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1. EXECUTIVE SUMMARY

1.1 Introduction

Because GPS is subject to periodic failures, its use in replacing al or part of ground-based navigation for general
aviation depends upon developing satisfactory backup systems. A great technica challenge for low-cost GA
autonomous navigation is the need for accurate, low-cost gyroscopes. To try to develop low-cost gyroscopes
researchers are focusing on MEMS technology. This paper reports the status of one such research program at the
University of Alabama. The UA research program proposed improving the accuracy of MEMS gyroscopes in
three ways. (1) increase mass of the gyro, that is, produce a meso-scale gyro usng MEMS technology, (2)
increase signal amplitude by using piezoel ectric actuators and sensors (instead of conventional electrostatics), and
(3) use dternatives to Silicon (for example, Quartz) that should reduce accuracy degradation caused by
temperature changes. The following is a summary of the status of the development effort. Sections are devoted to
fabrication issues, material s devel opment, electronic system development, simulation, and test results.

To overcome the technological challengesin building the “UA X-post Gyro” the following must be
achieved:

e Design and construct an electronic system capable of measuring both relatively large and
extremely small rates of rotation

e Develop acomputer simulation capability to be used for device design and future design

optimization

Develop the capability of producing high-quality thin films of piezoelectric materials

Develop MEM Stechnol ogy fabrication processes that have never before been done

Develop aMEMS clean room for production of the gyro devices

Develop aNavigation Laboratory capable of testing MEM S-technology gyroscopes

Develop alaser trimming system for improving the performance of the manufactured

MEM S-technology gyroscopes

1.2 Device Structure and Operation Theory

A photograph of the MEMS gyroscope is shown in Fig. 1.1. It consists of a cross beam and a post. We
call the gyroscope an “X-Post Gyroscope”. The material of both beam and post are silicon. Four thin
films, PNZT pads are deposited on the X-direction beam, and used as actuators. The other four thin film
pads are deposited on the Y-direction beam, and used as sensors. The reason, why PNZT pads are used
as actuators and sensors, is it is hoped that this will result in larger eectrical signals than could be
achieved by electrostatic excitation. If true, a higher signal to noise ratio could be expected. The
gyroscope operates according to the Coriolis coupling principle. The post mass is vibrated in the X-Z
plane around y-axis when suitable excitation voltage is applied to the actuators, shown in Fig. 1.2. When
the gyroscope is rotated around the Z-axis, the post mass tends to vibrate in the Y-Z plane due to
Coriolis coupling, shown in Fig. 1.3. By measuring the amplitude of the induced vibration, the angular
rate of the applied rotation can be obtained. To obtain as large response as possible, the second natural
frequency is applied as the frequency of the actuating voltage.



FIG. 1.1. The UA X-Post gyroscope.

FIG. 1.2. Vibrating mode under actuating voltage.

FIG. 1.3. Vibrating mode under actuating voltage and rotation.



1.3 Risks

The X-post gyro was a high-risk project for several reasons. These include:

e The possibility that time and funding may not be sufficient ($10.8 million over six years).
We were supplied with information that the Draper Laboratories “Z-axis’ gyro had
consumed $100+ million without a navigation-grade device and the JPL -Boeing-Honeywel |
Meso-gyro consumed $30 million+ over 11 years without a navigation grade device.

e Rather than try to achieve success with an electrostatically driven device, such as those
mentioned above, we choseto try to develop a piezoelectrically driven device. We saw no
logic in trying the same approach as JPL and Draper Labs. Therisk isthat piezoelectric
MEM S-technology devices are not nearly so well understood as conventional silicon-based
technology.

e It was possible that we would not be able to produce or purchase piezod ectric thin films of
sufficient quality.

e Some of the MEM S-technology processing steps have not, to our knowledge, been achieved
anywhere else, so we needed to develop these processes.

e Thefabrication process required very many steps to be performed successfully. With one
device per wafer, our yield was binary- either a success or afailure. We did not have the
luxury of producing many devices on a wafer and discarding the imperfect ones.

e Wedid not know (and still don’t know) whether a device of our design can be produced to
give the navigational accuracy needed. Simulations were developed to try to address this but
they do not include some of the effects in the actual device.

1.4 Accomplishments

So far, the FAA gyro project has produced several outcomes we consider notable. These include

Development of a simulation tool that is capable of assisting design of future mechanical gyros
(not just of the X-post design.) It should be possible to assess effects of changing materials and
shapes. We can assess the effects of imperfection of manufacturing and of temperature cycling.

We have devel oped the ability to produce very high quality PNZT piezoelectric thin films. The
uniformity and piezoelectric properties of these are superior to products available commercially.

New MEM S-technology fabrication processes were developed. These will provide useful
guidance to othersin the future.

We successfully constructed an X-post gyro that oscillates precisely at its designed frequency. It
is premature to assess whether this design will eventually allow accurate rate measurements.



e Both anaog and digital electronic control systems were produced. The analog system is
operationa and the digital system awaits connection to a device and the necessary programming.

1.5 Status of the X-post Gyro

Near the end of the project we were able to test the first X-post gyro design. The gyro oscillates at the
designed frequency but we have not yet been able to measure rotation rates.With a small grant obtained
since the end of the FAA project, we are attempting to correct some of the deficiencies we have seen in
the initial device. New masks are being produced with the goal of testing the next generation design.
Better electrical shielding will be provided and an attempt to reduce parasitic capacitance will tried by
reducing electrode size. If possible, laser trimming will be attempted. Due to the complex manufacturing
methodology, it is difficult to see how the goa of “low-cost” can be achieved in the near future with a
piezoelectric thin-film device. However, the term “low-cost” is relative and what would be considered
“low-cost” for one application may not be acceptable for another.



2. SMULATION

2.1 Summary

During the project we developed a three-dimensional finite element code for dynamic analysis of three-
dimensional systems, such as gyroscopes. This capability was needed for theinitial design of the
mechanical behavior and also for future design iterations to improve performance. There were two
reasons why we did not choose to use an existing commercial code. First, our design proposed to make
use of piezoelectric thin films for actuators and sensors. Piezoel ectric finite e ements in the codes we
evaluated, such as ABAQUS, do have piezoelectric elements, but these are either two-dimensional, in-
plane elements that accept an in plane applied voltage, or afull 3-D element. Since our deviceisalittle
unusual in that we apply a voltage through the thin film (perpendicular to the surface), we were left with
only the choice of 3-D hexahedron piezo elements. However, because of the high aspect ratios of the
thin films, we would have had to use very many 3-D elements. We felt that this would have made our
simulations prohibitively expensive in human and computer resources, since the simulationsinvolve
computing dynamic response over thousands of time steps for each simulation. A second reason was that
we wanted access to the source code because we had along-term goal of integration of the finite el ement
mechanical simulation to software simulating the gyro control system.

Beginning with a code aready developed by one of these investigators, the primary work involved (1)
development and implementation of a piezoelectric thin film finite element, and (2) inclusion of the
Coriolis effect in the code. Therest of this chapter discusses development of the ssimulation tool, called
BAMEFEM.

2.2 I ntroduction

The piezoelectric element presented in this chapter is an improvement of Chowdury’s piezoelectric
element.! The piezodectric element developed by the author contains 9 DOFS (8 displacement DOFS
and 1 electric DOF); and Chowdury’s piezoelectric element contains 12 DOFS (8 displacement DOFS
and 4 electric DOF). ABAQUS results and severa experiments are used to examine the correctness of
the author’ s piezoel ectric element.

2.3  Formulation of 4-node piezoelectric film finite element
2.3.1 Congtitutive equation
The coupling congtitutive equation of linear piezoelectric materials between the elastic field and the

electric field strain can be represented by the direct and the converse piezoelectric equations,
respectively.”
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where, {D}, [€], { € i}, [] and {E} are eectric displacement vector, the piezoelectric coupling
coefficients matrix for Stress-Charge form, strain tensor, the electric permittivity matrix and the electric
field componenets, respectively; and {oij} and [C] are stress tensor and the elasticity matrix,
respectively.

2.3.2 Element stiffness matrix and e ement mass element

Piezoelectricity is a coupling between a material's mechanica and electrical behaviors. The equilibrium
equation of each element for amaterial with coupled mechanical and el ectric properties can be described
by the equation of moti on*

[M°] oHUE} [Ke K] {ue}z{w} ]
{ 0 oflgf ike1ke 1o e (2-3)

where, [Me],[KH, wa] and :K;,} are element mass matrix, element stiffness matrix, element

piezoelectric stiffness matrix and element dielectric stiffness matrix, respectively. {F°} is the force
vector (mechanical and electrical) of element e, and { Q% is the element charge.

(K21 = [T Tere ey = [re e ojarcs 2-4)
[KS] =], [BI6IB,1av = t]jl[ BITd[B,]|3[drds (2-5)
[K;,1=-], [B,][c°1[B,1dV = —tfjl[aa 118, 1[3]drds (2-6)
K =[Kn] @7

In equation (2-4), [c]is the elasticity matrix of a material. For a 3-D orthotropic material, the
elastic constant matrix is*

cjzl C% cgs 0 00
c:%)2 C%2 033 0 00
c,C.,C, 0 0 O
Cl=]| "1 “23 v
(€] 0 0 0C, 00 (2-8)
0 00 0C, O
0 0 0 0 0CY)
For 2-D plane problems the matrix can be compressed to the form of equation (2-9).2
G, ¢ O
[c]=|Cc. C» O (2-9)
0 0 c4



In equation (2-9),C,;, G, C,and Cy; can be obtained by following equations;*

(o] [0} (o] \
C,= CllCS3 — (C13)2
Cs
Cp = szC§3 _Cf?,C;
Co Co _ Co )2 ( 3 )
C, = 2233 ( 23
Cs
Cy = CL Y,

In equation (2-5), [€] is the piezoel ectric coupling coefficients matrix for stress-charge form
[e] = [d][C] (2-11)
where, [d] isthe piezoelectric coupling coefficient matrix for Strain-Charge form, units C/N
(Coulomb/Newton).
For aplain stress element, [€] has the form
000
[e]= 0 00 (2-12)
€, 60

In equation (2-6), :es] isthe electric permittivity matrix, it has the form

s T T
[e*]=[&" |-[d][c][d] (213)
where, [aT] is the permittivity matrix, subscript T means that the permittivity data was measured under at
least a constant, and preferably a zero, stress field.

