivity is almost a requirement for detectable
piezoelectricity. Application of piezoelectricity in MEMS range from micro-pumps for biomedical
applications, energy harvesting through motion, switches used in RF applications, gyroscopes etc.

1.4 Thesis Overview

In this work MEMS resonators are of interest and piezoelectricity is used to drive and detect this
resonance. The thesis is separated into two parts: the first part is concerned with the design,
theoretical and experimental results of a conventional quartz resonator — quartz tuning fork, and
the second part is concerned with design, fabrication, theoretical and experimental results of an InP
resonator. In both these materials the piezoelectric effect is harnessed.

Master Thesis - Abhishaik Rampal McMaster University - Engineering Physics



Chapter 2

Theory

The theoretical concepts common to both quartz and InP piezoelectric resonators is presented. The
concepts are: structural, piezoelectric, electrical resonant circuit and quality factor.

2.1 Structural

There are various ways by which an object can deform — longitudinal, flexural, thickness shear, face
shear as depicted in figure 2.1 [7]. For beams, beams is defined as structures whose thickness has
the smallest dimension, width is at least ten times larger and length is at least hundred times larger,
the dominant types of deformation are longitudinal and flexural. In this research work the focus is
on driving and detecting flexural vibrations of cantilevers and bridges.

Figure 2.1: Types of deformation: (a) longitudinal, (b) flexural, (¢} thickness shear and (d) face
shear[7]



2.1. STRUCTURAL 5

2.1.1 Flexural Bending

For the simplistic case of a member in pure bending subjected to equal and opposite bending moments
the internal forces in any cross section of a member is equivalent to the applied moment as illustrated
in figure 77 [8]. In order to calculate the deformation of the beam the strain, or equivalently the
stress, due to a couple must be determined. Using the methods of statics relations are derived
which satisfy the stresses exerted on any cross-section of a prismatic member in pure bending.
Denoting o, the normal stress, due to a normal force, at a given point of the cross section, 7y, and 7,
the components of the shearing stress, an expression is derived showing the system of the elementary
internal forces exerted on the section is equivalent to the couple M, figure 2.3 [8]. From statics a
couple, M, consists of two equal and opposite forces. The sum of the components of these forces in
any direction is therefore equal to zero. Additionally, the moment of the couple is the same about
any axis perpendicular to its plane, and is zero about any axis contained in that plane. Selecting
arbitrarily the z-azis, figure 2.3 [8] equations (2.1)-(2.3) expressing the equivalence of the elementary
internal forces and of the couple M by writing that the sums of the components and of the moments
of the elementary forces are equal to the corresponding components and moment of the couple M
(ignoring the shearing stress):

& — components : / ozdA =0 (2.1)
moment about y axis : / z20,dA =0 (2.2)
moment about z axis : / —yozdA =M (2.3)

The minus sign in equation (2.3) is due to the fact that a tensile stress leads to a negative
moment of the normal forces o,dA about the z azis. Equation (2.2) is trivial if the prismatic member
is symmetric with respect to the plane containing the couple M, and if the y-axis is chosen in that
plane. The distribution of the normal forces on the section will be symmetric about the y-axis.

b) ¢
Figure 2.2: Member subjected to equal and opposite couples: (a)internal force at a cross-section,
(b)equal and opposite couples(8]

To determine the dellection of a beam the following is required: (a) relationship between
the deflection of the beam and moment, (b) the mode shapes of the beam and (c) the principle of
virtual work equated to the strain energy.

Equation (2.4) [8] is a 2°¢ order differential equation where £ (y) is the deflection along y-axis
and I, Y is the inertia and Young’s modulus of the beam.

Master Thesis - Abhishaik Rampal McMaster University - Engineering Physics



2.1. STRUCTURAL 6

Figure 2.3: Normal and shearing stress in a prismatic member due to a couple|8]

?E(y) M)
dy? YI
Equation (2.5) [9] is the general equation for the modes of a prismatic member. The constants

Ci, Gz, C3 and C4 are solved for various boundary conditions distinguishing between the cantilever
and bridge case.

(2.4)

X; = C(cos(kiy) + cosh (kiy)) + Ca (cos (ky) — cosh (kiy))
+Cs (sin (kiy) + sinh (kiy)) + Ca (sin (kiy) — sinh (kiy)) (2.5)

The virtual work, equation (2.6) [9], is defined in terms of internal moment, M, and virtual
slope, §¢. Using the definition of virtual displacement, 8¢ (y), and virtual slope the relationship
between the two is §¢ = &5‘;@. Therefore, virtual work in terms of deflection is equation (2.7).

SW = M6 (2.6)

dy
Strain Energy of a beam, equation (2.8) [9], is expressed in terms of an initial deflection, v,,
where the initial deflection is a combination of the mode shapes of a prismatic member, equa-
tion (2.9) [9]. Here X is the normal functions pertaining to the mode shapes equation (2.5) and b, is
the constant scale factor, i.e. contribution from each mode, to be determined. Combining the two,
the strain energy within a prismatic member in the deflected position is equation (2.10).

(2.7)

YI "\ 2
U, = - (vo) dy (2.8)
v =€) =01 X1 + b Xo +b3Xs+ ... = » b X; (2.9)

v, =5 8 [ (x0) ay
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U, = g b2k} / (X:)* dy (2.10)

Similarly virtual work can be expressed in terms of equation (2.9) yielding equation (2.11).

Setting virtual work equation (2.11) equal to the incremental strain energy equation (2.10) yields

equation (2.12) for deflection. This equation consists of two terms: constant which is proportional to

the moment and summation which is the product of the mode shape and its derivative or curvature

evaluated at some y = y; independent of the evaluation of £ (y). The two types of prismatic members
solved are cantilevers and bridges.

B(08(y) _0(wo) _ 9(6b:Xi)  8bOX;

Ay Oy Oy dy
0b;0X;
W=M= (2.11)
0X; _ dU,db,
M éb; oy~ oh,
sy, 0% _ U _ 9 (S e2kt [ (X0 dy) obs
' ay B ab’b B 8b1
0X; 4 2
= o X;
M= YIY bikf /( ) dy
M (axi>
bi = -
YIY k[ (X)) dy \ Oy
M X; ) e
Y=oy (22
M X; (0X;
§W) =37 > L <—E)y_>
ML3 X; BXi)
y) = 212
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2.1.1.1 Cantilevers

The mode shapes of a cantilever are determined using equation (2.5) for the appropriate boundary
conditions equation (2.13)-(2.16)[9]. These boundary conditions describe the deformation and strain
at y = 0 is zero, curvature and shear force at y = L are also zero. The first two conditions
yield, C; = 0 and C3 = 0, reducing equation (2.5) to equation (2.17).

Xy =0 (2.13)
dX
<@>y:0 =0 (2.14)
d?X
(#),..7° )
d3X
(%), 0
X, = Cs (cos (kyy) — cosh (k;y)) + Ca (sin (kiy) — sinh (k:y)) (2.17)

Applying the third and fourth condition yields:

Cs (cos (kiL) 4 cosh (k;L)) + Cy (sin (k;L) + sinh (k;L)) =0

Cy (sin (k;L) — sinh (k; L)) — Cy4 (cos (k; L) + cosh (kL)) =0

The resonance frequencies, equation (2.19)[9], are determined by taking the determinant
of the above equations yielding a transcendental equation, equation (2.18). The first ten roots of
this equation are given in table (2.1). Additionally, solving for the constants Cy & Cj results in
the general equation describing the mode shapes of a cantilever, equation (2.20). The mode shapes
agsociated with first three roots are given in figure (2.4).

cosh (k;L) cos (k;L) = —1 (2.18)
1 t Y
fr =52 60 3\ 13 (2:19)
X = (cos (kiy) — cosh (kiy) — o (sin (kiy) — sinh (k;y))) (2.20)

where
_cosh (kL) + cos (k; L)

7 Sink (k;L) + sin (k;L)
Using equations (2.20) and (2.12) equation (2.21) is the general expression for the deflection

of a cantilever beam. The maximum deflection for the fundamental mode occurs at y = L. This is
solved using equations (2.12) and (2.20) yielding equation (2.22) as shown below:

3 . .
£ () ML X; (E)Xz>
=11

YI 4~ (L)* \ 9y

% _ O(cos (k;y) — cosh (k;y) — oy (sin (kiy) — sinh (k:y)))
oy oy
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L)

1.875104069

4.69409133

7.85475748

10.99554073

14.13716839

17.27875953

20.42035225

23.56194490

26.70353756

Sl o] 0o ~1| o) | x| wof o] =] =

29.84513021

Table 2.1: Roots of equation(2.18)

First Three Mode Shapes

/
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Figure 2.4: Cantilever’s first three modes
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"(,j; — ki (—sin (kiy) — sinh (kiy) — a (cos (kiy) — cosh (ky)))
E) = %— (k:‘:{—Li)‘lki (—sin (kiy1) — sinh (ky1) — o; (cos (kiy1) — cosh (kiy)))
£(y) = %I}— (kj(_Li)“ (ki L) (—sin (kiy1) — sinh (kiy1) — o (cos (kiyr) — cosh (kiy1)))

el) =22 (k§)3 (—sin (kigr) — sinh (kiyy) — o (cos (kiya) — cosh (kiy)))

ML2 N | (cos (kiy) — cosh (ki) — o (sin (k) — sinh (k;y)))
() = VI 2 [ L)’
(—sin (k1) — sinh (kiy1) — o (cos (k1) — cosh (kiyr))) (2.21)
(kL) '

M2 4 sin (kL) sinh (BiL) o (k1) cosh (B, L) — sinh (ks L) cos (ks
N = (L)’ <(8inh (k;L) + sin (kL)) [sin (k:L) cosh (ks L) — sinh (k; L) cos (k; L)]
(2.22)

2.1.1.2 Bridge

Following the same process as for the cantilever, the appropriate boundary conditions for the bridge
are equations (2.23)-(2.26)[9]. These boundary conditions describe the deformation and strain at
y = 0and y = L is zero. The first two conditions yield, C1 = 0 and C3 = 0, reducing equation (2.5)
to equation (2.27).

Xy—0=0 (2.23)
aX
<—d?>y=0 =0 (2.24)
Xy=£=0 (2.25)
dX
(-d?> " 0 (2.26)
X = C2 (cos (kiy) — cosh (kiy)) + Cy4 (sin (kiy) — sinh (kiy)) (2.27)

Applying the third and fourth condition yield:

Cs (cos (ki L) — cosh (k; L)) + Cy (sin (k; L) — sinh (k; L)) =0
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L

RL ]
4.730040745
7.853204624
10.99560784
14.13716549
17.27875966
20.42035225
23.56194490
26.70353756
29.84513021
32.98672286

©|Co| | | O =] | DI ] ==

—
o

Table 2.2: Roots of equation (2.28)

First Three Mode Shapes

Figure 2.5: Bridge’s first three modes

Cs (sin (k;L) + sinh (k; L)) — C4 (—cos (k; L) + cosh (k;L)) = 0

The resonance frequencies, equation (2.19), are determined by taking the determinant of the
above equations yielding a transcendental equation equation (2.28). The first ten roots are given in
table (2.2). Additionally, solving for the constants Co & Cl results in the general equation describing
the mode shapes of a bridge, equation (2.29). The mode shapes associated with first three roots are
given in figure (2.5).

cosh (k;L) cos (k;L) =1 (2.28)

X; = (cosh (kiy) — cos (kiy) — o (sinh (kyy) — sin (k;y))) (2.29)

where
cosh (k; L) — cos (k; L)

o = — .
* sinh (kL) — sin (kL)
Using equations (2.12) and (2.29) equation (2.30) is the general expression for the deflection
of a bridge. For the fundamental mode maximum deflection, equation (2.31), occurs at y = Lf2
where the slope term is evaluated at y; = L/4, i.e. at maximum curvature or maximum strain.
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ML & | (cosh (kiy) — cos (kiy) — o (sinh (k:y) — sin (kiy)))
W) = 7 2 5%
(sinh (kyy1) + sin (kiy1) — a (cosh (kiy1) — cos (kiy1))) (2.30)
(k:L)? .
(L) o M0 M) —con () o i () - in ()
2) = YI & (k:L)°
(inh () + in (45) . (cosh () — cos (1)) -
(kiL)® .

2.2 Piezoelectric

The piezoelectric effect is found with crystal structures lacking a symmetry center regarding the
positive and negative ions of the crystal lattice. Thus, the condition for the occurrence of the
piezoelectric effect is the existence of polar axes within the crystal structure. Polar means, that
there is an electrical dipole moment in the axis directions caused by the distribution of the electrical
charge in the chemical bond. From the outer point of view, the crystal is electrically neutral. A
deformation along the polar axis, by applying an electric field or a mechanical force, causes an
additional electrical polarization to form along this axis. The electrical polarization is caused by the
displacement of the positive and negative ions of the crystal lattice against each other resulting in an
electrical charge on the appropriate crystal surfaces either along or perpendicular to the polar axis
and thus in an outside electrical polarization voltage. An important property of materials exhibiting
a measurable piezoelectric effect is their high resistivity. Usually this is to be expected because the
piezoelectric charge is small.