For aplain stress element, [83] has the form

e;, 00
[&°]=04¢, 0 (2-14)
0 0 e
In equations (2-4) ~ (2-6), matrix [By] isthe usual geometrical matrix for a four-node
quadrilateral:

Nl,x O N2x 0 N3,X 0 N4,x 0

[B.J= 0 Ny O N,, O N3y, 0 N, (2-15)
_Nl,y Nl,x Nz,y N2,>< N3,y N3,x N4,y N4,><

Nix Niyinequation (2-15) (i =1,2,3,4 ) can be obtained by following equations

AR RO @19

where, [J] isthe Jacobian matrix for 4-node isoparametric elements. The shape functions and their
derivatives are’

10
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14
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v
The electric field vs. electric potentia relation for a4-node PNZT film element is
E =-o, (2-20)

Since the electric potential is constant throughout the plane of the el ement’
o (r,s) =0, (2-21)

Assume that the electric potential changes linearly through the thickness direction of the element,
combined equations (2-20) and (2-21), we can obtain

0

E 0 Z/&x
(E)= E {g} 6//ay {(p}—{lgt}{@}—[%]{@} (2-22)
Then, i

[B,]=10 (2-23)
X

In equations (2-22) and (2-23), t is the thickness of the 4-node PNZT film element. From the above
equations, it can seen that the dimension of matriceS_Kfu} : _KL?zp:|, _K:Zu} and [K;J are 8x8, 8x1, 1x8

and 1x1, respectively. In the free vibration analysis, vector { Q%} isusually set to zero.? Thus, the voltage
output in sensor elements can be obtained by solving the second row of equation (2-3)

o=k T {-[x ol (2:24)

Substituting equation (4-24) into the first row of equation (4-3) yields
e Jlarf e Jfut =P} (2:25)

where | K° | is defined by the equation

K[k ] K] (226)
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:M e] is the consistent element mass matrix, and is given by

e e 1 p1
[M ]:I\F[N]T p[NJave=t[ [ [N]" p[N]|3|drds (2-27)
2.3.3 Determination of the electrical force vector

In the first row of equation (2-3), the element force vector {F | can be decomposed into

F er
{F }={Feo} (2-28)
where, { FET} is the mechanical force vector, and{ FEQ} is the electrical force vector due to the applied

charges of the actuators.
For the free vibration problem, vector {Q% is usualy set to zero. The equation (2-3) can be

rearranged into the form’
Mol fuf] | [TKETIKE T ] ue _{FeT} {o}
o OHée}{[K;][K;w] o[ 10 TE® (2-29)

Then, the first row of equation (4-29) can be written as
M Jfop e [G S = (P [RG Sl = TR 230

where [Fet=-[KS {0} (2-31)

Equation (2-31) is defined as the element electrical force vector produced by the voltage applied to the
actuator elements.

2.3.4 Stress and strain vectors

For atwo dimensional shape sensor or actuator, the equations (2-1) and (2-2) can be compressed into

D,|] "0 00]|e| |&n O O (O

Dy =0 00 €y +| 0 &y 0 0 (2_32)
D,] '& & 0 S 0 0 ¢ E,

Gx Cll ClZ 0 Ex 0 O e&l 0

Oyr= Cy, Cy, 0 = +{00 (S 0 (2_33)
ro] L0 0cylly,| [000][E

From equation (2-32), we can obtain D, =0 and D, =0.
The strain-displacement relationship is given by

EX
e, L=8,}{u} (2-34)

Ty

where [B,] can be obtained from equation (2-15). For an orthotropic piezoelectric materia the strain in
the thickness direction (Z-direction) can be obtained from equati on'

12



C Chen +Co €y (2.35)

z 0
C33

Change in thickness can be obtained by

At =t (2-36)

2.3.5 Implementation of piezoelectric film element

The implementation of the piezoelectric film element is in the module QUAD. QUAD contains 4
element types, standard 2D 4-node quadrilateral element (S2D4), 2D 4-node quadrilateral conforming
element is applied to a 3D structure system (S3D4), 2D 4-node quadrilateral non-conforming element is
applied to a 3D structure system (N3D4), 2D 4-node quadrilateral piezoelectric element (S2D4P) and
2D 4-node quadrilateral piezoelectric element is applied to a 3D structure system (S3D4P). Chowdury’s
thesis discussed the details how 2D elements are applied to a 3D structure system.?

2.4 Numerical examples for validation of thin film piezo element

2.4.1 Verification using ABAQUS

2.4.1.1 Material properties.

To verify the correctness of the devel oped piezoelectric thin film element, the author used one example.
The selected material for the example is PZT-4, the material properties for strain-charge format are
listed as follows:*

"123 -405-5310 0 O
405123 5310 0 O
B -531-531155 0 0 O 2.37
[S:]=10e12* 5" 0" 5 300 o (2:31)
0O 0 0 039 0
0O 0 0 0 0327]

where, Sedefines the compli a;lce coefficients for Strain-Charge format, unitsm?/N.

0 0 0 0 49%0
[d]=10e12*| 0 0 0 496 0 0
-123-123289 0 0 0

where, [d] defines the piezoel ectric coupling coefficients for strain-charge form, units C/N.

(2-38)

1475 0 0
[gT]=8.854e12* 0 1475 0 (2-39)
0 0 1300

where, [¢'] is relative Permittivity, unit F/m (farad/meter).

Transferring the above properties data to stress-charge format,

13



[1.390e+11 7.784e+10 7.428e+10 0 0 0
7.784e+10 7.428e+10 1.390et11 0 0 0
0 0 0 2.564e+10 0 0 (2-40)
0 0 0 0 2.564e+10 0
0 0 0 0 0 3.058et+10|
where, C isthe easticity matrix, units Pa.
0 0 0 0 14970
[e]=d*C=| O 0 0O 1497 O O} (2-41)
-535-53515.78 0 0 O

where, [€] is the piezoel ectric coupling matrix (stress—charge format), unit c/m? (Coulomb/meterz).

6.752e09 O 0 (2-42)
[53] - [sT ] -d*C*d" = 0 6752209 O
0 0 587209

where, [¢] is €l ectric permittivity matrix, unit F/m.

2.4.1.2 Numerica example.

Fig. 2.1 shows the BAMAFEM model. It contains 4 nodes and only 1 piezoelectric plate element. Table
2.1 lists the coordinates of each node. The thickness of the PZT element is 5.0e-4 m. Node 1 is
constrained in X and Y directions; node 2 is constrained in the X direction. A 1.0V voltage was applied
normal to the element.

Because ABAQUS does not contain 4-node piezoelectric plate with normal electric DOF, to verify the
correctness of the developed 4-node piezodectric plate element with normal electric DOF, the author
used an 8-node brick piezoelectric model with normal electric DOF, the model has the same dimensions
and boundary conditions as the model shown in Fig. 2.1. Fig. 2.2 shows the ABAQUS model. Nodes 1
and 5 are fixed in both X and Y directions; nodes 2 and 6 are fixed in x direction; and bottom nodes 5, 6,
7 and 8 are fixed in the z direction.

1 4
FIG. 2.1 4-node piezoelectric plate model for BAM AFEM

14



FIG. 2.2 8-nodebrick element model for ABAQUS

Table 2.2 lists nodal displacements calculated by BAMAFEM; Table 2.3 lists nodal displacements
calculated by ABAQUS6.5. We can see that the two kinds of results areidentical. Table 24 lists the
strain results at each gauss point obtained by BAMAFEM; Table 2.5 lists the strain results calculated by
ABAQUSE.5. From the displacement results and strain results obtained by BAMAFEM and those
obtained by ABAQUS6.5, we can conclude that the formulation of the piezoelectric 4-node film finite
element is correct.

TABLE 2.1. Nodal coordinatesfor Fig. 2.1 (Unit: m).

Node Coordinate (x, y)
1 (0.0, 0.0)
2 (0.0002, 0.0)
3 (0.0002, 0.0002)
4 (0.0, 0.0002)

TABLE 2.2. Nodal displacements obtained by BAMAFEM (Unit: m).

Displacements

Node
u v
1 -0.1765e-09 0.0000e+00
2 0.0000e+00 0.0000e+00
3 -0.1790e-23 0.1765e-09
4 -0.1765e-09 0.1765e-09
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TABLE 2.3. Nodal displacements obtained by ABAQUS (Unit: m).

Displacements
Node P
number u Y
1 -0.17655e-09 0.0000e+00
2 0.0000e+00 0.0000e+00
3 0.0000e+00 0.17655e-09
4 -0.17655e-09  0.17655e-09
5 -0.17655e-09 0.0000e+00
6 0.0000e+00 0.0000e+00
7 0.0000e+00 0.17655e-09
8 -0.17655e-09  0.17655e-09

TABLE 2.4. Strain results obtained by BAMAFEM.

Strain Components

Gauss Point
Exx Eyy Ex Yy
(0.0, 0.0 0.88275e-07 0.88275e-07 0.11364e-06 -0.66174e-23
(-0.577,-0.577)  0.88275e-07 0.88275e-07 0.11364e-06  0.13235e-22
(-0.577, 0.577) 0.88275e-07 0.88275e-07 0.11364e-06 0.52940e-21
(0.577, -0.577) 0.88275e-07 0.88275e-07 0.11364e-06 -0.51285e-21
(0.577, 0.577) 0.88275e-07 0.88275e-07 0.11364e-06 -0.13235e-22
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TABLE 2.5. Strain results obtained by ABAQUS6.5.

Strain Componenets

Node = Ex Ess Ew Eis E23
1 8.8276e-8 8.8276e-8 -1.1364e-7 -1.0092e-22 4.1359e-23  8.2718e-25
2 8.8276e-8 8.8276e-8 -1.1364e-7  4.3179%e-22  1.6544e-23  -1.8198e-23
3 8.8276e-8 8.8276e-8 -1.1364e-7 -9.7607e-23  3.8877e-23 -6.6174e-23
4 8.8276e-8 8.8276e-8 -1.1364e-7  4.4833e-22 3.8877e-23 -1.2739%e-22
5 8.8276e-8 8.8276e-8 -1.1364e-7 -1.1084e-22 3.2260e-23  6.9483e-23
6 8.8276e-8 8.8276e-8 -1.1364e-7  4.3510e-22  2.5643e-23  8.2718e-25
7 8.8276e-8 8.8276e-8 -1.1364e-7 -1.1911e-22 3.3087e-24 -3.3087e-24
8 8.8276e-8 8.8276e-8 -1.1364e-7 43675e22 3.3087e24  -1.1829e-22

24.2 Experimental verification

Two experiments were made to verify the correctness of piezoelectric element plate element developed
by the author. One experiment was done by Nistorica,® it was used to verify the correctness of the output
displacement results.. Jian Zhong performed another experiment it was used to verify the correctness of
the output voltage results.

2.4.2.1 Experimental materials and their properties.

The experimental samples consist of two kinds of materials, Silicon and PNZT. The properties of
Silicon are as follows:?

Density: p = 2330kg/m®

Poisson’sratio: v =0.17

Y oung’s modulus: E = 150 GPa

The coefficient of thermal expansion: a = 2.7e-6

The Material properties of PNZT were measured by Nistorica. They arelisted as follows:

Elasticity matrix (unit: Pa):

[12le+11 754e+10 752e+10 O 0 0
754e¥10 75210 75210 O 0 0
(C]-| 7521107520410 L 1er1L O 0 0
0 0 0 211esl0 O 0
0 0 0 0 211evl0 O

0 0 0 0 0  226e+l0]
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Piezoelectric coupling matrix (stress —charge format) (unit: Coulomb/m?):

"0 0 o}
[]= 0 0 O
54 -540]
Electric permittivity matrix (unit: Farad/meter):
6.752e09 0 0
[85]: 0 675209 O
0 0  5.872e09

2.4.2.2 Sample and cantilever preparation and measurement setup.

Nb-doped lead zirconate titanate (PNZT) films were prepared by using a sol-gel technique. The detail of
the film process is described by Han et al.’® The substrate is Pt(150 nm)/TiOx(40 nm)/SiOz(500
nm)/Si(400 um)/SiO,(500 nm)/TiO, (40 nm)/Pt(150 nm). The PNZT films were coated on both sides of
the wafer. The typical solution composition is Pbix(Zro,Tigg)Os with 2% Nb, which was named
PNZT(2/20/80). Using a steel wire saw with diamond-embedded cut the cantilevers. Wet etching was
used to remove PNZT film to expose the bottom electrode. The thickness of PNZT(2/20/80) was 650
nm, which was measured by using a Dektak profilometer. The top electrode Pt with a square area was
deposited by magnetron sputtering with a shadow mask. A fine silver wire was glued to the bottom and
top electrodes by using silver epoxy. The PNZT films were poled under a field of 250 kV/cm by using
60,000 pulses with the duration of 0.01 ms. X-ray diffraction (XRD) result shows that PNZT(2/20/80)
film has a random orientation with mgor (111), (110) and minor (100) peaks.

Fig. 2.3 and Fig. 2.4c show the dimensions of the experimental samples. Fig. 2.4ab and Fig. 25 show
the experimental setup to measure the response of PNZT film as a sensor and an actuator. For the sensor
measurement shown in Fig. 2.4a, the idea of the cantilever setup is the same as that proposed by Dubois
and Murat."" A bulk PNZT actuator was used to drive the cantilever beam from the top at a certain
frequency, a charge amplifier was used to collect the charge on the top electrode. Here a preamplifier
and lock-in amplifier were used to make sure that only the signa with the driving frequency was
selected and measured. An optical sensor was used to measure the deflection at the driving point from
the other side of the cantilever. An oscilloscope was used to monitor the signals. For the actuator
measurement shown in Fig. 2.4a, a certain frequency AC voltage was used to drive the cantilever from
the top and bottom electrodes, and then detect the deflection of the free end of the cantilever by an
optical sensor. For one cantilever, there are two capacitors. one in the front side facing the optical sensor
and another in the backside.

2.4.2.3 Actuating mode measurement.

Dimensions of the measured beam are shown in Fig. 2.3, point A is the location where displacement is
measured. The thickness of the beam is 0.7mm, and the thickness of the PNZT film is 1um. In this
experiment, the driving AC voltage on the back side capacitor is (3.5* sin(6rt)+3.5 )volt. The amplitude
of deflection measured at the point of L = 27.5 mm is 1.12014 x10'm.
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FIG 2.3. Dimensions of the beam for actuating mode measurement

2.4.2.4 Sensing mode measurement.

Fig. 2.4c shows the geometric definition of the measured cantilever beam. The tota length L of the
cantilever made from PNZT(2/20/80) is 34.3 mm, the width b of the cantilever is 2.5 mm, the thickness
h of Si substrate is 0.4 mm. The thickness of PNZT film is 650 nm. The top electrode Pt is a square of 1
mm x 1 mm and its thickness is about 100 nm. The distance x1 from the electrode front edge to the base
is4.45 mm.

For the sensor measurement, the distance Ly from the bulk PNZT driving point to the base is 23.3 mm.
The driving AC voltage of the bulk PNZT actuator is 5* sin(2=ft) volt with a frequency f of 10 Hz. The
deflection amplitude measured at the driving point is 369.3 nm. The charge amplitude measured from
the front side capacitor is (0.70+£0.01) pC. The capacitance of the electrode is 7.49 nF. So the voltage on
the electrode due to the charge is about 0.09 mV, while for the backside capacitor the charge amplitude
is(0.93+£0.02) pC. The voltage on the electrode due to the charge is about 0.12 mV.
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FIG. 2.5. Photograph of experimental setup.

2.4.2.5 Texture effect on piezoel ectric response.

Ledermann et al. has aready shown that the value of the piezoelectric coefficients of PZT films have
very strong dependence on the texture of the film even when the composition and the thickness are kept
the same.’* The PZT film with (100) texture may have a piezoelectric response of twice that of the film
with (111) texture. Their results agree with the theoretical calculation very well.*** The sensing mode
measurement here shows two different values between the front side PNZT capacitor (0.70 pC) and the
back side one (0.93 pC). The possible reason is that the textures of the films on two sides are different.
Simulation result for the film will be more accurate if the texture effect isincluded in the model.

2.4.3 BAMAFEM results

2.4.3.1 BAMAFEM resaults for actuating mode

To consider the convergence of the calculation results, 4 different mesh models are constructed. Mesh 1
shown in Fig. 2.6 contains 320 nodes; and consists of 12 piezoelectric 4-node thin film elements and 124
8-node brick elements. Fig. 2.7 shows the calculated dynamic response at measurement point A (shown
in Fig. 2.3). From the figure, we can see that it took about 1800 time stepsto converge to the steady state
result. It is believe that the reason is because the precision of the stiffness matrix and the mass matrix are
not enough.

Mesh 2 shown in Fig. 2.8 contains 480 nodes; and consists of 12 piezoelectric 4-node thin film elements

and 248 8-node brick elements. Fig. 2.9 shows the calculated dynamic response at measurement point A
for the mesh.
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Mesh 3 (shown in Fig. 2.10) contains 1116 nodes, and consists of 24 piezoelectric 4.node thin film
elements and 488 8-node brick elements. The curve shown in Fig. 2.11 is the calculated dynamic
response at measurement point A corresponding to the mesh.

Mesh 4 (shown in Fig. 2.12) contains 1674 nodes; and consists of 24 piezoelectric 4-node thin film
elements and 976 8-node brick elements. Fig. 2.13 shows the calculated dynamic response at
measurement point A.

Table 2.6 lists the first two natural frequencies for each mesh. Table 2.7 lists the calculated dynamic
response at the same location for different meshes.

TABLE 2.6. Natural frequencies for various meshes.

Natural frequencies (Unite: Hz)

Mesh Cases

fi f2 f3
Mesh 1 1.4940E+03 6.6638E+03 9.7452E+03
Mesh 2 1.4814E+03 6.6628E+03 9.6833E+03
Mesh 3 1.2791E+03 6.6068E+03 7.9827E+03
Mesh 4 1.2662E+03 6.6058E+03 4.9709E+04

FIG. 2.6. FEA mesh 1 of cantilever beam for actuating mode.
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FIG. 2.7. Dynamic responses of mesh 1 at node 255.

FIG. 2.8. FEA mesh 2 of cantilever beam for actuating mode.
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Dynamic Response (Z) at Node 415 (m)
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FIG. 2.9. Dynamic responses of mesh 2 at node 415.

FIG. 2.10. FEA mesh 3 of cantilever beam for actuating mode.
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Dynamic Response (Z) at Node 868 (m)
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FIG. 2.11 Dynamic responses of mesh 3 at node 866.

FIG. 2.12. FEA mesh 4 of the cantilever beam for actuating mode.
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FIG. 2.13 Dynamic responses of mesh 4 at node 1424.

TABLE 2.7. Maximum displacements for different mesh.

i
5000

10000

Cases Dsplacements (Z) (Unit: m)
Experiment 1.12014 x10”

Mesh 1 1.1765x10"

Mesh 2 1.1764x107

Mesh 3 1.1751x107

Mesh 4 1.1749x107
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FIG. 2.14. Comparison of dynamic response for different mesh.

Fig. 2.14 shows the comparison of dynamic response for different meshes at the same location when 7V
voltage is applied. The calculated maximum value is 1.1765x10°’. The experimental measurement result
is 1.12014 x10'm. Comparing calculated results and experimental results, theoretical results are larger
by 5.03% than experimental values; the maximum dynamic responses for different meshes are ailmost
the same, the main difference is the phase, the reason is that the natural frequencies are sensitive to
mesh. Also, the Newmark method for time history computation exhibits phase errors for unconverged
models. It can be concluded that the two results match very well.

2.4.3.2 BAMAFEM results for sensing mode.

Because the dynamic responses are nearly the same for different meshes of the structure, the author
constructed only one mesh to analyze the sensing mode. Fig. 2.15 shows the FEA model used to
compute for the sensing mode. The mesh contains 602 nodes, 4 piezoelectric plate elements and 252 8-
node non-conforming 8-node brick elements.

TABLE 2.8. Output voltage in the sensor elements.

Element Output Voltage (mV)
1 0.0933
2 0.0934
3 0.866
4 0.0868
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FIG. 3.15. FEA mesh of cantilever beam for sensing mode.

Table 2.8 lists the output voltages in the 4 PNZT elements obtained by BAMAFEM. Because the strains
in the sensor elements that are close to the end of the beam are larger than that of other two sensor
elements, their output voltages are larger. The average output voltage in the 4 PNZT elements is 0.09
mV. So, the computational results match the experimental result (0.09mV) very well.

2.5 Inclusion of Coriolis Effect into the Finite Element Software

If adynamic systemisin equilibrium, the sum of the external and internal virtual work is zero.
Mathematically, we state this as

J, (8uy'TF1av + L{(SU}T[fS]dsé{auif[pi] -
jv ({53}T[6] +{su}’ p[u]+{su} c[u]dv —L{éu}T p(aldv =0 (2-43)

The first three terms account for the virtua work of the body, surface, and concentrated forces,
respectively. Terms four, five and six represent the virtual work of the internal stresses, inertial forces,
and viscous forces. The quantity 6u indicates virtual displacement, uis displacement, and d¢ is virtual
strain. The quantity p is mass density and cis a measure of viscous damping. The first six terms lead
to the well-known resuilt:

[M]{d} +[Cl{d}+[K]{d} = {F®)} (2-44)
where{d} isthe nodal displacement vector. For example, for an 8-node hexahedron, this would be
{d}T = [dm dly d, d,, d2y dp, . . . O d8y d82] (2-45)
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The last (seventh) term in equation (2-43) is the virtual work resulting from the Coriolis acceleration of
the body, where a_is Coriolis acceleration. The figure below indicates a coordinate system fixed in a
rotating rigid body. Let the angular rate of the body be given by

Q=Q,i+0Q,j+0k (2-46)
wherethei, j, and k are unit vectors.

z

Figure 2.16. Angular rate vector for arotating rigid body

Now the Coriolis accel eration represents the interaction between the angular rate of rotation of the rigid
body and the velocity of a point relative to the body. It is given by

a. = 20 x U (2-47)
In expanded form thisis

a, 0 20, 20 |(u
=120, 0 -20 |{u 2-48

a, e

al| |20, 20, 0 ||u

Yy X z

Now substituting this into the seventh term of equation (2-43) gives, after replacing the continuous
velocity components with the usual finite element discretization,

J, (64} plajav =] {sd}'[N] p[Q][N]{d}dv (249)

The [N] is the matrix of finite element shape functions. For example, for an eight node hexahedron, N
has dimensions 3 x 24. After dropping the common virtual displacement term, we obtain the following

modification to equation (2-44):
[M]{d}+[C]{d}+[COR]{d}+[K]{d} ={F (1)} (2:50)

where the additional term comes from
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[COR]=[, p[N] [2][N]{d}dV (2:51)

The Coriolis matrix [COR] has precisely the same form as the well-known finite element mass matrix
[M ] except for the presence of the [Q] matrix.

There are at |east three ways to incorporate the Coriolis effect into an analysis. First, the elemental finite
element equations can remain in the form of equation (2-50) and the usua procedure of assembly,
application of Dirichlet boundary conditions, and implementation of a time integration scheme will yield
a solution for the dynamic response. Unfortunately, [Q] is skew-symmetric. Thus, the resulting matrix
[COR] and the assembled global finite element equations will not be symmetric. Thiswill preclude the

economy of using a symmetric storage scheme and a symmetric equation solver, as is normally the case
in finite element analysis. This would be a severe penalty in storage and computational time.