2.2.1 Mathematical Description

Mathematically piezoelectricity can be described by the strain matrix formulation equation (2.32)
or stress matrix formulation equation (2.33); where 0,/0, are the stress terms, €,/eq are the strain
terms, diq/dpk is the piezoelectric coefficient, e;q/epr is the piezoelectric modulus, D;is the electric
displacement, €, is the permittivity at constant strain, €7, is the permittivity at constant stress, Yp% is
the modulus of elasticity and sfq is the elastic compliance coefficient. The elastic compliance coeffi-
cient is the inverse of the modulus of elasticity. The piezoelectric coefficient and elastic compliance
have the following relationship: d;; = Zeipsfq and stress and strain have the following relation-
P

ship: o), = ZYPZ" €q
P

e | SZ],S dpk Oq
B EAlE (2.32)
Op _ YpE epk €q
ARSI @39

The terms above, for brevity, are given in tensor notation where p and q are between 1&6
and i and k are between 1&3. The associated axial relation to: {a)p and ¢ numbers are: 1, 2, 3, 4,
5, 6 related to X, y, %, yZ, xz and xy and (b)i and k numbers are: 1, 2, 3 related to x, y and z. This
yields the following matrix for each of the components:
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Strain Matrix:

€p =
Stress Matrix:
Op =
Elastic Compliance Matrix:
I S11
S21
E _ | sm
Spg = S41
551
| S61
Modulus of Elasticity:
Yiu
Yo,
E_ | Ya
qu - Yu
Y51
Y61

Piezoelectric Coefficient Matrix:

dig =

Piezoelectric Constant Matrix:

€ig

Permittivity Matrix:

a] [ e ]
€9 €y
. €3 _ €z
€4 - €yz
€5 €Exz
L €6 ] L €zy |
[ oA} 1 " Og T
J9 Oy
g3 _ Oz _]i
04 B Oyz m?2
05 Ozz
L 76 L Ozy |
S12 813 S14 S15 S1s
S22 823 S24 S25 S26
532 833 S34 S35 S36
S42 843 S44 S45 S4s
S52 853 Ss4  S55  Sh6
562 863 Se4  S65 S66
Yia Yi3 Yiu Yis Yis
Yoo Yoz You Yas Yo
Yaz Ya3 Yaa Y35 Y
Yo Yuz Yy Yis Yie
Yso Y53 Ysa Ys5 Y
Yoo Yoz Yeu Yes Yo
dit dip diz |
do1 daa das
ds1 daz dsz | C
da1 dag dgz | N
ds1 dsz ds3
de1 de2 de3 |
€11 €12 €i3
€21 €22 €23
€31 €32 €33 E_
€41 €42 €43 | M3
€51 €52 €53
€61 €2 €63

&l

% =
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€11 €12 €13
€ig = | €21 €22 €23
€31 €32 €33

The matrices above are properties of material. The possible vibration modes and suitable
electrode configuration for piezoelectric activation are determined by either piezoelectric coefficient
matrix or piezoelectric constant matrix. An applied field will cause a strain/stress in a particular
direction resulting in a charge proportional to the amount of deflection. Mathematically, for an
applied electric field the mairix in equation (2.32) reduces to equations (2.34) and (2.35). The former
is the strain produced due to the applied electric field and the latter is the electric displacement due
to the piezoelectric strain produced from the applied field, or the inverse piezoelectric effect, and the
dielectric. These strains/stress produce moments, calculated using equation (2.3), which can be used
to determine the deflection of the cantilever or bridge using equations (2.21) or (2.30). Additionally
the piezoelectric charge, equation (2.36), can be derived using the electric displacement. Therefore,
an applied field drives the device while the resulting charge from the deflection is detected.

€p = dpp Bk (2.34)
D, = dipdp + e By

Di=dip» Yy, + ey (2.35)
p

Q= // D;didj (2.36)

Using the longitudinal piezoelectric coeflicients flexural vibrations/deflection is achieved.
This is done by creating either a monomorph or a bimorph structure.

2.2.2 Monomorph

A monomorph consists of an active piezoelectric layer and a passive elastic layer, figure (2.6) [5].
In this figure the piezoelectric strain component is along the x — direction. The movement of the
piezoelectric component resulting from its expansion or compression is restricted by the passive
elastic component. As a result an internal piezoelectric moment arises deforming the monomorph as
shown in figure (2.7) [5]. As is seen in the figure, the total deflection in the z — direction is much
larger than the deformation of the piezoelectric component in z — direction and the applied electric
field is opposite in direction to the polarization.

The resulting deflection hence the detected piezoelectric charge is dependent on the thickness
of the piezoelectric and elastic layer. In order to increase deflection, the passive elastic component
can be replaced by a second active piezoelectric component. This structure is called a bimorph.

2.2.3 Bimorph

A bimorph consists of two active piezoelectric components. These layers can either be polarized in
the same or opposite directions. If the polarization of both layers are identical the field applied must
be in the opposite direction in order to induce extension on one component and compression in the
other, thereby creating a bending moment. This type of electrical configuration is called parallel
connection, figure (2.8)(a) [5]. However, if the polarization is in the opposite direction the applied
field can be in the same direction, figure (2.8)(b) [5]. This type of configuration is called series
connection. The advantage of the series connection is no contact needs to be made with the internal
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fres length !

—s plectiodes

clamp

Figure 2.6: Layer sequence of a monomorph(5]

Figure 2.7: Deflection of monomorph due to an applied field (BE). E and P are aligned anti-
parallelly[5]

b

Figure 2.8: Deflection of bimorph subjected to a field - (a) parallel bimorph, (b) serial bimorph[5]
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G L B

Figure 2.9: Piezoelectric resonator circuit. RLC are the motional components at resonance and Cp
is the package or dielectric capacitance

electrode. However, within one single layer the value of the electric field is almost half as large as
with the parallel bimorph.

The above two are examples of a two terminal device, i.e. one terminal is used to drive the device
while the other is used to detect the resulting charge. For the parallel bimorph one could split the
two drive electrodes into a drive and detect turning it into a three terminal device. The difference
between two and three terminal configuration will be discussed in the later sections.

2.3 Electrical Resonator Circuit

The equivalent circuit of an electrical resonator is the familiar RLC circuit. However, from equa-
tion (2.35) there are two components to the total detected charge: piezoelectric and dielectric. The
equivalent circuit for such a system is two capacitors in parallel. The resonator part, RLC, will be
on one arm and the dielectric capacitance or package capacitance in the other arm as illustrated in
figure (2.9).

The equivalent impedance and its magnitude for this circuit is given by equation (2.37) and
(2.38), where w = 2 f, X¢ = 1/we, X, = wL and X¢, = /uwC,.

1 , -1
Z= <R+j(wL— we) +Jpr)

1+ jwCyR — w2LC, + Cofc\ ™!
Z= :
R+ j(wL —Ywe)

_ R +j (wL — 1/wC)
7 (1 T jwCyR — wPLC, + c,,/c) (2.37)
7= ((RXCP)Z (BT XC;)?) (2.38)
R%+ (X - Xc — Xc,)

The resonant and anti-resonant frequencies can also be derived from equation (2.37) by
finding equivalent real and imaginary impedances and setting the imaginary part to zero. This
yields the following equation:
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7 - R4j (—’U)RZGP +wL — ‘wBLZCp + @uLGh)/c — Yuwe — CP/(‘LUC)2)
1—2w2LC, + (20»)/c + wAL2C2 — 2w LC2/C + C2/C + (wRC,)

Setting the imaginary part to zero yields:

w?LC? — C — w*L*C,C? + 2w LCC), — Cp — w?R2C,C% =0

The last term in this equation is assumed to be negligible as compared to other terms in the
equation. This assumption is only valid in the regime where R is low. Omitting this term and calcu-
lating the roots of the equation gives the resonant and anti-resonant frequencies — equations (2.39)
and (2.40). Substituting these equations into equation (2.37) the resonance and anti-resonance
impedance is given by equations (2.41) and (2.42). The impedance at resonance is assumed to be
approximately equal to R, in the regime where R is much lower than the impedance of the package

capacitance.
/1
/1 1

R
P ~R 2.41
R (1- wRCz%) (241)
Tp = — (2.42)
47~ wiCZR ‘

Figure (2.10) illustrates the total impedance of the circuit as a function of frequency as
given by equation (2.38). The resonant and anti-resonant point represents the lowest and highest
impedance and their values are given by equations (2.41) and (2.42). The frequency at these points
are given by equations (2.39) and (2.40). The tails of this figure are the values of the dielectric
or package capacitance, i.e. at frequencies other than the resonance/anti-resonance regime the
impedance of the package capacitance dominates.

The graphs of the real and complex part of equation (2.37) are illustrated in figures (2.11)
and (2.12). The anti-resonant point in figure (2.11) is the poing of the highest impedance and the
slope in the tails is due to the package capacitance. In figure (2.12) the two gray dots represent
the resonant and anti-resonant points. These values are zero. At frequencies below the resonant
frequency and above the anti-resonant frequency the package capacitance dominates and is called
the capacitive regime. At frequency values between the resonance and anti-resonance the inductance
dominates, i.e. the inductive regime.

The phase of the circuit is given by equation (2.43) and is derived from equation (2.37). At
resonance and anti-resonance the phase is zero, as is illustrated in figure (2.13), meaning the circuit
is purely resistive.

(2.43)

6 — tan—" <—wR20p +wL — wiL2C), + wLCy)/c — Ywe — Cp/(wC)2>
- R
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Impedance vs Frequency
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Figure 2.10: Impedance vs Frequency. Lowest impedance is at resonance and highest impedance is
at anti-resonance. The impedance off resonance is dominated by the package capacitance.

2.4 Q-value

The Q value or the quality factor of a mechanical resonator is defined as the ratio of the energy
stored per cycle to the energy dissipated per cycle[10]. Mathematically Q value is derived from the
free oscillation equation for an oscillator as follows [11]

mi+b+kxr=0
The solution to this equation is z (t) = T.exp (—0t) cos (wt + ¢); where § = 2, w? =

2m?
% — 6, 7" =07, Qmech = -, 0= %, z,and ¢ are determined by the oscillator’s initial conditions.
Similar equations and expressions for §, 7*, § and Quecr may be written for a lumped-
element circuit. Taking a simplistic approach to derive the above values, i.e. a mechanical oscillator

can be thought of as an electrical oscillator:

" . q
Li+Rj+==0
q+ ng + c
The solution to this equation is Q (t) = Qoexp (—3t) cos (wt + ¢); where § = £, w? =
A =62 =07 Qetee = %, 0 = 5> Qo and ¢ are determined by the oscillator’s initial
conditions. For systems with small dissipation, i.e. § small, Qgec = w_’lﬁ; which is the familiar
result for an electrical resonator quality factor. Equating mechanical Q. ecn to electrical Q.. the
mechanical damping term is determined as a function of the resistance R, b = mLﬁ' Experimentally
the Q-value can be determined by calculating the ratio of the resonant frequency to its spread,
i.e. —3dB, equation (2.44)

fr

N

Q (2.44)
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Figure 2.11: Plot of real component of equation (2.37)

L Q | Value |
Low 0— 107
Medium | 10° — 10°
High > 105

Table 2.3: Classification of @@

From an application point of view, dissipation within a resonator: limits its sensitivity to
external applied forces (signal), broadens its natural linewidth and determines the minimum intrinsic
power at which the device must operate. Therefore medium (}s are desired for most applications.
Table (2.3) is the classification of Qs and their associated values. In applications like: low phase noise
oscillators such as those required in time keeping [12]{13], in highly selective filters [14] for signal
processing and in resonant sensors where resonance frequency shifts are tracked due to external
perturbations [15][16], Q-value is the performance limiting aspect. In such applications, High Qs are
desired.

The mechanisms that limit the Q-value of mechanical resonators are characterized as being
intrinsic and extrinsic. Intrinsic means processes that are fundamental to the material. These occur
because deformations in mechanical vibrations are accompanied by processes that are not thermo-
dynamically reversible. These processes are responsible for dissipation of the oscillation energy[11].
Extrinsic mechanisms are energy losses resulting from technological and design factors. Infrinsic
mechanisms include:

1. Thermoelastic Dissipation: caused by vibratory volume changes producing spatially inhomoge-
neous temperature changes. These resulting temperature gradients induce heat flow, which is
accompanied by an entropy increase and a conversion of vibration energy into thermal energy

2. Dissipation due to phonon-phonon interactions: caused by interactions between acoustic waves,
as a result of resonant vibrations, and thermal phonons. If the acoustic wavelength is consid-
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Imaginary part of Impedance vs Frequency
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Figure 2.12: Plot of imaginary component of equation (2.37). At resonance and anti-resonance the
imaginary components are zero.

erably larger than the mean free path of the phonons, one can consider the acoustic waves as
locally changing the phonon frequencies thereby perturbing the phonon distribution function
away from its equilibrium Planck form. This process of the phonon gas restoring to thermal
equilibrium is accompanied by dissipation of the acoustic-wave energy

3. Dissipation due to lattice defects: are characterized as internal friction mechanisms. These
internal friction mechanisms produce a phase lag between the stress and strain relaxation times
causing dissipation of energy. Lattice defects include: point defects, dislocations, interfaces etc

Extrinsic mechanisms include:

1. Losses due to gas damping: Mechanical resonator oscillating in a gaseous medium creates sound
waves that carry its power away. For high ()s low pressures are required

2. Surface losses: caused due to the inhomogeneity of the surface properties from that of the bulk.
These inhomogeneities produce many relaxation processes causing an upset of the thermody-
namic balance from the bulk. Restoring this balance is accompanied by irreversible processes
that give rise to the dissipation of elastic energy. The cause for surface losses are predominantly
machining, causing surface defects such as microcracks, dislocations etc, and interactions of
surface with the environment causing the production of two layers of crystal surface with the
top layer being polycrystalline

3. Clamping losses: cause dissipation of energy from an oscillating resonator to the clamp. This
energy dissipation occurs due to acoustic coupling to the clamps. Therefore, to achieve high-
Qs resonators must be designed to minimize this energy loss
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Figure 2.13: Phase vs Frequency. The phase is zero at resonance and anti-resonance

Master Thesis - Abhishaik Rampal McMaster University - Engineering Physics



Chapter 3

Quartz Tuning Fork

The piezoelectric properties of quartz were first investigated by the Curie brothers in the 1800s.
The use of this property, in quartz, came to prominence during World War I when Langevin used
piezoelectrically excited quartz plates to generate and receive sound waves in water for use in subma-
rine detection[10]. The primary use of quartz as a frequency controlling element was developed and
later patented by Cady in 1920[10]. This circuit consisted of a three-stage amplifier with the quartz
resonator in the feedback path. During World War II quartz resonators in military communications
became standard. In 1940 the armed forces projected a requirement of 100,000 quartz crystals, but
during the war this increased to 30 million resulting in a cash program costing over $1 billion{10].
Various types of quartz resonators like discs, tuning forks, bars etc are made and find applications
in micro-balances, thin film thickness monitors and watches. Additionally, high purity crystalline
quartz, having s as high as 2.5¢6[17] and more, is also available. Owing to the high Qs, lately there
has been an increased interest in quartz tuning forks for microscopy applications such as atomic force
microscopy[18, 19, 20] and scanning probe microscopy|21, 22|.

This section begins with a discussion on the piezoelectric properties of quartz. Using the
piezoelectric constant matrix the design, theoretical and experimental results of three different sizes,
table (3.1), of a conventional quartz resonator, quartz tuning fork (QTF), is investigated. These
QTFs were bought from digikey and their part numbers are: Digi Key 300-1001-ND, Digi_Key
300-1002-ND and Digi_Key 300-1003-ND for large, medium and small respectively.

3.1 Piezoelectric property of quartz

Crystalline quartz or alpha, a—quartz is composed of two elements, silicon and oxygen. As discussed
in the theory section a-quartz belongs to the class of crystals lacking a symmetry center between the
positive and negative ions of the crystal lattice. For a better understanding, the structure cell of a-
quartz is depicted in figure (3:1)[5]. It consists of negative charged O~ ions, positive charged Sit
ions and has three two-fold polar rotation axes X1, X7 and X3 in the drawing plane and a three-fold
rotation axis Z perpendicular to the drawing plane. This is the familiar trigonal, point group 3m of
crystals.

[ [ Length (m) [ Width (m) | Height (m) |
Large Fork | 3.62x 1073 | 5.80 x 10~% | 2.80 x 10~%

Medium Fork [ 3.12x 10~° | 3.60 x 10~% | 2.40 x 10~
Small Fork | 248 x 1073 | 2.40 x 10~% | 1.20 x 10=%

Table 3.1: QTF Dimensions

22
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Figure 3.1: Simplified structure cell of quartz: (a) arrangement of Si*-ions and O~ -ions with main
crystal axis; (b) two- and three- fold axis[5]
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Figure 3.2: Direct piezoelectric effect within a structure cell of quartz: (a) longitudinal piezoelectric
effect; (b) transversal piezoelectric effect[5]

A deformation of the quartz structure along the polar X;-axis causes the formation of an
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electrical polarization. This electrical polarization is caused by the displacement of the positive and
negative ions of the crystal lattice against each other, figure(3.2), resulting in an electrical charge on
the appropriate crystal surfaces perpendicular to the X;-axis and thus in an outside electrical polar-
ization voltage. An exposure to compression and tensile stresses acting perpendicularly to the X;-axis
results in an additional electrical polarization with opposite sign in X;-axis direction, figure(3.2).

Quartz tuning forks are made from a-quartz that is cut 3515 from the Z axis, called
AT-cut{10]. They have the advantage of frequency stability from —65°C to 100°C [10].

The coeflicients for a-quartz are:

Modulus of Elasticity[10]:

86.74 697 11.90 —17.91 0 0 ]
6.97 8674 11.90 —17.91 0O 0
5 _ | 1190 1190 1072 0 0 0
Yoo = | 1701 1791 0  57.93 0 0 GPa
0 0 0 0 57.93 —17.91
0 0 0 0  —1791 39.89 |

Piezoelectric coefficient matrix[10]:

-227 0 0]
2.27 0 0
o | 0o 0o o
T 067 0 O N
0 227 0
0 454 0
Piezoelectric constant matrix[10]:
—0.173 0 0
0.173 0 0
I R A I )
“=1 0040 0 0 |m?
0 —-0.040 O
0 0173 0
Permittivity matrix[10]:
45 0 O
=1 0 45 0
0 0 4.6

3.2 Design

As shown in figure (3.3) a quartz tuning fork is composed of two arms or tines and a base. The
tines can be considered as cantilevers. The tines of the tuning fork are parallel bimorphs, i.e.
homogenized polarization across the tines. Figure (3.4) indicates that flexural vibrations of the arms
occur in the XY-plane. This flexural vibration is achieved using the electrode pattern illustrated
in figure (3.5)(a)[23]. The electrode pattern is on both the front and back sides of the tines. Also,
the electrodes are placed such that each tine has a field generated opposite to the other tine. When
a positive voltage is applied to electrode A and a negative voltage to electrode B an electric field
is generated across the z-dirvection, figure (3.5)(b). Using the above piezoelectric strain matrix
an z-directed field will result in an extension or compression strain in the z-direction equation (3.1)
and y-direction equation (3.2) and a shear strain in the yz plane equation (3.3). In this case, the
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Figure 3.3: Schematic of a quartz tuning fork showing the base and tines

deformation along the z-direction can be ignored because the dimension along the y-direction is an
order of magnitude greater than the z-direction and will therefore experience the greatest strain.
The shear can also be ignored because the coeflicient of shear strain is 0.23 times lower than the z
and y strain. As seen in figure (3.5)(b), the right half of the tine has a field opposite to that of the
left half of the tine resulting in bending because the right half will be in compression/extension while
the left half will be in extension/compression. Switching the direction of the applied potential will
result in bending in the opposite directions.

&p = digFq
€z -227 0 O
€y 227 0 0
E
& | =1ox102| 0 0 0 0
€y : -067 0 0 0
€z 0 227 0
€xy 0 454 0
€z = —2.27 x 10712E, (3.1
€, = 2.27 x 10712E, (3.2)
€yz = —0.67 x 10712 E, (3.3)
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Figure 3.5: (a) Electrode pattern on both sides of a QTF for flexural vibration; (b) x directed electric
field generated on the section of the tuning fork arm when voltage is supplied to electrodes{23]

The stress distribution in the XY-plane is shown in figure (3.6). As is seen all the stress is
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Figure 3.6: Stress distribution across XY -plane going from compressive(top) to extensional(bottom)

at the ends of the beam going from compressive to extensional and most of the beam experiences
zero stress . This is expected because the corners of the beam experience maximum field.

With regards to the Q-value, a medium to high value is expected because: considering
the intrinsic mechanisms low defect single crystal a-quartz is readily available with infrared Qs of
2 million' and greater[17] and considering the extrinsic mechanisms contributions from: (a) gas
pressure can be neglected by placing the device in a vacuum, (b) surface losses, although hard
to quantify, should not be the dominant factor because these devices are in the milli-meter range
therefore the bulk properties should be dominant and (c) the clamping losses will be negligible
because the tines are moving in equal and opposite directions, figure (3.4), resulting in the cancelling
of reactionary forces at the base. This leads to negligible energy dissipation to occur due to negligible
acoustic coupling.

3.3 Theoretical Result

From the previous section an electric field in the z-direction produces a longitudinal strain in the y-
direction. Using equations (2.12)&(2.36) the tip deflection and piezoelectric charge can be derived.
The overview of the derivation, given in figure (3.7), is as follows: an applied voltage creates an z-
directed field which produces a y-directed strain due to the piezoelectric effect. The resulting strain
produces a y-directed stress. The stress creates a bending moment in the z-direction, due to the fixed
support, resulting in a deflection in the z-direction. For calculating the charge the y-directed strain
due to the applied field results in a dipole producing an electric displacement in the z-direction which
can be integrated to calculate the piezoelectric charge. In the following derivations a single tine is

Infrared @ is a term used for infrared absorption at various infrared frequencies used to measure hydrogen content.
Hydrogen is the largest impurity found in Quartz causing dislocations. A high Q means low hydrogen content.
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Figure 3.7: Overview of calculation of tip-deflection(top) and piezoelectric charge(bottom)

considered because of symmetry. Figure (3.8) is the geometry of a single tine and the associated
coordinate system. Here the z-axis is the width, W, - total width and W- half width, y-axis is the
length, L, and z-axis is the height H, of the beam. The electrode is assumed to be on the full length
and width of the tine, which is different from the real case figure(3.5)(a).

3.3.1 Deflection

The potential due to the electrode configuration is given by equation (3.4)[24] and the electric field
is given by equation (3.5). Using the strain equation (2.34) the stress is given by equation (3.6).
This is the normal stress pertaining to a normal force figure (2.3).

(3.4)

4V, 1 cosh (—H—) . /nTz
Vi(z.y) = T n cosh ("’r V) s (?)

By (2,2) = o = —4V, 3 [Smh mz)sm(ﬂg_)] (3.5)

s H cosh (22)

=odd

Oy = d21YEz (.’L‘,Z) (36)

The moment is calculated using equation (2.3). Equation (3.7) is the moment for the tine.
In the derivation the moment is multiplied by two because the integration for z is from —W..W

H W
M, = / / 20yzdxdz
o Jo

H pW
Mz :/ / 2d21YEmZEdCL‘dZ
0 0

M, = dy Y / / 23:( w, 3 [Sm};[:;;)(sii VTI)%)D dzdz (3.7)

n=odd

Equation (3.7) consists of a constant and an integration term. Solving for the integration
part, equation (3.8), of the moment equation yields equation (3.9) and the moment is given by
equation (3.10). The latter equation is a constant multiplied by a a summation term which is a
function of the geometrical parameters W/H. Figure (3.9) is a plot of this summation term vs W/H
for the three different sizes of the QTF and table (3.2) is a summary of the moment for the different
sizes of QTF. Large and small QTF approximately have the same value for > _ .. C, but the
medium QTF differs by 36.84%.
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X

Figure 3.8: Geometry and associated coordinate system of a single tine

(’mrT/Ve(gng_W) W — He(®F%) 1 H) e(—27%) (cos (nm) — 1)

cosh (2Z) (n¥n3)

H W
/ / 2E,wdwdz = AV,H Y |
0 0

n=odd
(3.8)

2n W
H

(’rane(zn—};m) — Hel ) + naW + H) e(==5%) (cos (nmw) — 1)

cosh (22X (ndn3)

H W
/ / 2E,wdzdz = 4V,H Y
0 0 n=odd

H W (=) (W — H) + (naW + H) e(=25%) (cos (nm) — 1)
/ / 2F xdxdz = 4V, H Z ( cosh (er) (n32r3)
o Jo n=odd H

(e(&%m)H (nﬂ'% - 1) +H ("”"%ﬁ + 1)) e(-#") (cos (nm) — 1)

cosh (22 (n373)

H oW
/ / 2E,xdudz = 4V, H )
0 0

n=odd
H W () (. — 1) + (nrl 41)) {~25%) (cos(nw) — 1)
/ / 2B, zdadz = 4V,H? Y ( oy 2 * e )
0 0 n=odd cosh (—H_) (n37r3)
H W
/ / 2Eyzdzdz = AV,H® > Cp (3.9)
o Jo

n=odd
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Figure 3.9: Plot of . _ . Cpvs & equation (3.10) for the three different sizes of the QTF.
n=odd )i

L ‘ w (m) l H (m) | JLIV_ I Zn:odd Cn i N[z J
Large 2.9e-4 | 2.8¢-4 | 1.04 | 0.3815147062 | 2.069824105¢ — 8V,
Medium | 1.8e-4 | 2.4e-4 | 0.64 | 0.2408569532 | 9.600365469¢ — 9V,
Small 1.2e-4 | 1.2e-4 | 1.00 | 0.3637899148 | 3.625093743e — 9V,

Table 3.2: Moment for large, medium and small QTF
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M, = 4dyy YV,H? ) Cp=4enV,H? ) Cy (3.10)
n=odd n=odd

The tip displacement can be determined using two approaches:
1. assuming the beam bends in a parabolic shape

2. using the mode shapes of a cantilever subjected to a constant moment

3.3.1.1 Parabolic Shape

The equation for parabolic deflection is & (y) = & (%)2; where & is the tip deflection. The maximum
deflection, as mentioned in the theory section, occurs at y = L. Using the 2" order differential
equation for beam bending the tip displacement is given by equation (3.11) and the equation (3.12)
is the general expression for deflection along the tine.

1 M _ 9% 2

p ~YI T oy L2

% _ 2%
dy?2 L2
M 2%
YI~ 1?7
¢ ML
07 oyT
L2
o = den V,H? Vg Cn
n=odd
L?
& = denV,H? Z Ch
2 (& (H) @W)") nSotu
3621HV L
b =75~ > Cn (3.11)
n=odd
3621HV:ny
EW) =—m n;;dc' (3.12)

3.3.1.2 Mode shapes of a cantilever subjected to a constant moment
Two approaches are adopted (both approaches give the same result):

1. The parabolic deflection is decomposed into normal modes

2. Using virtual work formulation for moment, as in the theory section

Decomposing to normal modes

Starting with the general expression for the parabolic deflection, equation (3.13), equa-
tion (2.9) and equation (2.20) is used to determine the contribution of each mode, equation (3.14),
to the tip deflection.

J\/Iy

E(y) = W

(3.13)
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Decomposing to normal modes:

E@) =) biX;
i=1

2YI ZbX'

X; = (cos (k;y) — cosh (k;y) — o (sin (kyy) — sinh (ky)))
/0 ;@IX dy ,/ ZleX dy
];?IXdy zb / XiX;dy; i = j

My?
bi =
/0 WL W

Solving the integral

M rE . :
b; = VIL /0 y~ (cos (k;y) — cosh (k;y) — o (sin (k;y) — sinh (kiy))) dy

—ML? | (k;L)? (sinh (ks L) — sin (k; L) — a; cos (ks L) — o; cosh (k; L))
2YIL (kL)
+(2k; L) (o sin (k; L) + oy sinh (k; L) — cos (k; L) — cosh (k; L))
(kiL)°
+2 (sin (k; L) + sinh (k;L) + o cos (k; L) — o cosh (lciL))}

(k:L)?

—ML2 | (k;L)? (sinh (ks L) — sin (k;L) — oy cos (k; L) — oy cosh (k; L))
Y1 (kiL)?
+ (2k; L) (s sin (k; L) + o sinh (k; L) — cos (k; L) — cosh (k;L))
(k:iL)’
+2 (sin (k;L) + sinh (k; L) + o cos (k; L) — o cosh (k; L))
(kiL)? }

The bracket term in the above equation can be reduced using by substituting in for o; =

gfﬁﬁgii;ii‘:ﬁgﬁlg and using equation (2.18), yielding the following expression for b;:

b =

-MIL? 4sin (k;L) sinh (k; L)
2YT \ (sinh (k;L) + sin (k; L)) (k; L)®
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L zi kL J Sum ]

1 | 1.875104069 .4453858680
2 | 4.69409133 | .3938696986e-1
3 | 7.85475748 | .8247545876e-2
4 | 10.99554073 | .3009018002e-2
5 | 14.13716839 | .1415702726e-2
6 | 17.27875953 | .7753938212¢-3
7 | 20.42035225 | .4697537992e-3
8 | 23.56194490 | .3057923260e-3
9 | 26.70353756 | .2100649514e-3
10 | 29.84513021 | .1504664095e-3

Table 3.3: Sum part of equation (3.14) evaluated at the first 10 cantilever modes

The general expression for deflection is:

-MLIEE 4sin (k;L)sinh (k; L) o) ) — o (ain (k) — st (ke

(W)= 2Y T ((sinh (k;L) + sin (kL)) (kiL)3> (co8 () — o8 (kiy) = axs sin (ki) —sioh (k)
Solving this expression for y = L |

ML & 2sin (k; L) sinh (k; L) o8 (kL) — cos (EL) — o (sin (kL) — i .

¢ =57 ((sinh (i) + sin (kL)) (k:iL)B‘) (eos(hub) = cos () = e (o (sl = st ()
~ML* S, 4 sin (k; L)* sinh (k;L) cosh (k; L) sinh (k;L)? sin (k; L) cos (k; L)
§(L) = 1\3 - ] L T2 - - ] : T2
YI <~ (kL) (sinh (k;L) + sin (k; L)) (sinh (k; L) + sin (k; L))

(3.14)

Virtual Work Method
Equation (2.22) is the same as equation (3.14), derived above. Considering the sum part of the
equation, noticing that it is independent of device dimensions, its value is 0.5. The values for the
sum part of equation (3.14) for the first ten cantilever modes are given in table (3.3).