Another approach would be to treat the Coriolis effect as an applied force; thus, the Coriolis force is
given by

{f°} =—[cOR]{d} (2-52)
The governing elemental equations now take the form

[M]{d}+[C]{d}+[K]{d} ={F@®)}+{f°] (2-53)
where the Coriolis effect is treated as an additional applied force. The difficulty with this is that while
the angular rates are prescribed, the velocity vector {d} is unknown. We can deal with thisin one of two

ways. First, we can solve the assembled finite element equations iteratively at each time increment of the
dynamic analysis. That is,

[M ]{d-}ul +[C]{d}l+l +[K]{d }i+1 _ {F(t)}Hl +{ f c}' (2_54)
where the superscriptsi and i+1 refer to iterations. The Coriolisforceis evaluated from
{t} =—[cor]{d} (2-55)

When displacement and velocity vectors (or suitable norms) have changed by less than a prescribed
guantity between successive iterations, convergence has been achieved. To avoid the expensive

iterations at each time step, an alternative is to evaluate the Coriolis force vector using the values for the
velocities at the previous time increment. In other words equation (2-54) is solved only once at each

time increment and the value of the Coriolis force { f °}i is evaluated using the velocity vector obtained

for the previous time increment. This will result in the application of Coriolis forces that lag the actual
forces by one time increment. This means, for example, that if the time increment is taken as 1/10 of the
period of the actuating signal, the applied Coriolis forces will lag the actual vaues by that same time.
This is the method implemented in the current version of the BAMAFEM code and we believe it to be
an acceptable model for use in simulating gyroscope behavior.

30



3. FINITE ELEMENT SIMULATION OF THE X-POST GYROSCOPE
3.1 Summary

The theory and verification studies for the smulation code developed for the gyro project were
presented in Chapter 2. After verification the code was used to design a configuration that would
oscillate at the desired frequency. The code was aso used for risk management in that magnitudes of
deformations and voltage output which could theoretically be obtained from the design were computed.
These results showed that signal output could be large enough to accurately measure. The simulation did
not, however, include the effects of electronic noise. The effects of imperfections in manufacture and of
thermal changes were also studied. Just as has been noted experimentally by other investigators, the
effects on device accuracy of temperature changes during operation were found to be severe.
Imperfections were harmful, as well, but not nearly as important as thermal effects. These gyro
simulation studies suggest that the developed simulation capability could be used in the future to
improve gyro design through use of various materials and/or geometric changes

3.2 Modeling of a M EM Stechnology gyr oscope
3.2.1 Governing equation of motion

The gyroscope system can be represented by the following governing equation

[M]{U}+[Cl{U} +[K]{U}={F] (31)
where coefficient[M], [C], [K] represent the global mass, damping and stiffness matrices respectively.
Vector {F}isthe system force vector. Matrix [C] can be obtained by equation

[C]=a[M]+B[K] (32
where o and g are the mass and stiffness proportional damping constants. The relationship
between« , g and the fraction of critical damping & at frequency @ is given by the following equation

1 p
¢= 5[0@ + —j (3-3)

(o

4

a , p can be determined by choosing the fractions of critical damping (&, and &, ) at two different
frequencies (®,and @, ). By solving the following equations, ¢ and g can be obtained

a = 20,0,(&0, —E,0,) (0] - o) } (34)
B = 2&,0, - £o) (0] - o)
3.2.2 Formulation of force vector

For non-inertial reference frames, considering the effects of temperature, the force vector applied to a
strap down MEM S-technology gyroscope can be described as follows:

{F}z{FT}"'{FP}"'{Fl} (35)
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where{F;}, {F.} and {F,} are the thermal force vector, piezoelectric force vector and inertial force
vector, respectively. {F.! can be obtained by equation (2-29).

3.2.2.1 Thermal forcevector.

Since the X 4post gyroscope is modeled with 4-node piezoel ectric thin film elements and 8-node
nonconforming brick elements, the thermal force can be decomposed into

{R={F)+{F.} (3-6)
For 4-node piezoel ectric thin film elements, the thermal force induced due to thermal changeis
1 p1 t
{Fraf zt_[_l_[_l[Bu] [C]{e&r,}[J]drds (3-7)

where [B,] can be obtained by equation (2-13); [C] can be determined by equations (2-8) to (2-10); and
{€:1} isthe pre-strain vector induced by thermal difference.

€ oy, AT
{enf =18y = aléT (3-8)
Yy

In equation (3-7), &, isthe coefficient of thermal expansion of the material. For 8-node nonconforming
brick elements, the thermal force induced due to thermal changeis

(Fad =" [ ' [B.] [C]{ero )19 drasch (39)

In the thesisby G. Huang,® details are offered about how to obtain [B]; {<,,} isthe pre-strain vector
induced by thermal difference.

€, o, AT
€, o, AT
{€raf = S0 = 10207
V12 0 (3-10)
Va3 0
Y13 0

In equation (3-10), «, isthe coefficient of thermal expansion of the material.

3.2.2.2 Inertial vector.

In strapdown systems the gyroscopes are fixed to the vehicle (a rotating frame Oxyz) and rotate with its
angular rate Q. For aframe shown in Fig 3-5, {Fi} are the inertial forces due to the motion of the
vehicle given by equation (3-11)

{F}=MR-MQx (QxU)-2MQxU - MQxU (3-11)
where M, R(t), Q(?), U(t) is system mass matrix, vehicle position vector (Frame Oxyz relative to frame
OXYZ), angular frequency vector and node position vector, respectively. The terms on the right side of
equation (3-11) correspond to translational, centrifugal, Coriolis, and transverse forces, respectively. To
verify the correctness, a simple case was considered, i.e, the vehicle is d&atic. In this
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FIG. 3.5. Motion frame for X-post gyroscope.

case the firss term in equation (3-11) equals zero. In the present application
U<U and Q is vey smal. Then the second term and the fourth term in
equation (3-11) is much smaller than its third term. So, only the Coriolis force is considered as the
inertial force. Then,

(F}~-2MQxU (3-12)
For any element in a MEMS gyroscope, the velocity vector can be represented:
V=V, +V,] +v,K (3-13)
and the rotation vector is:
fE:QXT+QyT+QZIZ (3-14)
The Coriolis acceleration vector is:
- T K| a2 . 20, 20 |-
5, =20xV=20, 20, 20,[= [T TH| o2 207 18 B4
v, Vv, vV, vV, vV, Vv,
Ve VoV,

a, =(2Qyv, - ZQZvy)r +(2Qv, - 2Q.7,)] + (2Q,v, - ZvaX)IZ (3-15)
Also, éc = anxr + acyT + aczk
Then, a, =(2Q,v,-2Q.v,) a, =(2Q,v, -2Q,v,) a, =(2Q,v, —2Q V,) (3-16)

Using matrix form, the components of &_can be written as follows:

a, 0 -Q, Q, v, 0 -Q, Q |(u
a.cy = 2 Q 2 0 _QX Vy = 2 QZ O _QX V (3_ 17)
a, —Qy QX 0 v, —Qy QX 0 W
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For an 8-node non-conforming brick element,

So, the Coriolis force can be represented as'®

F. =[paadv =2[[N] p[Q][N]{U}aV (3-19)
\% \Y
Then, the Corialis force can be obtained by equation
3.3 .3 .
F =ZZZW|W;Wk (detJ)ijkpNiJTk [Q] Nijk {U} (3-20)
i=1 j=1 k=1
0 —Q, Q
where, [Q]=| Q, 0 -Q (3-21)
-Q,Q 0

N,OON, 00N, 00...N, 00
[N]=|ON, 00N, 00N, 0....0 Ng O
OON, 00N, OON, ....00 N,
l:Il
v

W

{Uf=1: (3-23)
U
V8

W

(3-22)

=

3.3 Solution of the equations of motion

The equation of motion of atypical dynamic systemis given asfollows:

[MJ{U}+[aM + pK]{U}+[K]{U} ={F} (3-24)
The above equations may be solved by in-core or out-of-core solvers, normally versions of Gaussian
elimination. In thiswork we have used both of these plus an iterative conjugate gradient method.

Writing the equation of motion for a single element by the differential form at both the “0” and “1”
stations (time steps) gives:"’

2
M ay, +(aM +ﬁK)dUO +KU,=F, (3-25)
dt? dt
2
M ddtLZJl +(aM + BK) ddLil +KU, =F, (3-26)
Perform linear interpolation in time for the Newmark method, giving
A (dU, dU;
Up=Ug+—| —2+—L 32
! O+2(dt+dtj (&27)
2 2
du, _du, atfd®U, d%, (3.29)
dt  dt 2| dt®?  dt?

Rearrangement of the above four equations leads to the following three equations:



|:(Oc+£j|\/| +(ﬁ+ng}Ul :E(FO+ Fl)+(a +£jMUO+2M dy, +[ﬁ_£} KU, (3-29)
At 2 2 At dt 2

.2y )%
ey (U, -U,) " (3-30)
d?U; 2(du; dup) d%U,
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Then the equation can be rewritten as
AU, =Db (3-33)
Solving, velocity vector U; at time step t1 can obtained. Then, by substituting U; into equation (3-28),

Ulcan be obtained, and finally U, is obtained.

3.4 Finite element simulation of the X -post gyr oscope

We have now derived al equations to simulate the behavior of the X-post gyroscope. For the purpose of
our research, two different X-post gyroscopes are simulated. One is the perfect gyroscope (shown in Fig.
3.6); another oneis an imperfect gyroscope (shownin Fig. 3.7).

For each case, the actuating voltage is V = 7sin(m,t) . The following six cases were simulated for each
gyroscope:
(1) Temperature 0°C + actuating voltage V
(2) Temperature 0°cC + Rotation (1rad/s) + actuating voltage V
(3) Temperature 0°C + Rotation (100rad/s) + actuating voltage V
(4) Temperature 60 °C + actuating voltage V
(5) Temperature 60 °C+ Rotation (1rad/s) + actuating voltage V
(6) Temperature 60 °c + Rotation (100rad/s) + actuating voltage V

The  rotation  vector  isQ= Qi+ QyT + QZE =k Its  matrix  forms  are
0 -Q, Q 010 0 -Q, Q 0 1000

[Q]lz QZ 0 _Qx =100 1[9]2 = Qz 0 _Qx =100 0 O (3_34)
-Q, Q0 000 -Q, Q 0 0 00

3.4.1 Perfect X-post gyroscope

Fig. 3.6 shows the perfect X-post gyroscope. The actuating beam is paralée to the Y-axis and the
sensing beam isin the X-axis direction. Pads 1, 2, 3 and 4 are deposited on the top surface, and pads 5,

6, 7 and 8 are deposited on the bottom surface. Pad 1 and pad 8 were used as actuator pads, and pads 3
and 6 were used as sensors.
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h

Voltage output elements

FIG. 3.6. Perfect X-post gyroscope.

3.4.1.1 Case 1 (Voltage).

Fig. 3.7 shows the voltage output at one element in pad 6. The maximum vaueis 2.9165e-3 mV, and the
minimum is —2.9159e-3 mV. Fig. 3.8 shows the voltage output at one element in pad 3, the maximum
value is 1.7249e-3 mV, and the minimum is —1.7253e-3 mV. Fig. 5.9 shows the voltage output at one
element in pad 5. The maximum value is 1.4317 mV, and the minimum is —1.4316 mV. All output
voltages in those calculated elements change from minimum vaue to maximum value with a sine-like
curve.
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FIG. 3.9. Case 1, Voltage output at a sensor element in pad 5.