Simplifying equation (3.14) yields equation (3.15) which is similar to the parabolic tine tip
deflection equation (3.11). The tip deflection changes linearly with applied potential and piezoelectric
constant and changes as the square of length.

£ = ~ML* 4 ([ sin(k;L)*sinh (k;L) cosh (k:L)  sinh (kiL) sin (k; L) cos (ki L)
C YT & (kL) (sinh (k;L) + sin (k; L)) (sinh (k;L) + sin (k; L))?
£(0) = 2L (sum)
4621V H2L2
§(L) = Cr (Sum)
Y (% mewy) 4 2

£y = Sl 56 ()
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[ Fork Size | Analytical Deflection € (y) (m) | Ansys Deflection £ (y) (m) |

Large 340 x 10711 3.40 x 107 1T
Medium 577 x 1011 571 x 10~
Small 9.29 x 10~ 11 9.15 x 10~

Table 3.4: Comparison between analytical and simulation results

¢(r) = Snle L >20n(05)

£(L) = 332;‘;513 ZC (3.15)

Table (3.4) is a comparison between the analytical and simulated deflection for all three QTF sizes.
The simulation package used is Ansys. As is seen the analyfical and simulated results are in good
agreement, i.e. maximum error of 1.51%. The applied potential is 0.1 V. Generally speaking, as the
size decreases the amount of deflection increases.

3.3.2 Dielectric and Piezoelectric Charge

Equation (2.36) is the general expression for calculating charge on the electrodes due to inverse
piezoelectric effect and the dielectric. Expressing this equation for the QTF case results in equa-
tion (3.16). The charge is calculated over one electrode. This value must be multiplied by 2 because
2 electrodes drive the device and 2 are used for detecting. In the actual device this value must be
multiplied by 4, because charges from four plates are measured. The piezoelectric charge is first
calculated then the dielectric.

H L ,H
Qz/ / ezleydzdy+/ / er€obiy (W, 2) dzdy (3.16)

L pH
Q= / / egigydzdy
[0} o
L pH
92
Q= /0 /g 621$a—ygdzdy
Q = zen / / a2 dzdy

i.e. position of largest strain

3.3.2.1 Piezoelectric Charge

Wo
-2

W, 7]
Q= 7621Ha—§|y=L

where % - can be represented either by the parabolic approximation or the cantilever mode
shape
Parabolic Approzimation

Using the parabolic deflection equation the equation for charge is (3.17) and is derived as
follows:.

ew)=6 (L)
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_2%,L 2 ML?L ML
T L2 L2 vl 0 YI

o€ (y) |
oy vk

W, ¢

Q= '2—0621H—a—y|y=[,
W, ML
=g ey
M
Q = €21 (‘/VOHL) [-2_1/__[:‘

Multiplying by 2

Q=en (WoHL) [M]

YI
Q = eas (Wit [ S0Vl O |
o0 12e§1%5;1; > n Cn (3.17)
o0 12d%1YVD§§L 25 Cn (3.18)

Cantilever Approzimation
Using equation (2.21), evaluated at y; = L, for the deflection of a beam the equation for
charge is (3.19) and is derived as follows:

ew) - My | eoolh) —cosh (k) —cx oin (hy) — stob (ki)

(kL)
(—sin (k; L) — sinh (k; L) — «; (cos (k; L) — cosh (k;L)))
(k:L)°

_ ML? (—sin (k;L) — sinh (k; L) — o (cos (k; L) — cosh (k; L))
oYl (ks L)°

X; = (cos (kiy) — cosh (k;y) — ; (sin (k;y) — sinh (kiy)))

E(y) = Z b; X;
=1

9 (y) _ ib'aXi

dy o "oy
BE(y) <=, 0((cos (ki) — cosh (ksy) — o (sin (kiy) — sinh (k:y))))
oy ; bi Oy
%‘SQ = Z bik; (— sin (k;y) — sinh (k;y) — o (cos (k;y) — cosh (k;y)))

i=1
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O(y) _ ML? o~ | i (= sin (ksy) — sinh (kiy) — o (cos (kiy) — cosh (k)
oy YT & (k:L)°
(—sin (k;L) — sinh (k; L) — o; (cos (k; L) — cosh (k;L)))
(k:L)?
o(y) ML 2 | (kL) (— sin (kiy) — sinh (ky) — a; (cos (k;y) — cosh (k;y)))
oy  YI & (k:L)®
(—sin (k; L) — sinh (k; L) — «; (cos (k; L) — cosh (k;L)))
(k:L)?
96(y) _ ML~ | (= sin(kiy) — sinh (kyy) — 0 (cos (kiy) — cosh (kiy)))
Oy YI & (k:L)?
(—sin (k; L) — sinh (k;L) — o (cos (k;L) — cosh (k; L)))
(k;L)?
o€ (y)I _ ML = | (—sin (k; L) — sinh (k; L) — a; (cos (k; L) — cosh (k;L)))
oy v YT & (k:L)?
(—sin (k;L) — sinh (k;L) — a; (cos (k; L) — cosh (k; L))
(k:L)?
9 (y), ML 4 sin (k;L)sinh (k;L) \*
Oy b=z = YI ~ (]ciL)2 (sinh (k;L) +sin (kiL)>
Q= VZO eZng_qu:L
w, ML 4 sin (k; L) sinh (kL) \*
@= el ( YT £ (k;L)? (sinh (k;L) + sin (kiL)> > (3.19)

Considering the sum part of the equation, noticing again that it is independent of device dimensions,
its value is 1. The values for the sum part of equation (3.19) for the first ten cantilever modes are
given in table (3.5).

Simplifying equation (3.19) yields equation (3.20) which is similar to the parabolic charge
deflection equation (3.17). Therefore the piezoelectric charge changes linearly with applied potential
but unlike the deflection case changes as the squared of the piezoelectric constant term and linearly
in length.

oo (ML <1 < sin (k; L) sinh (k; L) >2)

2 YI — (k;L)* \sinh (k;L) 4 sin (k; L)
o 621MWHL
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L zi ki L 4| Sum J

1 | 1.875104069 .6130760896
2 | 4.69409133 1883003453
3 | 7.85475748 | .6473223092e-1
4 | 10.99554073 | .3308689030e-1
5 ] 14.13716839 | .2001399883e-1
6 | 17.27875953 | .1339784424e-1
7 | 20.42035225 | .9592538040e-2
8 | 23.56194490 | .7205061948e-2
9 | 26.70353756 | .5609477292e-2
10 | 29.84513021 | .4490689580e-2

Table 3.5: Sum part of equation (3.19) evaluated at the first 10 cantilever modes

_ 123V, H2L Y, Cn
YW?

(Sum)

12e2,V,H?LY",, Cy

Q= YW?

(3.20)
3.3.2.2 Dielectric Charge

L pH
Q =¢r& / / E; (W, z) dzdy
o Jo

Evaluating the integral part:

f/E(Wz)d7dy—// Y

n=odd

4, Z / {smh (nzi) n(::j(mr)—l)] dy

o cosh )mr

Smh ”“W) sin("“) dnd
H cosh ("“W) e

— v, Z |:smh 22W) (cos (nr) — 1) L}

n=odd cosh (n%W) nm

_ 4L Z [smh 21 (cos (nmr) — 1)}

R cosh (22 nrr

Q—tereViD Y [sinh (B2 (cos () — 1)}

n=odd cosh (anVY_) nw

Multiplying by 2:

Q = 8c,.6,V,L Z [Slnh( ) (cos (nm) — 1)

= 8ere,VoLa (3.21)
naW <o Vo m
S cosh (22%) nr }

The sum term in equation (3.21) for all three sizes is given in table (3.6) and is plotted in
figure (3.10). The values are independent of size.

Table (3.7) is a comparison between the analytical and simulated charge, piezoelectric and
dielectric, for all three QTF sizes. As stated above, the simulation package used is Ansys and the
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Figure 3.10: Plot of a,vs % for equation (3.21)
[ Size | Wm | Hm) | ¥ [ Sum|

Large 1 290x107%]280x107%] 1.04 | 2.82
Medium | 1.80x 1072 [ 2.40x107% | 0.64 | 2.81
Small [ 120x107% | 1.20x10~% ] 1.00 | 2.82

Table 3.6: Sum part of equation (3.21) evaluated for the three sizes of QTF
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Size Piezoelectric Dielectric Piezoelectric Dielectric
Analytical Analytical Simulated Simulated
Charge (C) Charge (C) Charge (C) Charge (C)
Large 1.13 x 10716 3.33 x 10713 7.91 x 10717 2.98 x 10713
Medium 1.17 x 1016 2.86 x 10713 7.19 x 10717 2.52 x 10~ 13
Small 7.90 x 10718 2.27 x 1073 5.51 x 1010 1.94 x 10713

Table 3.7: Comparison of analytical and simulated piezoelectric and dielectric charge for the three

sizes of QTF

Size Frequency (Hz) Piezoelectric Inductance (H) Dielectric
Capacitance (F) Capacitance (F)
Large 31,067.53 2.26 x 10715 11,612.30 6.66 x 10~12
Medium | 35,848.25 234 10" 15 8424.83 572 x 10712
Small 98, 363.98 158 x 1015 19,920.29 154 x 1012

Table 3.8: Theoretical frequency, inductance and capacitance for the three sizes of QTF

conditions used are the same as above. The discrepancy in the dielectric and piezoelectric charge is
due to meshing. Using both COMSOL and Ansys the mesh density has to be fine for electrostatic
simulations. Comparing the analytical summation terms equations (3.11) and (3.21), for the electrical
case more than a 1000 terms has to summed to yield a steady result. For the deflection less than
100 terms has to be used.

Using equation (2.19), table (2.1) and equation (2.39) the theoretical resonance frequency
at the fundamental mode, the inductance for the three sizes of the QTFs is given in table (3.8)
for a drive voltage of 0.1 V,.;,s. The values for the piezoelectric capacitance is calculated from the
piezoelectric charge, table (3.7), divided by the drive voltage and multiplied by two for the QTF
case, i.e. two tines therefore double the charge. The density is 2650 kg/m3[10], modulus of elasticity
is 102.59 GPa? and the dimensions are given table (3.1).

3.4 Experimental Setup and Results

This section describes the experimental setup used and the associated results of measured frequency,
capacitance, inductance, resistance, Q and thermal noise of the QTFSs at the fundamental mode. The
results of the measurements are also compared to the theoretical derived values. The dimensions of
the fork, table (3.1), are measured using a microscope with a 50x magnification.

3.4.1 Experimental Setup

The experimental setup is designed for frequency sweeping experiments of the three QTFs. To aid
in this, an HP 33120 A function generator, SR-830 lock-in amplifier and an Amptek A250 charge
sensitive amplifier are used. The function generator synchronizes the lock-in amplifier while the
lock-in amplifier’s drive is used to drive the QTF. The signal from the QTF is amplified using the
Amptek A250 amplifier. The output from the amplifier is fed into the input of the SR844 lock-in.
The setup is illustrated in figure (3.11). The computer in the setup is used to control the function
generator and SR-830 and record the results from SR-830. This is done using Labview. A drive
voltage of 100 - 4 mVrms is used and the associated voltage is recorded. Figure (3.12) is the setup
used to measure the QTF noise. The difference between the two setups is the QTF is not driven,
i..e. grounded.

2 The modulus of elasticity is calculated from Ansys.
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Amptek SR-830 Function
A250 | | Lock-ln [ | Generator

; arF L

A Bync

Computer

Figure 3.11: Experimental setup for QTF. The function generator syncs the lock-in amplifier, SR~
830, which drives the QTF. The charge from the QTF is amplified by Amptek A250 and is detected
by SR-830. Data is recorded on the computer. The setup is controlled by Labview

QTF Amptek SR-830 Function
m— | A2s0 | | Lock-ln [ | Generator
Sync
Computer

Figure 3.12: Experimental setup for QTF noise. Similar setup as above with the change being the
QTF is grounded
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Figure 3.13: Equivalent electrical circuit for QTF and Amptek A250

3.4.2 Results

In order to relate the measured voltage to the intrinsic impedance of the resonator the equivalent cir-
cuit of the system, i.e. the QTF and Amptek A250, must be analyzed, figure (3.13). Through circuit
analysis the voltage gain of the system is given by equation (3.22), where Ry and C; are the feedback
resistance and capacitance and have values of 300 M and 1.0 pF', respectively. Equation (3.23) is
the feedback impedance of this circuit.

VinRiy /1 — 2w2LC, + 2C,/C + (wC,R)? + (w2LC,)? — 2w2LCZ/C + (Cp/C)>

Vour = VR2+ (wL)? —2L/C +1/(wC)2 4+ (wCtRsR)? + (w2Cy RpL)? — 2(wCsRf)2L/C + (Cr Ry /C)?
(3.22)
_ Ry
IR GP o

Figure (3.14) is a plot of the measured impedance vs frequency for the three QTFs and is simi-

lar to the theoretically expected result, figure (2.10). Using the equation for @ = wr%’ (2.44), (2.41) (2.39)

and X¢, = Lwe, the experimental values for @, RLC and C, for the three sizes of QTFs are calcu-
lated and given in table (3.9). The resonance frequency, fr, is read off the plot. The Q-value for the
devices are in the medium to high range, which is as expected. The resonant frequency remains the
same between the three and the piezoelectric capacitance decreases with size.

Comparing the analytical, table (3.8), and experimental values, table (3.9), generally the
analytical results agree well with the experimental results. The measured frequency differs by at
most 13.42% from the theoretical result. This is attributed to inexact measurements of the tine
length, width and thickness. The measured package capacitance is about an order of magnitude
lower than the analytical result. This is attributed to the edge effects of the electrodes on the tines.
In the above derivation for package capacitance the electrodes are assumed to be the same dimension
as the width and thickness of the tine. In the actual device the electrodes do not extend to the entire
width or thickness of the tine.
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|; i Large T Medium | Small J

Q 102,387.19 | 65,529.10 | 81,912.38
f- (Hz) | 32,763.88 | 32,764.55 | 32,764.95
R() 23,283.35 | 40,240.26 | 38,481.06
L(H) 11,580.20 | 12,808.87 | 15,311.12
C(F) 2.03e-15 1.84e-15 | 1.54e-15
Cp (F) 8.50e-13 9.38¢-13 | 7.38e-13

Table 3.9: Experimentally determined values of @, f., RLC and C,

— Large
Impedance vs Frequency | —— Medium

~-—— Small
1E9 <
— 1E8
g 3
= ]
\9/ p
9 187 5
c 3
8 3
5 ]
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100000

10000 T 1T T T T T T 1
32600 32700 32800 32900 33000
Frequency (Hz)

Figure 3.14: Impedance vs Frequency for three sizes of QTF. The lowest impedance is the resonance
mode, highest impedance in the anti-resonance mode and the impedance of the tails are due to
package capacitance.

Noise

The thermal noise due to the resistance in the QTF is the dominant source of noise as re-
ported by[19]. This serves as the fundamental limit in measuring the resonance of QTF. Figure (3.12)
is the experimental setup used, to verify this assertion. The equivalent circuit of a grounded QTF is
shown in figure (3.15).

From circuit theory the noise sources are: johnson noise due to the resonant resistance of
the QTF, feedback resistance of the op-amp and shot noise of the JEET. Johnson noise is given by
equation (3.24)[25] and the shot noise of the JFET is 1%[26]. The output noise due to the three
sources are given by equations (3.25)-(3.27). V; is the output noise due to R of the QTF, V5 is the
output noise due to JFET and V3 is the output noise due to feedback resistance, Ry. These three
terms add in quadrature to give the total noise.

Master Thesis - Abhishaik Rampal McMaster University - Engineering Physics



3.4. EXPERIMENTAL SETUP AND RESULTS 43

R,
1 —
iy r_,_‘;.
=g LP;’L
o] et T A
c L i3 i
N

Figure 3.15: Equivalent electrical circuit for grounded QTF and Amptek A250

% = /AK5TR (3.24)

Vv, = V4KpTRR;
VIt @CsRp)2/R2 + (1/(wo)?) — (2L/C) + (wl)?
Vo — (1.0e — 9)Rf+/1+2C,/C — 2w2LCyp + (RwCyp)? + (C,/C)? — 2(Cpw)2L/C + (w2LC,)?
’ VIt @CsRp)?/RE + (1/(wO)2) — (2L/C) + (wL)?

4KgTR
Vs = B/ (3.27)
V1t (’waRf)2

Figure (3.16) is a plot of the measured and the theoretical noise of the large fork at the
fundamental mode. The other tuning forks were not measured because of the time taken for such
measurements. For the large fork this is 168 hrs. As is seen from this plot there is a strong agreement
between the experimental and theoretical results. The theoretical results are generated using the
experimental RLC and Cpvalues. To analyze the contribution of each noise source, figure (3.17) is
a plot of equations (3.25)-(3.27) and their quadrature. This plot indicates that the dominant source
of noise is the resonant resistance, R. The baseline noise in figure (3.17) is due to the feedback
impedance, mainly due to the feedback capacitance, Cy.

(3.25)

(3.26)
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Figure 3.16: Experimental and theoretical noise voltage vs frequency. The experimental and theo-
retical results are in good agreement.
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Figure 3.17: Theoretical plot of equations (3.25)-(3.27) and their quadrature
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Chapter 4

3-Terminal System

In the previous section the drive and detect of a 2-terminal device is presented. The problem with
such a device is the impedance of the package capacitance, G, must be larger than the resonator’s
impedance. If this is not the case, the package capacitance must either be removed or its value
decreased. While the former might be impossible the latter can be achieved by designing electrodes
and the associate detecting system so as to decrease this value. An example of such a system is a
3-terminal device. Here one terminal is used to drive the device, another to detect and the third one
is ground. Therefore the package capacitance can be chosen to either terminal, i.e. detect to ground
or detect to drive.
In this section the theory and simulated results of a 3-terminal device is presented.

4.1 Theory

Figure (4.1) illustrates a possible 3-terminal device. Here, 1 is the drive electrode, 2 is the detect
electrode and 3, connected at either ends, the ground electrode. If electrodes 1 and 2 are connected
the device becomes a 2-terminal device, similar to the QTF presented in the previous section. For
the simulation presented quartz piezoelectric coefficient and geometry of large QTF is used.

The equivalent circuit for such a system is presented in figures (4.2) and (4.3). The former
is for the non-piezoelectric case while the latter is for the piezoelectric case. In both these cases the
package capacitance is between terminals 1 and 2. The piezoelectric capacitance is assumed to be
parallel to the package capacitance. The output voltage measured from the drive with respect to
ground is given in equations (4.1) and (4.2) for the non-piezoelectric and piezoelectric case.

\%
o __C1 (4.1)
V’/P C1+ C'O
VO/P _ Cl+0m (4 2)

Vie - C1+Co+Cpp

4.2 Simulation Results

First the non-piezoelectric case is considered then the piezoelectric case.

4.2.1 Non-Piezoelectric

To verify the non-piezoelectric circuitry the values of the capacitances are first extracted in Ansys
using the treffetz domain method, table(4.1). The treffetz domain method extracts capacitances
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Figure 4.1: 3-Terminal electrode geometiry. Terminal 1 is drive, 2 is detect and 3 is ground

Figure 4.2: Equivalent circuit for non-piezoelectric case. Cy - package capacitance and Cy - capaci-
tance to ground
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Figure 4.3: Equivalent circuit for piezoelectric case. C;i - package capacitance, C,, - piezoelectric
capacitance and Gy - capacitance to ground

| 1&3Cy (pF) | 2&3Cy (pF) | 1&2C; (fF) |
[ 08993 | 08993 | 11205 |

Table 4.1: Capacitance values between terminals

based on the geometry and position of the electrodes. The capacitance between terminals 183
are equivalent to 2&3 which is expected because they share similar geometry. A 2nd simulation is
done where 1.0V is applied to terminal 1, terminal 3 is grounded and a voltage is measured from
terminal 2 is 9.98 X 10~* V. Using the equation(4.1) and the capacitance values from table (4.1) the
output voltage is 1.24 x 1073V which is 19.52% greater than the measured voltage. The reason for
this discrepancy could be coarse mesh, capacitance derived from the treffetz method could be mesh
independent etc. The amount of error is deemed acceptable therefore the circuit is held to be true.

4.2.2 Piezoelectric

Unlike the previous case the treffetz domain method cannot be used to extract the piezoelectric
capacitance. As a result the circuit in figure (4.3) and its associated equation (4.2) is assumed
true. To verify this, a similar simulation as above, i.e. applying 1.0V to terminal 1 and measuring
the output voltage from terminal 2 while holding terminal 3 to ground, is done for different piezo-
electric stress coefficients, e. From equation (4.2) the piezoelectric capacitance is calculated. From
equation (3.18) the charge or capacitance is known to vary as e?. The calculated piezoelectric capac-
itance and the piezoelectric stress coefficients used is given in table (4.2). As is seen, the capacitance
varies as 2e2 when comparing e = 0.171 and e = 1.710 while the capacitance varies approximately
as e2 when comparing e = 1.710 and e = 17.10. .
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[e(Z2) | Cm (F) | Change |
0.171 1.17150 x 10~16
1.710 2.2998 x 1014 196.31
17.10 2.81917 x 10712 122.58

Table 4.2: Piezoelectric capacitance to piezoelectric stress coefficient
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Chapter 5

Indium Phosphide (InP) MEMS
Resonator

InP is primarily used as a substrate for epitaxial growth to support InGaAsP lasers for optical fibre
telecommunications and to fabricate InGaAs/AllnAs psuedomorphic high electron mobility tran-
sistors for microwave generation and amplification[27]. MEMS devices such as optical integrated
stress sensors, optical modulators or switches, wavelength selective and tuneable filters etc have
been proposed and fabricated in InP[28, 29]. These devices use electro-static force to cause actua-
tion. InP MEMS using piezoelectricity has not been investigated. In general, very little is known
about the piezoelectric property of InP. In fact its piezoelectric stress constant is still a matter of
debate[30, 31]. Conversely, GaAs and AlGaAs MEMS devices using piezoelectric effect have been
widely investigated[32, 33, 7).

This section begins with a discussion on the piezoelectric properties of InP. Using this piezo-
electric relationship the design, theoretical and experimental results of InP MIS bridges is discussed.

5.1 Piezoelectric Properties

InP belongs to a class of crystals lacking a symmetry between the positive and negative ions of the
crystal lattice. In this case, there is a tendency for the electron clouds to shift towards the phosphide
atoms resulting in a dipole moment along the [111] axis, figure (5.1)[34] - the white circles are indium
atoms and the grey circles are phosphide atoms. This deviation from inversion symmetry results in
a non-vanishing piezoelectric coefficients.

To determine the piezoelectric coefficient the wafer orientation and the type of deformation
needs to be considered. Figure (5.2) illustrates the coordinate system, the general form of the
piezoelectric matrix and the type of deformation achieved. As stated in the theory section flexural
vibrations are of interest, therefore ds; and dss should be the largest coefficients.

The most common wafer orientation of InP is (100). For this wafer, [100] is the normal axis x3
, [0T1] the x; axis (¢ = 0) and let ¢ be a rotation of the coordination system around the x3-axis. Fig-
ure (5.3) is the reduced piezoelectric matrix for the (100) wafer orientation, where £b, is d3; and dss.
Here by = cos (2¢) and ag = sin (2¢); therefore b, is maximized if (¢ = %) or the fabricated beam

2

is along (011).The crystallographic coordinate system, i.e. [010], [001], is obtained by setting (¢ = Z).
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Figure 5.1: Schematic projection of atom in the [111] direction. White circles - indium atoms, grey
circles - phosphide atoms[34]
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Figure 5.2: Piezoelectric matrix, d;;, specialized to cubic system and definition of the coordinate
system. Indicated are possible vibration modes for various electric field components|34]

0

Figure 5.3: Piezoelectric matrix for (100) wafer orientation. by = cos (2¢) and ag = sin (2¢)[34]

The piezoelectric and mechanical coefficients of InP are:
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Modulus of Elasticity[35]:

102.20  57.6 5.61 0 0 0
57.6 102.20 5.61 0 0 0
E 5.61 5.61 10220 0 0 0
YW= 0o o o w3 o o |©F@
0 0 0 0 442 0
0 0 0 0 0 102.20
Piezoelectric coefficient matrix[31]:
[0 0 18
0 0 18
0 0 0 0 -36 0
dg=| 0 0 036 0 o|=| o S o |E
18 18 0 0 0 0 36 0 0
0o 0o o0 |
Piezoelectric constant matrix[31}:
0 0 0.0307
0 0 0.0307
0 0 0 c
““=10 0 0 | m?
0 —0.1227 0
0 01227 0 |
Permittivity matrix[36]:
124 0 0
eZ=1 0 124 0
0 0 124

5.2 Design

In order to induce piezoelectric property in InP it must be an insulator. There are two ways of
achieving this: doping with iron or using its semiconductor property to create a depletion width.
Here, the latter is chosen. The depletion width is used to induce piezoelectricity and control the
thickness of this layer hence creating a monomorph. Control means the piezoelectric thickness, hence
amount of deflection, can be changed by changing the width of the depletion region. To elucidate
this idea the electrical design is first discussed then mechanical.

5.2.0.1 Electrical Design

Depletion widths are created using junctions — pn or hetero. A heterojunction is used in order to keep
the layers as intrinsic as possible. Figure (5.4) is the schematic of the MBE grown structure which
consists of three layers grown on an InP substrate. This structure is similar to the high responsivity
InGaAs/InP- based MSM photodetector as reported by B. J. Robinson et al[37]. The first layer
grown is a 4.0 pym thick Ings3Gag.e7As sacrificial layer. The mechanical layer is the 1.67 pm thick
InP layer. This layer in addition with the 100 A Ing g5Gag 15P layer forms the heterojunction. These
layers are grown to be as intrinsic as possible, i.e. n+ doped with 2.0 x 1021 m~=3.

The depletion width of the heterojunction, Ing g5 Gag 15P /InP, determined using equation (5.1){36]
and values from table (5.1), is 109.56 nm at O volts. Therefore Ing gsGag 15P is completely depleted
and 99.56 nm of InP layer is also depleted. A depletion width is also created due to the surface state.
Using equation (5.3) the depletion width is approximately 429.53 nm. To aid in increasing/controlling
the depletion width Schottky contacts made from platinum/gold are grown on Ing g5sGag.15P. This
results in a total depletion width of 517.20 nm equation (5.4) at 0 volts, increasing the depletion
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Figure 5.4: Schematic of MBE grown structure on an InP substrate

li I Gold (All) l InP l IIlo_gf,Gao.lsP |
Work Function ¢ (eV) 5.1 4.65(38] 4.685(38]
Carrier Concentration Ny (m~3) 1.0 x 10?7 2.0 x 102! 2.0 x 10!
Dielectric Constant ¢, - 12.4 12.4
Bandgap F, (eV) - 1.35(38] 1.47(38]
Resistivity O — m 244 x 1073[38] [ 1.4x 1073 | 14x 1073

Table 5.1: Material properties used for depletion width calculations

width by 4.7 times the heterojunction depletion width. Therefore 507.2 nm or 30.19% of InP is
depleted. This is reminiscent of a MIS structure. The above depletion widths, mechanisms and
percentage of depleted layer are summarized in table (5.2). The calculations are given in appendix
A. Tn table (5.1) and for the depletion width calculation the dielectric constant and resistivity of
Ing.g5Gag.15P is assumed to be the same as InP. The bandgap energy for Ing g5Gag.15P is calculated
using equation (5.5)[38]; where z = 0.15.

As discussed in the previous section the longitudinal, dg;, piezoelectric coefficient is of in-
terest. Using the above piezoelectric strain matrix a field applied in the z-direction or parallel to
the X3 will result in a longitudinal extension in the x and y direction, equations (5.6)&(5.7). The
depletion width is parallel to the field causing excitation of the longitudinal d3; piezoelectric coeffi-
cient, figure (5.5). The depletion width/piezoelectric region can therefore be changed by applying a
DC voltage. The type of structures and deformation is discussed in the next section.

1
2e1€2€0 (Yps — Vo)} z

W= 5.1
[q (elNd1 +62Nd2) ( )
A
C= % (5.2)
%oV ]2 E, kgT ., (N

W= | Tl V=g |22 g (A :

S| e - ()] 53
%, T 1/2

- (v -2)
Ey = 1.35+ 0.688z + 0.758z> (5.5)
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| Depletion Mechanism | Depletion Width (nm) | IngssGao.1sP | InP(%) |

Ing.85Gag.15P /InP 109.56 Fully 5.96
Surface States 429.53 Fully 25.12
AU/IIIO_85G840_15P 517.20 Fully 30.37

Table 5.2: Depletion width from the various mechanisms

InggsGagsf — 100 A Depletion Width  [1oq)

&

- InP —Substrate

Figure 5.5: Depletion width of Au/Ing gsGag.15P/InP

ep = digFy
€n 0 0 18
€y 0 0 1.8 0
€y _ B 0 0 0
ez | Le—121 4 36 o }g
€32 -36 0 0 z
€y 0 0 0
e, = 1.8 x 107 12E, (5.6)
e, = 1.8 x 1072E, (5.7)

5.2.0.2 Mechanical Design

The mechanical structures intended for actuation are cantilevers and bridges made from the 1.68 pum
thick Ing gsGag 15P/InP layer, figure (5.6). As discussed above, only a certain width of the region
will be piezoelectrically active. This is the monomorph configuration discussed in the theory section.
A field in the X3 or z-direction will result in a flexural deformation along the X; X3 or xz plane,
figure (5.7).