Fig. 3.12 shows the

mV, and the minimum is —2.9256e-3 mV. Fig. 3.11 shows the voltage output at one element in pad 3.
voltage output at one element in pad 5. The maximum value is 1.4313 mV, and the minimum is -1.4311

mV. Fig. 3.13 shows the Coriolis effect in pad 6 when the gyroscope rotates about the Z axis with the
speed 1 rad/s. The maximum value is 1.151e-5 mV. Fig. 3.14 shows the Coriolis effect in pad 3 when

Fig. 3.10 shows the voltage output at one element in pad 6 for case 2. The maximum value is 2.9236e-3
the gyroscope rotates about the Z axis with the speed 1 rad/s. The maximum valueis 1.304e-5 mV.

The maximum value is 1.7186e-3 mV, and the minimum is —1.7185e-3 mV.

3.4.1.2 Case 2 ( Voltage + Rotation(1rad/s
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FIG. 3.14. Case 2, Coriolis effect at a sensor element in pad 3.

3.4.1.3 Case 3 (Voltage + Rotation(100rad/s))

Fig. 3.15 shows the voltage output at one element in pad 6 for case 3. The maximum value is 3.8451e-3
mV, and the minimum is —-3.845e-3 mV. Fig. 3.16 shows the voltage output at one element in pad 3. The

maximum value is 1.4678e-3 mV, and the minimum is —1.4657e-3 mV. Fig. 3.17 shows the Coriolis
valueis 1.431 mV. Fig. 3.18 shows the Coriolis effect in pad 3 when the gyroscope rotates about the Z

effect in pad 6 when the gyroscope rotates about the Z axis with the speed 100 rad/s. The maximum
axis with the speed 100 rad/s. The maximum vaueis 1.300e-3 mV.
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minimum is—4.3898 mV. Fig. 3.20 shows the voltage output at one element in pad 3. The maximum
value is 4.4916 mV, and the minimum is 4.4882 mV. Fig. 3.10 shows the voltage output at one e ement
in pads 5. The maximum value is -2.9565 mV, and the minimum is—5.8174 mV. All output voltage in

Fig. 3.19 shows the voltage output at one element in pad 6. The maximum value is-4.3839 mV, and the
those cal culated elements change from minimum val ue to maximum value with a sinelike curve.

3.4.1.4 Case 4 (Voltage + T (60 °C))
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FIG. 3.19. Case 4, Voltage output at a sensor element in pad 6.
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Fig. 3.25 shows the voltage output at one e ement in pad 6. The maximum value is-4.383 mV, and the
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FIG. 3.24. Case 5, Voltage output at a sensor element in pad 5.
+T

Volt
minimum is —4.3907 mV. Fig. 5.26 shows the voltage output at one element in pad 3. The maximum

value is 4.4914 mV, and the minimum is 4.4884 mV. Fig. 3.27 shows the voltage output at one € ement
in pad 5. The maximum value is -2.9554 mV, and the minimum is -5.8181mV. All output voltage in

those cal culated elements change from minimum value to maximum value with a sine-like curve.
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FIG. 3.27. Case 6, Voltage output at a sensor element in pad 5.

TABLE 3.1. Case comparison of output voltage in the perfect gyroscope.

Pad 5

Pad 3

Pad 6

Cases

Max(mV)  Min(mV)

Min(mV)  Max(mV)  Min(mV)

Max(mV)

-1.4316

1.4317

-1.7253e-3

-2.9159e-3  1.7249%e-3

Casel 2.9165e-3

-1.4311

1.4313

-1.7185e-3

-2.9256e-3  1.7186e-3

Case2 2.9236e-3

-3.845e-3 1.4678e-3 -1.4657e-3 1431 -1.4314

Case3 3.8451e3

-4.3898 4.4916 4.4882 -2.9565 -5.8174

-4.3839

Case4

-5.8178
-5.8181

-2.9562
-2.9554

-4.3839 -4.3898 4.4916 4.4882
—4.3907 4.4914

-4.383

Case5

4.4884

Case 6

and 8 are deposited on the bottom surface. Pad 1 and pad 8 were used as actuator pads. All other pads

can be used as sensors.

Fig. 3.28 shows the imperfect X-post gyroscope. The actuating beam is parallél to the Y -axis, and the
sensing beam isin the X-axis direction. Pads 1, 2, 3 and 4 are deposited on the top surface. Pads 5, 6, 7

3.4.2 Imperfect X-post gyroscope
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For the imperfect gyroscope, the author simulated all 6 cases. For each case, the curve shape of output
voltages at the sensor elements of different sensor pads looks like the corresponding curves for the
perfect gyroscope pad. The author did not show al of the curves. The maximum vaues and minimum
values for each case arein Table 3.2.

FIG. 3.28. Imperfect X-post gyr oscope.



TABLE 3.2. Case comparison of output voltage in the imperfect gyroscope.

Pad 6 Pad 3 Pad 5

Max(mV)  Min(mV) Max(mV) Min(mV) Max(mV) Min(mV)

Casel 29302e-3 -29311le3 1.7173e-3 -1.7178e-3 14311 -1.4311

Case2 2.9397e3 -29413e-3 1.7097e-3 -1.7097e-3 1.4318 -1.4317

Case3 38593  -3.859%3 1.461e-3  -1.4631e-3 1.4317 -1.4317
Case4  -4.3824 -4.3882 4.4848 4.4813 -2.9535 —5.817
Case5  -4.3823 -4.3882 4.4848 4.4813 -2.9535 -5.8171
Case6  -4.3814 —4.3891 4.4845 4.4816 -2.9535 -5.8171

3.4.3 Comparison and conclusion
The maximum and minimum output voltage listed in Table 3.1 and Table 3.2 indicated clearly the
difference in results between cases. From these differences, the following conclusions can be drawn:

1. Thefinite element code BAMAFEM can compute the results of the Coriolis effect. For a perfect
gyroscope, when rotated at 1 rad/s, the Coriolis effect produced a voltage output 1.304e-5 mV.
When the rotation speed was 100 rad/s, the value was 1.299e-3 mV.

2. The output voltages at the pad in the actuating beam are reasonable for all cases (millivolts). The
output voltage in the sensing beam is much smaller (microvolts)

3. The effect of temperature environment on the performance is a dominant source of error in the
simulated gyroscopes.

4. The imperfection of manufacture is aso a source of error. For the first three cases, the effects of
imperfection are larger than the Coriolis effect.
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4. LABORATORY DEVELOPMENT
4.1 Summary

About half of the FAA funding was spent on developing laboratory facilities to enable manufacture and
testing of MEM S-technology gyroscopes. The clean room developed to do this is described below. It
emphasizes bulk micromachining capabilities. The clean room also contains an unusual deep reactive
ion etching machine that is capable of micromachining devices of materials other than silicon (in
particular, quartz). The use of aternative materials is one idea that may help mitigate the severe effects
on gyro performance due to temperature changes.

The clean room was completed only shortly before expiration of the FAA grant. Prior to its completion,
development of the manufacturing processes for the proposed gyro was carried out at Redstone Arsenal
in Huntsville, Alabama. We were only able to station one person at Redstone for extended time periods,
afact that substantially slowed progress in devel oping the gyroscope.

We also installed equipment to improve our ability to produce high-quality thin films, which are used
for gyro actuators and sensors. We established a navigation laboratory containing arate table, which was
used to measure gyro performance. In addition we designed and constructed a laser trimming system to
enable improving performance of individua gyros.

4.2. UA MEM S Fabrication Facility

Figure4.1 BlueM Oven Figure 4.2 Second Blue-M Oven



Figure 4.4 E-Beam Evaporator Used for Figure4.5 Profilometer Used for Dimensional
Material Deposition M easur ements



Figure 4.6 One of Three Fume Hoods- Used for Wet Etching and Other Purposes

Figure4.7 lon Milling Unit Used for Material Removal
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Figure 4.8 Microscope System

Figure 4.9 Plasma Asher Used for Photoresist Removal
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Figure 4.10 Rapid Thermal Annealing Unit- Used for Processing Thin Films

Figure4.11 Photoresist Spinner
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Figure4.12 Tube Furnace



Figure 4.13 The Advanced Oxide Etch DRI E equipment

4.3 Navigation Laboratory
4.3.1 Laser Trimming System

The current method of optimizing gyroscope performance requires the removal of materia to change the
stiffness and mass distribution of the resonator. The objectives of this trimming operation are to bring
the drive and sense frequencies closer together, and to bring the sense direction into close alignment
with the sense direction. At present, this material removal is performed using a metal file. The laser
trimming system will allow the systematic removal of much smaller amounts of material, enabling more
precise trimming of the resonator, and thus improving the performance of the gyroscope. A software
interface and control program for the laser system, shown in Fig. 4.14, below, has been implemented,
allowing the power output of the laser to be controlled remotely, and providing a means to control burn
duration. Fixturesfor mounting the laser within a safety enclosure have been designed and constructed.
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5.MATERIALS
5.1 Summary

In producing the gyro we decided to use PNZT thin film, arelatively new material, instead of the better
understood PZT. This was done because we expected a larger output signal from PNZT, since its
piezoelectric coefficient is higher than that of PZT. The choice of PNZT led to a research effort into
optimizing the material deposition process for this material. This chapter reports the results of the
successful process development. Use of the experimental apparatus designed and built to characterize
the piezoel ectric response of the film is described. We have optimized the sol-gel process for producing
uniform PNZT films. The origina gyro wafers undergoing processing used films produced by
commercial vendors. The wafers we are now producing appear to have more uniformity and better
properties. Our own wafers will be used for all devices manufactured after the first several we worked
on prior to optimizing our processes. Also, as a possible option for the future, we briefly address the
possibility of using sputtered RuO, thin films.

5.2 Preparation of PNZT film on 4-inch diameter double sided wafers

Considerable amount of time was spent to scale up the growth of PNZT films from one inch square
substrate to 4 inch diameter wafer. We were successful in depositing PNZT films by sol-gel on both
sides of the 4 inch wafer with a good uniformity over 2 inch area. The film is about 650 nm thick and
free of any cracks. Details about the film growth are described below.

Lead acetate trihydrate, zirconium acetate were dissolved in heated acetic acid, acetylacetone was then
added to stabilize the solution. Titanium butoxide was added according to the atomic ratio of Zr/Ti =
20/80. The mixed solution was stirred for 30 minutes before 2 or 4 at.% niobium ethoxide was added.
Finally, the solution was adjusted to 0.4 mol/L by adding 2-Methoxyethanol. An extra 20% of lead
acetate trihydrate were added into the solution in order to compensate the loss of lead during heating
process. The precursor solution was then spin-coated on both sides of PY/TiO/SIOJ/S/SIO,/TiO/Pt
substrate at 3000 rpm for 30 seconds. Each layer was pyrolyzed at 400 °C for 5 minutes, and then
annealed at 650 °C for 5 minutesin air by inserting the sample directly into the tube furnace. These steps
were repeated to achieve the desired thickness. Figure 5.1 shows the picture of one sample.