With regards to the Q-value a low to medium value is expected because: considering the
intrinsic mechanisms single crystal InP with MBE grown layers is used which results in low defects,
considering the extrinsic mechanisms: the contributions from: (a) gas pressure can be neglected by

placing the device in a vacuum, (b) surface losses and (c) clamping losses, although hard to quantify,
will contribute to lowering the Q-value.

With the above criteria of thickness the following range of dimensions could be used for fabricating
bridges and cantilevers (I x w X t) um: 168 — 1000 x 10.68 — 100 x 1.68
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Figure 5.6: InP mechanical structures, bridges and cantilevers, with depletion width showing
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Figure 5.7: Flexural vibrations in xz plane of a cantilever
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Figure 5.8: Overview of calculation for deflection (above) from an applied voltage and piezoelectric
charge (below) from stress
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Figure 5.9: Geometry and associated coordinate system for InP

5.3 Theoretical Result

In this section the deflection of the cantilever and bridge and the associated charge is calculated
using equations (2.12)&(2.36). The overview of the derivation, given in figure (5.8), is as follows: an
applied voltage creates a z-directed field which produces a z-directed strain due to the piezoelectric
effect. The resulting strain produces a z-directed stress. The stress creates a bending moment in
the y-direction resulting in a deflection in the z-direction. For calculating the charge the z-directed
strain due to the applied field results in a dipole, producing an electric displacement in the z-direction
which can be infegrated to calculate the piezoelectric charge. Figure (5.9) is the geometry of the
InP structure and the associated coordinate system. Here the z-axis is the length, L, y-axis is the

width, W, and z-axis is the height or thickness, H, of the beam. Electrodes are applied orthogonal
to the z-direction.

5.3.1 Cantilever Deflection and Charge
5.3.1.1 Deflection

The potential due to the electrode configuration is Vj and the electric field is given by equation (5.8),
where d is the distance between the top electrode and the ground plane which is some fraction of
the total thickness H. Additionally, d is the thickness of the piezoelectric region. Using the strain
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equation (2.34) the stress is given by equation (5.9). This is the normal stress pertaining to a normal
force figure (2.3).

AV V,
Bi(e)=— =~ (5.8)
di3Y'V,
Op = —13—d— (5.9)

The moment is calculated using equation (2.3). Equation (5.10) is the moment of the

cantilever beam.
d W
M, = / f zopdydz
o Jo

d W
M, = / / 2ha¥Vo \ 0.
o Jo d

ddy3Y V,W
M, = 2207 5 (5.10)

The above moment is for the piezoelectric region only. The moment for a monomorph,
equation (5.11), takes into account the complete thickness of the structure. Therefore when the
structure is completely piezoelectric the moment should be zero which is as expected because instead
of bending the structure will extend or compress.

(H — d) dysYV,W
2

Similar to the QTF case the displacement of the tip can be calculated using two approaches:
(a) assuming the beam bends in a parabolic shape and (b) using the mode shapes of a cantilever
subjected to a constant moment . As shown in the previous section, the two will result in the same
equation. Therefore using the parabolic assumption the tip deflection is derived.

The equation for parabolic deflection is £ (z) = & (%)2; where & is the tip deflection. The
maximum deflection occurs at z = L. Using the 2" order differential equation for beam bending the
tip displacement is given by equation (5.12) and equation (5.13) is the general expression for deflection
along the beam. Equation (5.12) is independent of the width of the beam while equation (3.11), for
the QTF case, depends linearly. This linear dependence is due to the electrode configuration. The
contribution of the electrode placement in the InP case is the deflection depends as the inverse square
of the height or thickness. In both cases the deflection increases linearly with applied potential and
as the square of length.

M, =

(5.11)

1M 0%
p YI 0z
¢ _ 2%
Ox? L?
M %
YI L2
ML? ¢
2T °
¢, = (H —d)dizYV,W [ L?
° 2 2T
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£, = (H — d) di3V,W L_2
° 4 I
£, = (H — d)dy3V,W ( ? )
° 4 SWH?
3 (H - d) d13VoL2 3 (H — d) 613%[12
§o = H3 = V3 (5.12)
3(H —d)e1zV,z?
¢ (z) = 2 YI){;E‘ (5.13)

5.3.1.2 Dielectric and Piezoelectric Charge

Equation (2.36) is the general expression for calculating charge on the electrodes due to inverse piezo-
electric effect and the dielectric. Expressing this equation for the InP case results in equation (5.14).
As before, the piezoelectric charge is first calculated then the dielectric.

L oW L W
Q:// elgazdydx+// ereo B, dydx (5.14)

Piezoelectric Charge Equation (5.16) is the piezoelectric charge for the InP cantilever. The Z
term in this equation is the distance from the neutral axis, equation (5.15), to the region of greatest
stress/strain and is dependent on the thickness of the piezoelectric and elastic layers. The region of

greatest stress is on the surface of the beam, therefore this value is subtracted by the total thickness
of the beam.

The neutral axis is calculated using the cross-section, figure (5.10) and the following three
conditions:

1. Sum of all normal forces along the x-direction is zero

2
> Fpi=0

i=1
2. Strain related to curvature is defined as:

9%¢
€ (T,2) = _Zﬁ

3. Mechanical stress or normal stress in the x-direction is:

oy (z,2) = —zYﬁ
Relating the normal stress to the normal force:
dFy ;
dA

Rearranging this expressions for F; ;, using the first condition and noticing that the curvature and
width is constant across the layers:

oz (x,2) =

2

2 i 2
0= Z / zdz = 232 |Zii= Z (hi.O)z - (hi,u)2 = (hl,O)Z - (hl,u)2 + (h2,0)2 - (h2,u)2

1'=1hi,u g=1 i=1
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Figure 5.10: Geometry for neutral width calculation, Z is the neutral plane, hi- thickness of elastic
region and he- thickness of piezoelectric layer. All distances are measured with respect to the bottom
of the elastic region.

The limits of integration (lower and upper) are defined relative to the neutral axis, Z:
1

hiw=%— Y hj=Z—hi—hgandhio=2— Y hj=Z—I
j=1 j=1

[V

The neutral axis is:

af

_ K2 _ 2_4
=_[ hi — hy hlh?] (5.15)

2 (ot ha)

If either of the thickness is zero, i.e. h; = Oor hg = 0, the neutral axis is half of the other thickness,
f 5 b= ha
1.6.2—701‘2—7

Using the above equation for neutral axis the charge is derived::

L W 2
_9%¢
Q :A /a z@emd’ydm

Q = (H —2) elgl’Vg—i"mzL

_ 6ddi13V, L
Q=(H-7) 613‘”%
| 3(H —d) (H — 7) e VoLW
Q= (5.16)

Dielectric Charge Equation (5.17) is the dielectric charge.

L W
Q= / / ereo B dydx
o [s]

_ Ergo Vo LW

. (5.17)

5.3.2 Bridge Deflection and Charge
5.3.2.1 Bridge Deflection

Bridge deflection is calculated using equation (2.31). This equation is the maximum deflection of a
bridge, which is at the center. The same boundary conditions and assumptions as for the cantilever
case is used. The sum part of the equation is first evaluated. Equation (5.18) is the sum part and
the values for the first ten modes are given in table (5.3). As is seen from the table the contributions
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] &l ] Sum |
1 | 4.730040745 0.01534103888
2 | 7.853204624 | -0.2464865261e-10
3 | 10.99560784 | 0.0006397621772
4 | 14.13716549 | 0.4727637217e-10
5 | 17.27875966 | -0.0003619224408
6 | 20.42035225 0.6426962000e-9
7 | 23.56194490 | -0.00005821168207
8 | 26.70353756 0
9 | 29.84513021 | 0.00006946533940
10 | 32.98672286 0

Table 5.3: Sum part of equation (5.18) evaluated at the first 10 cantilever modes

from the even modes is zero which is expected because at half the length the deflection is zero. The
total sum for the ten modes is 0.015630132. Equation (5.19) is the maximum deflection of the bridge
with evaluated sum.

m = 3 [(msh('%—) — cos (B5) — o (sinh (5) — sin (42)))
(sinh (BL) + sin (EL) —(kO:E)(COSh (BE) — cos (%)))] (5.18)
¢ (%) _ s~ }f};;BVOLz (0.015630132)
¢ (g) _ (0.093780782})[% — d)eisVoL (5.19)

5.3.2.2 Dielectric and Piezoelectric Charge

Equation (5.14) is used to calculate the piezoelectric and dielectric charge.

Piezoelectric Charge Equation (5.20) is the piezoelectric charge for the bridge case and is derived

as follows:
a w 2
19}
Qz/ / 76—3§813dyd5€
[+ o

0
Q = Ze1sW ool
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(k:L)?

[sinh (%) + sin (%) —(ai ()cosh (%) — cos (5"—4&))] e ]
%L T=a

(@) = % Z [[cosh (kiz) — cos (k;z) — o (sinh (k;z) — sin (k;z))]

% _ ML? i k; [sinh (k;z) + sin (k;x) — o (cosh (k;z) — cos (k;z)))
dx YI < (]ci[,)2

[sinh (EL) + sin (5L) — o (cosh (BL) — cos (£L))] lz:ajl

(kL)

oc _ ML
oz YI
[si

i [sinh (k;x) + sin (k;z) — a; (cosh (k;z) — cos (k;z))]
i= (le)z

nh (545) + sin (845) — o (cosh (B5F) — cos (5E))] 'F“}

(ki L)

9z (k:L)

) +sin (%) — o (cosh (%) — cos (%))1]

(kL)

¢ [ [sinh (k;a) + sin (k;a) — o (cosh (k;a) — cos (k;a))]
TL

[smh (

(H - E) 613‘/V]V[L

2YTI
o [[sinh (kia) + sin (kia) — o (cosh (kia) — cos (k;a))]
; { (kL)

[sinh (%) + sin (%) — 0 (cosh (%) — COS(%))]}

(k:L)

2Y1T 2
- [ [sinh (k;a) + sin (k;a) — o (cosh (k;a) — cos (k;a))]
; [ (ks L)

[sinh (%L) + sin (BE) — a; (cosh (BE) — cos (BL))] }
(k:L)

0 = (H-Z)ei3sWL <(H —d) d13YVOW>

3(H —%)(H —d)el3dizsV,WL
3
. [ [sinh (k;a) + sin (kia) — a; (cosh (k;a) — cos (kia))]
; [ (ki L)
s () 0 () o o () ()]
(kL)
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Charge vs Length
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Figure 5.11: Charge vs bridge length. Maximum charge is at maximum strain at quarter length

3(H —%) (H —d)e2,V,WL

Y H3
2. [[sinh (k;a) + sin (k;a) — o (cosh (kia) — cos (k;a))]
; [ (k:L)
s (152) + s (42) — o (cosh (542) —cos (52))
(kiL)

Plotting the charge vs length, figure (5.11), the maximum charge is detected at quarter the
length of the bridge at the point of maximum strain. Therefore a = L/4 and equation (5.20) is the
expected piezoelectric charge.

3(H —%)(H —d) e}, VLWL
Y H3
. | [sinh (kﬁf’) + sin (%9) — a; (cosh (%[—‘) — cos (kle))]
; (kL)
[sinh (%) + sin (kTL) —Q; (COSh (kTL) — cos (%é))]
(kiL)

Q =

Q- 3(H ~z)(H — d)(0.072878) 2, V,WL
YH?

Figures (5.12)-(5.13)(a)-(c) is the comparison between the analytical and simulated deflect
on, piezoelectric and dielectric capacitance as a result of change in depletion width. The following
dimension are used for the cantilever and bridge: (I x w x t) wm 100 — 150 x 20 x 1.68. From both
these sets of plots it is readily seen that as the depletion width or piezoelectric thickness is increased
the deflection and piezoelectric charge decreases. This is expected because increasing the width of

(5.20)
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Figure 5.12: Cantilever case comparison of analytical and simulation: (a) deformation; (b) piezo-
electric and (c) depletion capacitance vs depletion width

the piezoelectric thickness decreases the moment hence strain. For the bridge case the simulated
charge is four times larger than the analytical result. Figure (5.14)(a)(Db) is a comparison between
the deflection and piezoelectric capacitance between the cantilever and bridge. The cantilever’s
deflection is 32 times larger and the cantilever charge is 13.7 times larger than the bridge. This is
expected by analyzing equation (5.12) and (5.20). The depletion capacitance of the cantilever is 5
times larger than the bridge.

5.3.3 Bridge Design

The bridge resonator is chosen, as opposed to the cantilever, to be fabricated because it is less
susceptible to stiction issues during fabrication and the three terminal configuration can be used
to measure its piezoelectric properties. The disadvantage, as mentioned above, is the lower piezo-
electric capacitance while relatively higher depletion or package capacitance. Using equation (2.19),
table (2.2) and equation (2.39) the theoretical resonance frequency, inductance, piezoelectric and di-
electric capacitance at the fundamental mode is given in table (5.4) for a drive voltage of 0.1V,.,sand
a depletion width of 210 nm. The density and modulus of elasticity chosen are: 4810 kg/m?3[30] and
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Figure 5.13: Bridge case comparison of analytical and simulation: (a) deformation; (b) piezoelectric
and (c) depletion capacitance vs depletion width
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Figure 5.14: Comparison between cantilever and bridge: (a) deflection, (b) piezoelectric capacitance
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Bridge Dimen- Frequency (Hz) Piezoelectric Inductance (H) Package
sions (I x w X t) um Capacitance (F) Capacitance (F)
[ 100x20x1.68 | 58432349 | 1525x10717 | 486645 | 2612x10 3 |

Table 5.4: Theoretical frequency, inductance and capacitance

55.09 GPa'.

The expected Q-value is approximately 1000 giving a resonator resistance of 17.86 MQ
which is 17 times larger than the impedance of the package capacitance at resonance. Therefore,
in order to measure the signal from the resonator any or all signals from the background including
the package capacitance must be removed. In the design of the device this is done by isolating the
metal from the semiconductor using an oxide layer of appropriate thickness except where required,
i.e. the bridge and the ground planes. Adding an oxide layer adds to the package capacitance. A
three terminal setup, as described in the previous section, can be used where the mutual capacitance
between the electrodes is used as the package capacitance. This reduces the capacitance by eleven
million as calculated in section (5.6.0.2), 3-Term Method . The oxide on metal is the familiar MOS
design, making this device a MOS in parallel with a MIS.

5.4 Fabrication

The layer structure that constitutes the basis of the fabricated resonators is grown on a 2 in. diameter
InP(100) wafer in ultrahigh vacuum MBE. Figure (5.4) is the cross-section of the grown structure.
As mentioned above, the first layer grown is a 4.0 pm thick Ing 53 Gag.a7As sacrificial layer(orange).
The cantilever/bridge layer consists of layers two and three — InP(blue) and Ing gsGag,15P(yellow)
having thickness of 1.67 pm and 100 A, respectively. In this research work, bridges are fabricated.

The 2 in. diameter wafer is cleaved into 14.0 x 14.0 mm samples on which resonators are
fabricated. Bridges having dimension of (I X w x t) pm 100 — 150 x 30 x 1.68 are fabricated. On each
sample there are nine bridges, three of which share the same dimension. These three belong to a
set making a total of three sets. The middle bridge of every set has different electrode configuration
giving the ability to measure and subtract the background contributions.

The bridges are fabricated in a clean room facility using standard fabrication techniques -
CVD, optical lithography, metallization and wet chemical etching. A total of four masking steps are
used to fabricate the bridges and three for cantilevers. Each of these steps are described below. The
first step defines the ground electrodes, the second step defines the etch holes, third step metallization
for lift-off and fourth step release of bridge. The CVD is used to deposit SiO, which serves the purpose
of an etch masking layer and an insulator to isolate the resonator signal from background. Optical
lithography is used to transfer the pattern from a mask {o a photoresist.

1. Preparation of ground electrodes by selectively removing the Ing.gsGag.15P layer.
A 1000 A of CVD SiO, is grown. SiO, serves as a masking layer for the subsequent removal
of Ing g5Gag.15P. Photoresist (PR) is spun and deposited. In figure (5.15)(a) red represents
810, and green represents PR. Using optical lithography the mask pattern, figure (5.15)(b),
is transferred. The exposed PR is removed exposing SiOg. SiO, is removed using hydrogen
flouride (HF) exposing Ing.gsGaog.15P. Ing ssGag.asP is removed using a one to three ratio of
hydrogen chloride and hydrogen phosphide (1:3 HCL:H3PO,4). The underlying InP is now
exposed, figure (5.15)(c), and in step 2 will be defined so that in step 3 metalization can occur.
Both PR and SiO; are removed. The sample is now ready for the next step.

2. Pattern ground electrodes and expose Ing g5 Gag.15P etch holes by selectively removing
grown SiOg. Similar to the previous step SiOs is grown and PR is deposited, figure (5.16)(a).

1 Calculated from Ansys
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Figure 5.15: a)Cross-secton of CVD grown SiOg(red) and PR(green), b) Mask pattern, c¢) Cross-
section of PR, SiOg and Ing g5Gag.15P removed exposing InP

The thickness of SiO5 is 3000 A. Mask pattern, figure (5.16)(b), is transferred and the exposed
PR is removed, allowing for the exposed SiOs to be removed. The final step is to remove the
PR. The InP ground electrode area is now defined and the etch holes are defined for release of
bridge in step 4, figure (5.16)(c)

3. Metalization. Lift-off technique is used. PR is deposited and the mask pattern is transferred,
figure (5.17)(a). PR is developed and the exposed regions are now ready for deposition of metal.
For Schottky contact the following metals are deposited - Ti/Pt/Au/Ti (150/500/1500/150 A).
Ti is deposited on top of Au to provide adhesion for growth of SiO; in the final step. After
deposition of metal the sample is placed in an acetone bath for lift-off. Majority of the sample
has, SiOq, figure (5.17)(c). Only the bridge regions have electrodes touching the Ing g5Gag.15P
layer, figure (5.17)(b). The sample is ready for the final step of bridge release.

4. Bridge release This is the final mask step. Similar to steps 1 and 2, SiO3 is grown and PR
is deposited. The thickness of Si05 is 1000 A. Mask pattern, figure (5.18)(a), is transferred
and the exposed PR is removed, allowing for the exposed SiO2 to be removed. This opens up
the etch holes from step 2. Using SiOg as a masking layer protecting the bridge, the bridge is
released by etching Ing g5 Gag.15P/InP using 1:3 HCL:H3PO4 and Ings3Gag.a7As using one to
eight to eighty hydrogen sulphide to hydrogen peroxide to water (1:8:80 HySO0,4: Hy042:H,0),
figure (5.18)(b). SiO4 and PR are removed. Figure (5.18)(c) is the final top-view of the device.
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Figure 5.16: a)Cross-secton of CVD grown SiOq(red) and PR(green), b) Mask pattern, ¢) Top view
of exposed Ingg5Gag.15P etch holes and defined ground electrodes

5.4.1 Results and problems alleviated

Figures (5.19)(a)&(b) and (5.20)(a)&(b) are the successfully fabricated bridges. The bridges di-
mensions are: (I x w X £) pm 100 — 150 x 30 x 1.68. Various problems were encountered making it
difficult for successfull fabrication in the first attempt. One of the simple ones was adhesion between
platinum and gold to the oxide layer. This caused unwanted etching in step 4, for example etching
at the supports causing figure (5.21), and undesired removal of metal during lift-off. This was solved
by adding 150 A of titanium before platinum and after gold. The difficult problem was determining
the etch rates for Ing 53Gag 47As in <110>. An anisotropic etchant is used with a favored etch rate
in <100>. Etch rate in <110> is not available. As mentioned in the introduction III-Vs suffer from
such types of problems making MEMS fabrication difficult. The etch rate had to be determined
experimentally by etching over a time period and measuring the amount removed (figure 5.22). The
etch rate was determined to be 250 nm/min. This is 50% slower than in the <100> direction.

5.5 Experimental Setup and Results

The diode characteristics of the device are first determined then the piezoelectric.

Two methods are used to measure the diodes - probe and mounted. For the latter, the sample
is mounted on a dual in line package (DIP) header using silver paste as an adhesive between the
substrate and the DIP header. Using a ball bonder, Giessen Model 4524, the devices are connected
to the pins of the package. The piezoelectric property is measured using the mounted setup.

The bridges electrically are two diodes, because either ends of the bridge have an electrode
that extends to a quarter length of the bridge total length. To distinguish between the size and ends of
the bridge the following nomenclature is used: deviceyy; here x is the bridge number and y is the side
number, table (5.5) and figure (5.23)(a)-(b). As seen in table (5.5) devicess, devicess and devicegy
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Figure 5.17: a)Mask pattern, b)deposited metal after lift-off
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500 Microns

Figure 5.18: a)Mask pattern, b)cross-section etched bridge structure, ¢) final top-view of structure

a)

Figure 5.19: InP bridge SEM side view:(a)electrodes on bridge and etch holes; (b)bridge released
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Figure 5.20: InP bridge SEM top view:(a)two electrodes; (b)one electrode on bridge

Broken

b)

Figure 5.21: Broken bridge SEM image:a)broken bridge from the electride; b)magnified view
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Figure 5.22: Plot of Ing 53Gag 47As etch rate in <110> vs time
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| Device Number | Size(um) | Electrode type

Deuvice1r 100 Full
Devices; 100 Full
Dewvices 100 Full
Deviceyy 125 Full
Dewvices 125 Full
Dewvicegy 125 Full
Devicen 150 Full
Deuvicegy 150 Full
Dewvicegy 150 Full
Deviceqg 100 Full
Devicess 100 Half
Devicess 100 Full
Deviceqn 125 Full
Devicegs 125 Half
Devicegs 125 Full
Devicers 150 Full
Devicegs 150 Half
Devicegs 150 Full

Table 5.5: Device nomenclature

are called half terminal devices because their electrodes do not touch the bridge, figure (5.23)(b) and
figure (5.20)(b). The rest of the devices are called full terminal, figure (5.23)(a) and figure (5.20)(a)

5.5.0.1 Experimental Setup

Figure (5.24) is the probe setup using Hewlett Packard, HP-4145B, semiconductor parameter ana-
lyzer to measure IV curves. This is a simple setup consisting of the device connected to the HP-4145B.
Labview is used to control and gather data from the parameter analyzer. Figure (5.25) is the exper-
imental setup used for measuring C-V of the diodes and for frequency sweeping. The general setup
consists of: on the drive side a DC source for biasing the device and a function generator for driving
the device at a specific frequency and on the detect side: the Amptek A250 amplifier to amplify
the signal and the SR-844 RF lock-in to measure this signal. As in the QTF setup, the function
generator synchronizes the lock-in amplifier. The computer is used to control the equipment and
record data. The frequenices of interest are from the 200 - 1000 KHz.

5.5.0.2 Characterization of 331 pF

A frequency sweep, figure (5.26), of a 331 pF capacitance is made to characterize the response of
the amplifier at this frequency range. Ideally the capacitance should remain fixed as the frequency
is changed. However, experimentally, the capacitance decreases. For the range of frequencies of
interest a change of 10 - 22% is expected. .

5.5.1 Diode IV Curves

The IV curves are measured using Hewlett Packard HP-4145B semiconductor parameter analyzer.
The experimental setup used is illustrated in figure (5.24). Figures (5.27)(a)-(c), (5.28)(a)-(c)
and (5.29)(a)-(c) are the measured IV curves for devicesy in the range of -1.5 to 1.5 V. Overall,
the curves are the familiar diode IV relationship with a turn-on voltage ranging from 0.25 to 0.42
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Figure 5.23: Devicexy, nomenclature. x - bridge number, y - side number:a) bridge with two electrodes
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Figure 5.27: Diode IV for 100 um bridge length (a)-(c)

V. Theoretically a turn-on voltage of 0.42 V is expected. As is seen from the figures, from device to
device variation in measured current exists.

In the forward bias regime after turn-on voltage the expected exponential IV behaviour is
not measured. The reason could be due to misalignment during fabrication, leading to unwanted
touching of the metal to the semiconductor or pinholes in the oxide. To determine the factors, half
terminal devices, devicegs, devicess and devicegs are analyzed. In the ideal situation the current from
these devices should be zero, owing to the metal being on top of an insulator - SiOy. This however
is not the case. Devicesy shows higher than normal current for a half-terminal device. Infact, the
current is similar to deviceg;, figure (5.30). This is a good indication of the predominant factor
being misalignment. The IV curves of devicey; /devicess and deviceg; /devicese, on either sides of
this device, have almost a one to one correspondence. The case for pinholes becomes apparent when
analyzing deviceps and devicegy. The reverse bias current from devicegs is two hundred times less
than the reverse bais current from devicegy figure (5.31).

Even though the forward bias is not indicative of an ideal diode, the operating point for
piezoelectricity is in the reverse bias regime for which all the devices have the expected diode char-
acteristics, figure (5.32)(a)-(c), (5.33)(a)-(c) and figure (5.34)(a)-(c).
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Figure 5.28: Diode IV for 125 pm bridge length (a)-(c)
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Figure 5.35: Diode IV for 100 um bridge length (a)-(c) after ball bond

Figure (5.35) are the IV curves for device;1 /device;q, devices; /devicegy and devices; /devicess
after mounting and ball bonding. The 1V of device,y is very different from its non-bonded charac-
teristics. This is attributed to the fact the ball bonder penetrated through the oxide layer creating
a resistor in parallel with the diode. Devices; after boding also exhibits different characteristics,
predominantly both the reverse and forward bias currents have increased. Devicess and Devices;
retain their IV characteristics. Devicezs reverse bias current increases by an order of magnitude
while the forward bias decreases by 0.9 times.

It is difficult to quantitatively understand this non-ubiquity across the sample. Qualitatively,
it could be attributed to non-uniform thickness of oxide or metal across the sample, non-uniform
force applied by the ball-bonder, parts of the sample being dirty causing loss of adhesion when
bonding, greater adhesion in certain sections causing the force after first bond being large enough to
break the wire etc.

To continue with experiments devicegs/devices; and devicegs are deemed fit in reverse bias
mode.
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Figure 5.36: MIS circuit model, C;- insulator capacitance due to SiOs and Cyi- heterojunction de-
pletion capacitance

5.5.2 Capacitance Measurement

Owing to the MOS and MIS design the capacitance of the ball bonded devices are measured. The
ideal model for a MIS, figure (5.36), is an insulator capacitance, C;, in series with a depletion capac-
itance, Cq. Therefore, in forward bias mode the measured capacitance is the insulator capacitance
and in the reverse bias mode the measured capacitance is the series combination of insulator and
depletion capacitance. Figure (5.37) is the setup used to measure capacitance. The idea being the
capacitance at various bias voltages is measured. To do this the DC bias is set by Vpc while the AC
voltage is set by Vac. Keeping Vac fixed a Vpe sweep is made from -0.5 ... 0.5 V. Measurements
are made at Vg equivalent to 7, 14 and 35 mVrms at 600 KHz.

The oxide capacitance theoretically is 163.12 pF because of the 3000 A thick SiO, and the
area of the electrode pads equivalent to 2.46 x 10~%. The capacitance due to the heterojunction is
plotted in figure (5.38) using the same electrode area and equation (5.1). As seen the heterojunction
capacitance is much larger than oxide capacitance in both reverse and forward bias. Therefore,
through circuit analysis of figure (5.36), the oxide capacitance should dominate in the measurements.

ereoA  (2.25) (8.85 x 10712) (500.0 x 10~6) (4.915 x 10~3)

O =
d (3000.0 x 10-10)

= 163.12pF

The G-V curve for devicegs, figure (5.39)(a), is not as expected. The difference in capacitance
from reverse to forward is 1.3 pF. This capacitance difference could be due the heterojunction
capacitance not being as large as theoretically predicted. The maximum capacitance measured is
at -0.1 V. In the forward bias regime the capacitance decreases with increase bias voltage. This
could be attributed to charges in the oxide layer, parallel resistance due to pinholes etc. As stated
above the capacitance due to the oxide layer is 163.12 pF. However the maximum measured value
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Figure 5.37: Capacitance experimental setup
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Figure 5.39: Capacitance vs Vp¢ for devicegs at (a) TmVrms and (b) 35mVrms

in forward bias is 135.160 pF or 17.14% lower than the theoretical value. It was also found the
capacitance changes with Vag. Figure (5.39)(a) is a plot of capacitance for a drive voltage of 7
mVrms. Increasing the drive voltage to 14 mVrms yields the same result (not shown). However
when the drive voltage is increased to 35 mVrms, figure (5.39)(b), the result is quite different. The
maximum capacitance value shifts to -0.15 V from -0.1 V and decreases by 18.29%. The capacitance
in the forward bias regime decrease linearly. This oddity is hard to explain.