Fig. 5.1 PNZT film on a 4-inch diameter Pt/TiO,/SIO,/S wafer (film ison both sides of
thewafer, only one side shown in picture) 61



5.3 Structural characterization of PNZT films

The nominal composition of the filmsis Py J(Zry,TiggOzwith 2% Nb which will be referred to as
PNZT(2/20/80), and Py 5(Zrq,Tipg)Os with 4% Nb referred to as PNZT(4/20/80). X-ray diffraction
(XRD) result shows that PNZT(2/20/80) film has arandom orientation with magjor (111), (110) and
minor (100) peaks whereas PNZT(4/20/80) film has a texture of (100). as shown in Figs. 5.2 (a,b).
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Fig. 5-2. XRD profiles of PNZT(4/20/80) and PNZT (2/20/80) films
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5.4 Measurement set up for measuring piezoelectric properties

This section discusses the experimental apparatus to measure the response of PNZT films as a sensor
and an actuator. These systems were shown in Chapter 2, Figures 2.4a,b,c and 2.5. To measure the
PNZT film as a sensor we used the idea proposed by Dubois and Muralt®. In this set-up a bulk PZT
actuator was used to drive the cantilever beam from the top at a certain frequency and a charge amplifier
was used to collect the charge on the top electrode. Preamplifier and a lock-in amplifier were used to
make sure that only the signal with the driving frequency was selected and measured. An optical sensor
was used to measure the deflection at the driving point from the other side of the cantilever. An
oscilloscope was used to monitor the signals. The piezoelectric coefficient ez1s was calculated by using
the sensing mode'.

For the actuator measurement (Fig. 2.4b), an AC voltage was used to drive the cantilever at a certain
frequency from the top and bottom electrodes and the deflection of the free end of the cantilever was
detected by an optic sensor. Figure 2.4c shows the geometric definition of the cantilever. For each
cantilever there are two capacitors: one in the front side facing the optical sensor and another in the back
side. Figure 2.5 isa photo of the set-up.

5.5 Preparation of cantilever s

The cantilevers were cut from the 4 inch PNZT wafers by using a wire saw with diamond-embedded
steel wire. Wet etching was used to remove PNZT film to expose the bottom electrode. The top pt
electrode was deposited by sputtering using a shadow mask. A fine silver wire was bonded to the bottom
and top electrodes by silver epoxy. The PNZT films were poled under a field of 250 kV/cm by using
60,000 pulses with the duration of 0.01 ms. Dimensions of one of the cantilevers prepared from
PNZT(2/20/80) are:

Length (L) = 34.3 mm

Width (b) =2.5 mm

Thickness (h) of Si substrate = 0.4 mm

Thickness of PNZT film = 650 nm.

Areaof top electrode=1 mm x 1 mm

Thickness of the top electrode = ~ 100 nm.

Distances x1 from the electrode front edge to the base = 4.45 mm

5.6 Sensing mode measurement

For the sensor measurement, the distance Ly from the bulk PZT driving point to the base is 23.3 mm.
The driving AC voltage of bulk PZT actuator is 5*sin(2xft) volt with a frequency f of 10 Hz. The
deflection amplitude measured at the driving point is 369.3 nm. The charge amplitude measured from
the front side capacitor is (0.70+0.01) pC. The capacitance of the electrode is 7.49 nF. So the voltage on
the electrode due to the charge is about 0.09 mV. While for the back side capacitor the charge amplitude
is(0.93+0.02) pC.
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5.7 Actuating mode measurement

For the actuator measurement, the driving AC voltage on the back side capacitor is (2* sin(2xft)+2 )volt
with afrequency f of 10 Hz. The amplitude of deflection measured at the point of L = 29.3 mm is 20.6
nm.

5.8 Fregquency dependence of the cantilever wher e one sideisused a an actuator and another
side as sensor

For this measurement another cantilever was prepared from the film PNZT(4/20/80). The dimensions of
this cantilever are: length (L) = 43.85 mm, width (b) = 4.75 mm, thickness (h ) of Si substrae = 0.4
mm, thickness of PNZT film = 1 micron, area of top electrode = 2 mm x 2 mm, thickness of the top
electrode = ~ 100 nm. Since there is PNZT film on both sides of the wafer, we identify the two sides by
naming these sides as “front side” and “back side’. The electrode 1 extremity of both front side and back
sideis X;=6.75 mm, X,=8.75 mm. The driving point of bulk PZT on the cantilever is 38.80 mm and the
deflection detect point is also at 38.80 mm. The driving source is 1.0* sin(2xft) volt with f = 10 Hz.

Figure 5.3 shows the piezoelectric coefficients es;f measured on the front and back side of the PNZT
film. The value of e3¢ for back side PNZT film is 1.5 times higher than that of front side PNZT film.
Figure 5.4 shows frequency dependence of the charge collected on the sensor side while the cantilever is
driven on the actuator side. Here we first used front side of the film as an actuator and back side of the
film as a sensor and then vise versa. In both cases the maximum signal is obtained at a frequency of 260
Hz (resonant frequency) whereas there is a 20 % difference in the value of charge obtained on the sensor
side when we switch the actuating side and the sensing side. It should be noted here that the difference
in the piezoelectric coefficients for the front side and back side of the film is about 50 %.
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Fig.5.3. Piezodlectric coefficients es1 s of both ssidesPNZT filmsfor
PNZT (4/20/80)
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5.9 Room temperaturereactively sputtered RuOx thin films

As a possible option for the future, we addressed the possibility of using sputtered RuO, thin films.
RuOx thin films were deposited at room temperature by reactive RF magnetron-sputtering using Ar/O2
discharges of varying Oz ratio ( f,, ) over the range 10% to 50% and were characterized using X-ray
diffraction, X-ray reflectivity, X-ray photoelectron spectroscopy, resistivity and stress-temperature
measurements. With the increase of f_,, the film texture changed from (110) to (101). Films deposited
with f,,>25% were determined stoichiometric. The residual stresses in as-deposited films were al
compressive and increased with addition of O, except for the film sputtered at f,, =20% which wasin
biaxial tension. The film deposited at f,, =30% had a low resistivity value of 68 p.-cm and near zero

stress (<50 MPatensile) after a thermal cycle in air up to 500 °C which is promising for use in micro-
devices. More details detail s of this work may be found in reference 2.
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6. ELECTRONICS
6.1 Summary

Gyro signa processing may be achieved by either analog signal processing or digital signal processing.
As an effort to mitigate risk, we pursued parallel development of the two options. The analog signal
processing system was completed and has been used in the navigation lab to test the X-post gyro. The
circuit board for the digital processing system was designed, manufactured, and populated. Signa
processing software was developed for it. The digital processing system awaits implementation in future
work

6.2 Analog vs Digital Signal Processing
The gyro control system must:

¢ Induce adrive axis vibration at resonance (phase locked loop or adaptive mode tuning).
¢ Maintain adesired amplitude for the drive axis vibration (automatic gain control).
e Decouple drive and sense axes (quadrature control).

¢ Drivethe sense axis vibration to zero (force-to-rebalance). The control signa becomes the rotation
rate measurement.

The advantages of digital signal processing over analog signal processing are:

e Tighter control of accuracy/quality (No drift with temperature changes or aging or component
manufacturing tolerances)
e No additional noiseisintroduced after A/D conversion
e More powerful processing techniques can be implemented, such as
o Correlation filtering with tight synchronization
0 Thermal drift compensation
o Electronic trimming
o Adaptive processing
e Generate cleaner and more precise sinusoidal signals for gyro inputs and processing
More flexibility
Incorporation of multiple functions within asingle Digital Signal Processor

The disadvantages of digital signal processing are:

¢ Restricted sampling speed — impacts response time, filtering, and noise reduction capabilities
¢ Restricted quantization accuracy — adds quantization noise

e Largelearning curve for software development

6.3 Analog signal processing system

The system shown below in Figures 6.1 through 6.6 was designed, constructed, and used in the
navigation laboratory to test the X-post gyroscope.
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Figure6.1 Design of open-loop analog e ectronics system

Figure 6.2 Photo of open-loop analog electronics system
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Figure 6.6 Circuit of closed loop analog el ectronics system for gyro- box 2
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6.4 Digital Control System

We have created a generad development platform using inexpensive off-the-shelf equipment (with
existing software development tools and existing software libraries) as much as possible.

We have developed and added custom electronics where necessary. The digital control system begins
with a TI TMS320C6711 DSK motherboard. For use with the gyro we designed and built a custom
daughterboard to mate with the motherboard. The system isillustrated in Figures 6.7 and 6.8.

Sense ; Output LD Disol
i Data isplay
AD7677 T1320C6711 (Position
Analog- DSP and/or Rate
to-Digital é Starter Kit Data,
Converters | i Diagnostic
(DSK) Data)
Display
................................................ Control Board
o . l
Analog Drive Axis Input Signal AD9830
Digital .
Discrete 5 Drive Data
Synthesizers | Commands
Analog Sense Axis Input Signal (BDS)

Daughterboard

* Signal Conditioning (SC) includes low-noise amplification, adjustable gain, and passive
bandpass filtering

Figure 6.7 Design of the daughterboard for gyro digital signal processing
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Figure6.8 UA designed and constructed daughterboard for digital signal processing shown

attached to the Tl motherboard
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7. FABRICATION
7.1 Summary

Successful development of the X-post gyro required major innovations in MEMS technology. The gyro
is not atrue MEMS device, but it is produced using MEMS technology. Depositing the several layers of
materials, and then removing material to produce the needed configuration without shorting the
electrodes required considerable work to master. First, the piezoelectric thin film must be nearly perfect,
sinceit isonly about a micron thick and defects will short the device between top and bottom electrodes.
Also, the gyro is double-sided, not a common configuration in standard MEMS processing. It is hoped
that the technology developed in this work will assist others who may face some of the same challenges
with other future devices.

Fabrication of an X-post gyroscope requires the production and assembly of four components — an
active wafer, two handle wafers, and a post. After fabrication of the components, the components are
assembl ed to produce a device.

7.2 TheActive Wafer

The active wafer is the most complex of the components of the X-post gyroscope. It contains the PNZT,
the piezoelectric material used to form the actuators and sensors for the device. Another feature that
complicates fabrication is the two-sided nature of the active wafer. The wafer stack is symmetric about
the midplane of the wafer. As aresult, when machining one side of the active wafer, the opposite side
of the wafer must be protected.

The general approach used in producing an active wafer is to first build up a complete stack containing
al of the needed material layers, and then systematically removing material to produce the desired
geometry. We have used photoresist as the masking materia to control where the various etches take
place. We have procured 400 micron thick silicon wafers from Radiant Technologies that have been

coated with a 5000 A layer of SiOz, a400 A layer of TiO, a 1500 A layer of platinum, and a 1-1.2
micron thick layer of PNZT. To complete the wafer stack, the layers comprising the exterior electrodes

- a200 A thick layer of titanium, and then a 2500 A thick layer of gold -- were deposited on both sides
of the active wafer using an E-beam evaporator.

Patterning of the exterior electrodesis afairly straightforward process. When patterning side 1, side 2 is
first coated with a protective coat of photoresist. Side 1 is then coated with Shipley 1818 photoresist,
and patterned using an appropriate chrome mask to define the electrode areas. A pictorial representation
of an active wafer coated with photoresist and patterned with the UAAO mask is shown in Fig. 7.1a
The gold and titanium that comprise the outer electrodes are etched away using commercial wet etchants
(Transene TFA and Transene TFT, respectively). Figure 7.1b represents the appearance of the wafer
after the wet etching of the gold and titanium layers.

Initial efforts to remove the PNZT focused on using a wet etchant (400 ml HCI, 400 ml H>0, 8 g NH4F)
but this approach proved to be somewhat problematic. Figure 7.2a shows a portion of atest sample with
a patterened exterior electrode and an overlapping layer of photoresist. The sample has not yet been
exposed to the PNZT etchant. The square electrode is one millimeter on a side. We will pay special
attention to the corner formed by one side of the electrode and one side of the photoresist, indicated by
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Figure 7.1. Pictorial representation of the active wafer after (a) patterning photoresist with the UAAO mask
and (b) wet etching of the gold and titanium and subsequent stripping of theresist..

the arrow in the image. Figure 7.2b shows the SEM image obtained from just such a corner after the
PNZT wet etch, and subsequent removal of the photoresist. What is seen is that there is considerable
undercut in areas that were presumably protected by either the top electrode or the photoresist. In fact,
the etchant has progressed farther laterally than it has downward toward the bottom electrode. When
etching through the thickness of the PNZT, the etchant encounters an etch stop when it reaches the
platinum layer. No such etch stop exists in the latera directions. What is more, the etchant seems to
“tunnel” along grain boundaries, allowing it to reach far under any protective layer before the PNZT can
be completely removed where its removal isintended. In addition, a“flap” of gold that bends down

(@) (b)

Figure7.2 (@) A PNZT etch test specimen with a patterned electrode and overlapping
photoresist and (b) an SEM image taken near the corner identified in (a) between
the top electrode and the offset photoresist after wet etching the PNZT and
stripping the photoresist. (Image courtesy of Dr. Deanna McMillen, Aegis
Technoloav Group. Huntsville, AL)
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Figure 7.3 Micrograph showing preferential PNZT etch along a defect that led to shorting of the electrodes.

toward the bottom electrode is clearly visible. In fact, shorting of the two electrodes is quite a common
occurrence when awet etchant aloneis used.

The first attempt to circumvent the severe undercut observed when using the wet etchant was to use an
overlapping layer of photoresist. For our application, this approach did not prove successful. Figure 7.3
shows a micrograph of aregion near the boundary one of the gold electrodes of an active wafer that had
the PNZT partially etched away. The overlap of the photoresist about 12 microns beyond the boundary
of the electrode is readily seen. The most conspicuous feature in the image is an indication of
preferential etching along what appears to have been a defect in the PNZT film. This defect was not
visible prior to the PNZT etch. When the PNZT etch was completed, this electrode was in fact shorted
to the interior electrode. It istrue that PNZT is used in the production of MEMS devices. But, in this
case, our attempt to use a wet etchant only falls victim to the second significant complication associated
with producing an X-post device — the device is large. When many devices are produced on a single
wafer, the difficulty seen in Figure 7.3 may be tolerable, though it does produce a reduction in yield.
Unfortunately, since at present only one X-post device can be produced per active wafer, our yield is
binary, and this difficulty is not tolerable.

The process adopted to cope with the difficulties associated with the PNZT wet etch is as follows. To
remove the PNZT from side 1 of the active wafer, the active wafer is bonded to a carrier wafer (aplain,
single side polished, silicon wafer) with side 2 toward the carrier wafer using Shipley 1818 photoresist
as a bonding agent. The carrier wafer serves to protect side 2 during several processing steps. Next,
side 1 is coated with a thick (15 micron nominal) layer of Shipley 5740 photoresist. This photoresist is
patterned using the UAA1 mask, which has been designed such that after patterning, the photoresist
overlaps the exterior electrodes by 6 microns. The wafer at this stage of processing, with the patterned
photoresist, is shown schematically in Fig. 7.4a. lon milling is then used to remove 80-90 percent of the
PNZT layer. After this ion milling step is complete, the photoresist is stripped for the wafer stack.
Figure 7.4b shows a graphical representation of the wafer at this stage of processing.
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Wet etching is used to remove the PNZT and expose clean platinum surfaces at five critical areas.
These areas are the four pads used for accessing the interior platinum electrodes used for the
sensors/actuators, and the central area which will ultimately be used for attaching the post. The wafer is
coated with the 1818 photoresist, and patterned using the UAA2 mask. Figure 7.5a presents a graphical
representation of the active wafer after the patterning of the photoresist. Note that only five areas are
not covered by photoresist, and that as a result only these five areas are exposed to the etchant during the
wet etch. Further, al of these areas are well removed from the gold outer electrodes. In fact, these
exposed regions are at least 200 microns away from a gold pad or trace, so that the danger of undercut
producing a short is eliminated. Figure 7.5b represents the active wafer after the wet etch has been
conducted, and after the photoresist has been stripped from the wafer stack.

The next step in processing the active wafer is to remove the remaining PNZT, as well as removing
platinum, TiO2, and SIO2 to reach the silicon at the center of the wafer in preparation for the deep etch
that will complete the processing. In addition, final patterning of the interior electrodes and the bonding
pad for the post is performed during this step. The wafer is coated with athick layer of 5740 photoresist
and patterned using the Level 3 mask. The wafer with patterned photoresist is shown schematically in
Fig. 76a. Note that some lines have been included near the central pad. These lines are used to help in
aligning the post when it is ultimately bonded to the device. lon milling is used to remove the remaining
PNZT, platinum, TiO,, and SIO, in those areas not protected by the photoresist. Figure 7.6b is a
graphical representation of the active wafer after thision milling step and stripping of the photoresist.
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Figure7.4 Pictorial representation of the active wafer after (a) patterning photoresist with the UAA1 mask and
(b) after ion milling of the PNZT layer and subseguent stripping of the photor esist

(a)

Figure 7.5 Pictorial representation of the active wafer after (a) patterning photoresist with the UAA2
mask and (b) wet etching of the PNZT layer and subsequent striping of the photoresist

(b)

The final step in fabricating the active wafer is to perform a deep etch through the central silicon layer.
In preparation for this etch, the wafer stack is coated with a thick layer of 5740 photoresist, and
patterned using the UAA4 mask, as shown in Fig. 7.7a. The deep etch is performed in a deep reactive
ion etcher (DRIE), the STS Advanced Silicon Etcher, that uses the Bosch process to produce vertical
sidewalls, as the process produces very little undercut. Note that four “angles’ will be cut free from the
rest of the wafer when the deep etch is complete. The features to be removed were outlined with 80
micron trenches because a recipe was already known for performing very deep etches of 80 micron
trenches that would have essentialy vertical sidewalls. Once the deep etch is completed, the photoresist
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Figure7.6 Pictorial representation of the active wafer (a) after patterning of photoresist with the UAA3
mask and (b) after ion milling to the silicon and subsequent striping of the photoresist

is stripped from the wafer stack, and the stack is soaked in acetone to release the active wafer from its
carrier wafer. Figure 7.7b isagraphical representation of the completed active wafer.
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Figure7.7 Pictorial representation of the active wafer after (a) patterning photoresist with the UAA4 mask
and (b) completion of the deep etch and release of the wafer from itscarrier wafer.

7.3 TheHandleWafers

To begin fabrication of a handle wafer, a plain silicon wafer is coated with 300 X\ thick layer of chrome.
The deposition of the chrome is perfomed using the E-beam evaporator. After patterning, this chrome
layer provides a set of alignment marks that will be used in subsequent processing steps.

Next, alayer of 1818 photoresist is spun on the wafer, and patterned using the UAHO mask. Figure 7.8a
shows the handle wafer after patterning of the photoresist. While the rea purpose of the chrome layer is
to provide alignment marks (which are not shown in the graphic as they are very small) for later steps,
the chrome must be removed in other areas to allow silicon etching in the DRIE. If the chrome were not
removed, it would serve as a very effective mask prohibiting the silicon etch. Figure 7.8b shows the
handle wafer after chrome etching and stripping of the photoresist.

Next, alayer of photo-definable polyimide is spun on the wafer. This polyimide will ultimately serve as
the adhesive that bonds the handle wafer to the active wafer. The polyimide is HD Microsystems 2723
photo-definable polyimide. The spin is selected such that after the initid soft bake (3 min. at 110°C),
the polyimide is about 3.4 microns thick. Next, the wafer is patterned using the UAH1 mask. The
polyimide is then developed in a dynamic process performed on the spinner. After development, the
wafer is subjected to a higher temperature bake (10 min. at 270°C). During this bake, the polymer
undergoes some reflow. The thickness of the polyimide features after this step is about 2.2 microns. A
pictorial representation of the handle wafer at this point is shown in Fig. 7.9. The polyimideis patterned
such that there are “channels’ where the polyimide is removed, and “stripes’ where the polyimide
remains. The channels ensure adequate venting during the bonding step, so that volatiles that may be
driven off during that step are not trapped between the wafers.
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Figure7.8. Pictorial representation of the handle wafer after (a) patterning photoresist with the UAHO
mask and (b) completion of the chrome etch and subsequent stripping of the photoresist.

Figure7. 9 Pictorial representation of the polyimide layer on the handle wafer after patterning
with the UAH1 mask.

The next processing steps involve etching into the silicon using the DRIE. In preparation for these
steps, the handle wafer is bonded, polyimide side out, to a carrier wafer using photoresist as an adhesive.
Next, a coat of 5740 photoresist is spun on to the wafer, and patterned using the UAH2 mask. A
pictorial representation of the handle wafer at this point is presented in Fig. 7.10a. Note that four small
rectangular areas of silicon are exposed. A relatively “shalow” silicon etch (12 microns deep) is
performed in the DRIE at this point. The four rectangular regions exposed to the etching plasma
become “trenches’ that accommodate the conductive traces in the active wafer. The trenches prevent
the outer electrodes in these traces from shorting via contact with the silicon in the handle wafer. Figure
7-10b shows the handle wafer at the conclusion of this processing step.
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Figure 7.10 Pictorial representation of the handle wafer after (a) patterning photoresist with the
UAH2 mask and (b) completion of the shallow silicon etch and subsequent stripping of
the photoresist.

Finally, the handle wafer is prepared for a deep silicon etch through the full thickness of the wafer. The
wafer is coated with athick layer of 5740 photoresist, and patterned using the UAH3 mask, as shown in
Fig. 7.11a. Aswas done with the active wafer, the areas to be removed are outlined with lines that are
80 micron wide. Note that in addition to the central area where the crossing arms are located in the
active wafer, four additional rectangular areas will be removed. These areas alow access to the
electrodes on the active wafer. Figure 7.11b shows the completed handle wefer.

Figure 7.11 Pictorial representation of the handle wafer after (a) patterning photoresist with the
UAH3 mask and (b) completion of the deep silicon etch and subsequent release of the
handle wafer from itscarrier wafer.

7.4 Wafer Bonding
Assembly of an X-post gyroscope begins with the bonding of two handle wafers to an active wafer. The
bonding was performed using facilities at the Weapon Sciences Integrated Devices group at AMCOM in
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Huntsville. The key piece of equipment used in this processing step was a bond aligner equipped with
two vacuum chucks — one to hold the upper substrate, and one to hold the lower substrate. Infrared
microscopes permit viewing through the silicon to view alignment marks on the substrates. Micrometer
controls facilitate aligning the two substrates, and then bringing the substrates into contact with each
other. The joined substrates are then carefully moved to a hot plate, and placed under pressure, and then
subjected to elevated temperature to allow the polyimide that is acting as a bonding agent to flow.