Measuring devices; the expected electrical equivalent circuit is an insulator capacitor, G; in
parallel with the depletion capacitance, Cq, due to the Schottky diode, figure (5.40). The hetero-
junction capacitance is ignored in this model. Figure (5.41) is the theoretical predicted values for
the Schottky capacitance. Therefore in the reverse bias mode the measured capacitance should be
a combination of insulator capacitance and Schottky capacitance and in the forward bias mode the
insulator capacitance should dominate.

Figure (5.42)(a)-(b) is the C-V curve of devices; and agrees with the above theoretical
assertion. Unlike devicegs at 0.0 V the capacitance is a maximum at 157.144 pF. This capacitance
is 3.66% lower than the theoretically predicted oxide capacitance. A 4.8 pF' change in capacitance
occurs from reverse to forward bias. Changing Vac to 35 mVrms figure (5.42)(b) the curve remains
the same but the capacitance decreases by 25.30%. The change in capacitance from reverse to forward
is 2.84 pF a decrease of 40.83% from the 7 mVrms case. This change due to applied Vac is also
seen in devicegs. The expected change in capacitance, calculated theoretically using equation (5.4),
is roughly 35.86 fF.

Subtracting the capacitance digitally, data from devices; from data from devicesz, analogous
to removing the background insulating capacitance, yields figure (5.43). A change in capacitance
of 3.0 pF exists from reverse to forward bias. Therefore choosing a bias voltage of -0.1 V the
piezoelectric measurements are made.

5.6 Piezoelectric

The insulator capacitance in combination with the depletion capacitance is the package capacitance.
In order to measure the piezoelectric signal the contributions from this capacitance must be negated.
This is achieved by using a bridge circuit which consists of a transformer. The transformer yields
two waveforms phase shifted from each other by 180°. By adjusting the capacitance on one arm of
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Figure 5.40: Equivalent circuit model for electrode on the bridge. C;- insulator capacitance due to
Si05 and Cy- Schottky depletion capacitance
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Figure 5.41: Theoretical Schottky capacitance
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Figure 5.44: Two terminal bridge setup. Piezoelectric response of Devices; is measured while
Devicess parallel with Cg are the compensating arm to negate the package capacitance

the bridge the current through the package capacitance can be negated by the current in the variable

capacitance. The piezoelectric characteristic is measured using a two terminal and a three terminal
setup.

5.6.0.1 Two Terminal

Motivation

The idea is to treat the device like a quartz tuning fork and measure the piezoelectric
response form one arm of the InP bridge.
Experimental Setup

The experimental setup is illustrated in figure (5.44). The bias voltage, Vpg, is fixed at
-0.1 V and a frequency sweep Vac equivalent to 7.05 mVrms from 400.0 to 700.0 KHz is made.
The idea of the setup is one arm contains devices; whose piezoelectric response is being measured
and the other arm contains devicegs in parallel with a variable capacitance to negate the package
capacitance.

Result

Figure (5.45) is a plot of the measured output voltage vs frequency for devices; and devicegs
without compensation. The measured output voltage is roughly 100 times greater than the input
voltage. Figure (5.46) is a plot of the compensated output (red curve). The signal is reduced by
22.0 times however the voltage increases with frequency. To improve this a 5.0 pF compensating
capacitance, C., is added in parallel to devicegs, figure (5.46) (black curve). This reduces the
compensating signal by 30 times or an equivalent package capacitance of 5.2 pF'.

Both the curves yield a change in trend between 500 and 600 KHz, hinting at some piezo-
electric effect. The theoretical resonance frequency is roughly 584.0 KHz. Although promising, this
setup had to be abandoned because a stable secondary DC source was not available. The secondary
DC source used had voltage drift issues and setting voltages in the milli-volt range was difficuls.
More importantly, the resonant resistance cannot be lower than the equivalent impedance of the

package capacitance - 52.41 kQ. This would yield a Q-value of greater than 2000. A Q-value of 1000
or lower is expected.

The three-terminal setup is adopted.
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Figure 5.47: Three terminal bridge setup. Devicesy is driven while devicegs is measured. The
compensating arm consists of a variable capacitance and resistor - C¢, Re.

5.6.0.2 Three Terminal

Here three terminal means measuring the output voltage of one device while its associate is be-
ing driven. In this case devices; is driven while devicesy is being measured. This is done using
two approaches: transformer bridge method and 3-term method. The transformer method is first
explained.
Transformer Bridge Method
Ezxperimental Setup

The setup, figure (5.47), is similar to the two-terminal setup. The difference is the compen-
sating arm is a combination of resistors and capacitors in series and parallel. Here devices; is driven
with a voltage of 7.05 mVrms while devicess is measured. Both devices are biased at -0.1 Vpc.
Results

The method of compensation is as follows:

1. starting with a known capacitor in the compensating arm the output signal is measured at a
specific frequency, this case 600.0 KHz

2. capacitance is increased till adding a capacitor increases the output signal
3. once achieved resistors are added in parallel or series to further reduce the signal
4. this is done till adding either component increases the compensated signal.

Using this technique the signal is reduced by 182 times or a compensating capacitor of 0.893 pF.
Figure (5.48) is the output of the above setup with a step size of 1.0 KHz. The inset is data taken
at 100 Hz. A ‘V’ shape is seen which is expected because the compensation is done at 600.0 kHz.
Experimentally, however, the compensation is at 584.0 KHz. Unfortunately, no resonance is seen.
C. is 186 pF and R, is 5.0 k2. To verify that depletion is occurring and the package capacitance is
compeunsated the bias voltage is changed to -0.5 V and 0.0 V. For the latter a shift in the voltage
frequency curve should be small but the former should exhibit a large shift. Figure (5.49) illustrates
this result.

3-Term Method
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Figure 5.48: Devicess compensated at 584.0 kHz using setup described in figure (5.47)

Master Thesis - Abhishaik Rampal McMaster University - Engineering Physics



5.6. PIEZOELECTRIC 92

—0.0
; Voltage vs Frequency — -0.1
0.020 - @ Delta = 1.0KHz —-0.5

1\ Veo=00,-0.1,-05V

Voltage (V)

] ]
500000 550000
Frequency (Hz)

T T T
600000 650000 700000

T T
400000 450000

Figure 5.49: Devicega compensated at 584.0 kHz for Vpe -0.5, -0.1 and 0.0 V using setup described
in figure (5.47)
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Figure 5.50: 3-Term setup. Piezoelectric response of devices; is measured while devicezy is driven.
The package capacitance in between devicesy & devicess

Similar to the above setup but the resonance is measured not with respect to ground but with
respect to virtual ground of the op-amp. The package capacitance is the capacitance between devices,
and devicegs. This capacitance will be much lower because the separation between the electrodes is
greater than or equal to 50um leading to a capacitance of 13.806x 10718 F or 11.08x 108 times lower.
This setup is similar to the idea described in the previous chapter.

Ezxperimental Setup

Figure (5.50), illustrates the setup used. In this setup the ground of devicesiand devicess
are connected to the bias potential Vpg. A bias potential of -0.1 V is applied. V¢ of 7.05 mVrms
is applied to devicegs . Output from devices; is measured. This point with the 10.0 nF is held at
virtual ground.

Result

Figure (5.51) is the capacitance vs bias voltage. There are two oddities with this result:
(a) the value of the capacitance is about one million times larger than the expected result and
(b) the capacitance increases as the bias voltage is increased when it should remain constant. This
basically means within the bridge or in the measurement setup stray capacitance’s exist impeding the
measurement of the real capacitance. Figure (5.51) is a frequency sweep of capacitance vs voltage.
Resonance is not detected. In order to determine the reason for this oddity another device was
bonded and tested. However the bond punched through the metal making making it impossible to
determine the reason. However using the three terminal setup did reduce the package capacitance
by an order of magnitude.
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Figure 5.51: Capacitance vs Vpg for 3-term setup
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Chapter 6

Conclusion and Future work

In this research work MEMS resonators, cantilevers and bridges, using the piezoelectric effect to drive
and detect fundamental resonance was presented. The piezoelectric effect is defined as materials
lacking a symmetry center regarding the positive and negative ions of the crystal lattice. As a result
an applied mechanical force or an electric field causing deformation results in a detectable charge.
The latter is called the inverse piezoelectric effect. The type of deformation of interest is flexural
and based on this a general theory relating the bending moment produced due to the piezoelectric
stress was presented. Using this bending moment a general expression for deflection and charge was
derived. Resonators made from a—quartz and InP were investigated.

The quartz resonator investigated is the conventional quartz tuning fork (QTF) found in
watches. This device is an example of a two-terminal parallel bimorph device with electrodes placed
on either face creating equal and opposite fields. The field are produced in x-direction resulting in a
flexural deformation in the x-direction or XY plane. A theoretical model was made to explain this
and compared with the Ansys and experimental results for good agreement. The model assumes
the tines can be treated as cantilevers. The theoretical dielectric or package capacitance is found
to be an order of magnitude larger than the experimental. This is attributed to the electrodes not
extending to the complete length, width and height of the tine.

The InP resonators investigated were designed and fabricated in-house using intrinsically
grown MBE layers of 4.0 pm Ings3Gag.47As, 1.67 ym InP and 100 A InggsGag.1sP on a semi-
insulating InP substrate. The design was based on a three terminal device where one electrode
was used to drive the device, other to detect and a third one for ground. Inorder to induce piezo-
electricity a depletion width was created serving the role of an insulator. A 109.56 nm naturally
occurring depletion width is created between the InP/Ing g5Gag 15P heterojunction layer. Schottky
contacts were used as electrical contacts increasing the depletion width and giving the ability to
control the thickness of the depletion region or the thickness of the piezoelectric layer hence mak-
ing it a monomorph piezoelectric device. The resonators fabricated were bridges having dimension
of (I x w x t) wm 100 — 150 x 30 x 1.68 using standard fabrication techniques - CVD, optical lithog-
raphy, metalization and wet chemical etching. Bridges were fabricated to use the three terminal
design. The piezoelectric resonance was not measured due to parasitic resistances and charges. Pin
holes were measured in the SiOg layer which is very puzzling because InP is considered to be the
most promising III-V compounds for MIS device application[39]. Additionally good quality plasma
oxide have been reported by[40] for the production of MIS schottky diodes. Measuring using the
three terminal setup did however result in a 66.67% decrease in package capacitance from the two
terminal setup. The expected deflection was to occur in the XY plane or z direction due to an
applied z-directed electric field. A theoretical model was made for both cantilevers and bridges. The
deflection and piezoelectric charge for a cantilever was found to be 32 and 13.7 times larger than the
bridge case which is expected given the increased stiffness of a bridges. Additionally, the model took
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Figure 6.1: QTT electrode cross-section

into account the changing depletion width and in both the cantilever and bridge case a piezoelectric
layer which is thinner than the elastic layer resulted in maximum deflection.

6.1 Future Work
6.1.1 Three terminal QTFs

A QTF is actually an eight terminal device, four electrodes, on each arms. Figure (6.1) is a cross-
section of the tines with electrodes numbered from 1 to 8. In the conventional two terminal setup
electodes 1, 4, 8 and 6 are connected to terminal A and electrodes 3, 2, 5 and 7 are connected to
electrode B. Inorder to make this a three terminal device electrodes 3, 2, 8 and 6 are held at ground,
while 1 and 7 are connected to make one terminal and 4, 5 connected to make another one. Either
of these terminals can be drive and detect. The field produced in tine 1 will be opposite the field
produced in tine 2 producing the same movement of tines as in figure (3.4). The advantage of this
setup is the package capacitance should be four orders of magnitude lower than the two terminal
case table (4.1) while the piezoelectric capacitance changes by 4.0%.

6.1.2 Passivating Ing g5Gag.15P Surface

One of the problems with the InP MEMS resonator is the existence of pinholes making it hard to
measure resonance. According to [41] a silicon layer four to ten monolayers thick can be grown
on (100) GaAs and SiOy can deposited using PECVD technique at 275°C. During the deposition
process some of this silicon is consumed to from the native oxide. Using this technique a 300 A
thick SiOg film is grown. At bias volfage of 30.0 V a current 0.1 4 A is measured while at lower bias
voltages, for example 7.5 V, a current of 1 pA is measured. The C-V curves also show the expected
MOS characteristics. Perhaps using the available MBE the Ing g5Gag.15P layer can be highly doped
with silicon making it basically a silicon layer. This can then be used to grow oxides during the
fabrication process. The foreseeable problems with this idea are: (a) how much of the silicon gets
consumed during CVD, (b) what is the diffusion rate of silicon in InggsGag.15P and InP during
the CVD process when the temperature is increased, (c) how thick a layer of silicon is required for
growing oxide three times. If this technique proves to be successfull then a passivating film can be
grown thereby eliminating one of the issues towards measuring the piezoelectric effect.

6.1.3 Fabrication of cantilevers or longer bridges

As shown from the calculations cantilevers or longer bridges will result in higher charges and deflec-
tion. If cantilever’s are fabricated the 3-terminal method described in chapter 4 for compensation of
package or dielectric capacitance cannot be used. Instead the bridge technique described in section
5.6.0.1 and 5.6.0.2 will be used.
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[ | Quartz | GaAs | InP |
[ Piezoelectric constant (-%) | 0.173 [ 0.160 [ 0.035 |

Table 6.1: Piezoelectric constants for quartz, GaAs and InP

6.1.4 Optical measurement for bridges and cantilevers deflection

Using an fabry-perot interferometric design the movement of bridges can be detected. This is done
by using the air gap between the bridge and the underlying substrate, which in this case is 4um,
as a reference and measuring the reflected waves off the bridge. An interference will be produced
between the reflected waves and the reference. Using this technique deflection changes as low as 1.7
A has been measured[42].

6.1.5 Optical excitation of III-V MEMS resonators

Using the direct band-gap nature of ITI-Vs and its piezoelectric nature perhaps the former can be
used to drive the mechanical structure into resonance by using the latter. For this to occur the III-V
would have to be operating in the depletion mode because this is the piezoelectric region and the
charge carriers produced can be swept away from the depletion region. The optical beam used to
excite the device into resonance must be chopped at the resonant frequency of the resonator therefore

creating charge carriers at this frequency which produces an AC field which can be used to drive the
device.

6.1.6 GaAs MEMS resonators

According to table (6.1) GaAs piezoelectric constant is comparable to quartz and is 4.5 times higher
than InP. Therefore the charge detected will be 21 times higher than InP. The same ideas of con-
trolling the depletion by creating a heterojunction, optical actuation, fabrication of bridges and
cantilevers etc from InP can be transferred to the GaAs.
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Appendix A

Depletion Width Calculations

In0,85 Ga0_15P/InP
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Vi = bm — s = 5.1 — 4.685 = 0.415V; V = 0
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