The first step in assembling the three wafer stack was to bond the active wafer to a handle wafer. This
process is illustrated schematically in Fig. 7.12. The two wafers were aligned, and then brought into
contact. After placement on the hot plate, “pressure’ was applied to the stack viathe application of dead
weight. The stack was then tacked together via heating to a temperature of 330°C, and then being
allowed to cool to room temperature. At this point, the wafers were attached to each other, forming a

@ (b)

Figure 7.12 (@)Wafer bonding begins with the alignment of the active wafer with a handle wafer.
(b) Oncethewafersaretacked together, theresult isatwo wafer stack.

two wafer stack.

The second step was to bond another handle wafer onto the two wafer stack. This process is indicated
schematically in Fig. 7.13. Once again, the tacking procedure described above was performed so that all
three wafers were adhered into asingle stack. The last stage of wafer bonding was to put the three wafer
stack in a vacuum bonding jig for final bonding. The vacuum bonding jig ensures that a uniform
pressure roughly equal to atmospheric pressure squeezes the wafers together during final bonding. The
temperature is raised to 350°C during this final bonding step.

7.5 Fabricating and Bonding the Post

Silicon posts having dimensions 2 mm by 2 mm by 4 mm were fabricated from a 2 mm thick silicon
wafer. The wafer was placed on an adhesive mount in a computer controlled dicing saw. A series of
saw cuts were made such that the cuts were spaced by 4 mm plus the kerf of the saw blade. Next, the
wafer was rotated 90°. A second series of cuts, this time with a spacing equal to 2 mm plus the kerf of
the saw blade, was made. This procedure yielded numerous 2 mm by 2 mm by 4 mm posts. However,
the ends of the posts were not as smooth as desired. The posts were stood on end and “glued” together
using a thermoplastic wax. Once bonded together, the ends of the posts were polished to remove any
saw marks. After polishing, the assemblage of posts was soaked in a solvent to remove the
thermoplastic, and free the individual posts.
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(b)
Figure 7.13 (a) The second handle wafer is aligned with the two wafer stack. (b) After final
bondina. the threewafer stack is complete.

To complete the basic x-post device, a post was bonded to the center of the cross in the three wafer
stack. A small drop of epoxy was placed on the central target area. Then the post was carefully placed
on the epoxy drop, taking care that the faces of the post aligned nicely with the alignment marks
provided near the central 2mm by 2mm platinum pad at the center of the cross. The post bonding
processisillustrated schematically in Fig. 7.14.

(b)

Figure7.14 (a) The post is car efully placed at the center of thecross. Epoxy isused as an adhesive.
(b) After the epoxy hascured, the basic x-post deviceis complete.

7.6 Final Assembly

Although the basic sensor was complete at this point, some additional assembly was required to make
the device functional. First, the completed sensor was glued to a stainless steel plate using an RTV
adhesive to facilitate handling. Next, wires were connected to the various conductive pads of the sensor
using a conductive epoxy. The other ends of these wires were soldered to copper tabs that had been
placed around the perimeter of the steel plate. The stainless steel plate assembly was then fastened to an
aluminum plate that serves as a mount for the rate table. The device was now ready for testing. A
photograph of completed device UA-11isshownin Fig. 7.15.
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Figure7.15 Photograph of completed X-post device UA-11.



8. TESTING THE X-POST DEVICE

8.1 Summary

Near the end of the project we were able to test the first X-post gyro design. This section explains the
testing done and the status of the device. With asmall grant obtained since the end of the FAA project,
we are attempting to correct some of the deficiencies we have seen in theinitial device. New masks are
being produced with the goal of testing the next generation design. Better electrical shielding will be
provided and an attempt to reduce parasitic capacitance will tried by reducing electrode size. If possible,
laser trimming will be attempted.

8.2 Polingthe PNZT

To prepare the x-post gyroscope for testing, it is first necessary to pole the PNZT. During poling, an
alternating electric field is applied across the thickness of the PNZT to help align the polarization
vectors associated with the various grains that comprise the PNZT layer. Poling increases the
piezoelectric effect. Work with test samples had indicated that it was possible to pole using a peak
voltage of about 15 V across the PNZT layer without producing shorting across the PNZT.
Unfortunately, in the completed x-post devices, this degree of poling was not possible. If the poling
voltage was increased above 4-5 V, shorts developed. To produce aworking device, it was necessary to
limit the poling voltage to about 4 V maximum, and accept a corresponding reduction in piezoelectric
properties of about afactor of 5 compared to the test samples that had been poled to afull 15 V. The net
effect on gyro performance is a reduction by a factor of about 25 from what was expected, as the
reduction in properties influences both the strength of excitation produced when driving a piezo, and the
sensitivity to deformation when sensing gyro outpui.

Onereason for the discrepancy between behavior of the test samples and that of the actual devicesis that
the electrodes on the test samples were quite small, whereas the electrodes on the x-post are very large.
Each gold-coated area on the x-post device has a 2 mm square pad near the center that acts as an
actuator, and a 3mm square pad away from the center that serves as an eectrical contact. The two
squares are connected by a 0.4 mm wide trace. The total area of each e ectrode is quite large, increasing
the probability that the electrode will cover some “weak” area where a short might develop. In addition,
the test samples were not subjected to the full array of processing steps required to make the x-post
device. It is possible that one of the processing steps could affect the structure or properties of the
PNZT layer. Further study is required to resolve this question as to whether or not wafer processing
affectsthe PNZT.

8.3 Device Testing

Some data was acquired form each of three devices and the trends were very consistent from device to
device. It was possible to get each device to oscillate by applying a drive signal. Further, the resonant
peak occurred at essentially the same frequency predicted by the finite element analysis. However, the
output signas sensed when the oscillations were induced, were quite smal. And another physical
phenomenon also contributed to the output signal.

To assist the discussion of the results, Fig. 8.1 shows a plan view of an x-post gyroscope with the
various arms of the device identified with numbers. In this view, the post is projecting up out of the
plane of the active wafer. The side to which the post is bonded is referred to as the top side of the
device.



When testing the device, a drive signal was applied to one arm of the device. The drive signa was a

Figure 8.1. Plan view of completed X-Post device identifying the four arms of the device. The post
sticksup out of the pagein thisview.

sinusoidal signal varying oscillating between 0 V and the peak voltage. For the testing described here, a
peak voltage of 4 V was used. Thus, the input signal was 4 V peak to peak, with a mean value of 2 V.
The drive signal was applied using a function generator so that it was easy to sweep through a range of
frequencies to get the frequency response of the device. Output from the arm (and associated piezo) that
was used as the sensor was amplified first by a charge amplifier using a gain of 1000. The output of the
charge amplifier was fed into a lock-in amplifier that provided an additional gain of 100. Thus, total
amplification for the sense electronics was 100,000.

Figure 8.2 shows the frequency response of UA-11 when the drive signal was applied to the piezo on the
bottom side of arm 4, and the output was sensed from the top piezo on arm 2. The plot clearly shows a
resonant peak that occurred at about 12.45 kHz. The resonant peak is superposed on top of a curve in
which the sensed amplitude increases with increasing frequency, a curve indicative of parasitic
capacitance between the trace used for driving the device and the trace used to sense the output. The
resonant peak is quite small, only 1 mV produced by a4 V input. And the sensor is aligned with the
intended rocking motion of the device, so this signal should be relatively large. It is aso clear that the
effect of the parasitic capacitance is of similar magnitude to the piezoelectric induced response indicated
by the resonant peak. If it had been possible to pole the piezo layers to a significantly higher voltage,
the magnitude of the piezoelectric induced response would have increased significantly (by a factor of
25 or so), while the while the effect of the parasitic capacitance would remain unchanged. This would
have made it much simpler to isolate the response associated with mechanical vibration of the sensor.

Figure 8.3 shows the response of UA-11 to the same 4 V peak to peak input applied to the bottom piezo
of arm 4 described above, but this time the output was being sensed on the top piezo on arm 1 of the
device. Under ideal circumstances, this sensing piezo would produce zero output in the absence of
rotation. The plot shows that there is some indication of a resonant peak, although the strength of that
peak is somewhat smaller that what was seen in Fig. 8.2. This indicates that the sensor is out of trim —
the vibration modes do not line up with the two “axes’ defined by the arms of the gyro. As a result,
driving the piezo on the bottom excites two rocking modes. And once again, the effect of the parasitic
capacitanceisevident in Fig. 8.3.
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To this point, efforts to measure a rotation rate with the device have been unsuccessful. The
piezoelectric effect is somewhat weak because poling could not be carried out as effectively on the
devices as on the test samples, so that even the response in the drive axis is rather small. The response
due to rotation is expected to be two to three orders of magnitude smaller than the response due to the
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forced oscillations. Finally, the magnitude of the parasitic capacitance has made it difficult to isolate
that part of the response caused by mechanical vibrations.

To get the best possible gyro performance, some effort must be made to mechanically "trim" the
resonator so that it more closely follows the ideal response. Both mechanical trimming and electronic
trimming are required to achieve the best performance. We have established alaser trimming system to
do the trimming but expiration of the project precluded its use.
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APPENDI X A: Wafer Traveler for Active Wafer
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AMCOM — REDSTONE

UA Gyro Wafer Process -- Active Wafer Lot #:

#Wafers/Lot: 5
Wafer :
Pur pose:
Targets.
PROCESS FLOW
PROCESS DECRIPTION ITL DATE COMMENTS

ACTIVE WAFER

Radiant Technologies

PNZT/PUTiO,/SIO/SI/SIO,/

TiO2/Ti/PUPNZT

_? A/1500A/400A/5000A...
Lot #

RUN START 3"Si__ type,__ ohm-cm,

Orientation:; <1-0-0>

Wafer Thickness: 400 micron

Order #

Date:

Evaporate 200A Ti then
2500A Au

E-Beam Evaporator

METALIZATION Ti: Deposit. Rate: 05A /s
SIDE | E-beam Power: 7.5%

Au: Deposit. Rate: 5 A /s
E-beam Power: 32%

POST METAL Examine for macroscopic
DEPOSITION defects.
INSPECTION

Evaporate 200A Ti then
2500A Au

E-Beam Evaporator

METALIZATION | Ti: Deposit. Rate: 0.5A /s
SIDE Il E-beam Power: 7.5%

Au: Deposit. Rate: 5 A /s
E-beam Power: 32%

POST METAL Examine for macroscopic




DEP. INSPEC. defects.
RESIST COAT 1818, Prog 2, 2500 rpm/30s
SIDE |1 for back side protection
RESIST BAKE 40 min@ 125°C Needs to be long/hot for back side
SIDE Il UP in oven protection
RESIST COAT 1818, Prog. 2, 2500 rpm/30 s
SIDE |
RESIST SOFT 100 °C, 30 min inoven Too low a temp may give wrinkled
BAKE (hotplate cannot be used with look to resist edges.
SIDE | UP 1045 resist on back side)
Mask: UAAO_R04
Karl Suss Contact Aligner
EXPOSE Program: Vacuum Contact
SIDE | Exposuretime: 6s
(No aignment. Just center
wafer chuck)
MP Developer (diluted 1:1).
DEVELOP 1min
POST PATTERN Examine for litho errors or
LITHO INSPEC. defects; note severity on map
RESIST HARD 125°C, 30 minin oven
BAKE
SIDE | UP
DESCUM 3 min. a 300Win YES-R3
GOLD WET 45 sec TFA
ETCH visua endpoint detection
POST GOLD Examine with microscope to M easure Gold feature sizeshere.
ETCH deored ol et edge of
INSPECTION features look good
Transene TFT Ti Etchant w/
Ti WET ETCH a 1:30 dilution. Etch 45s. @
Rm temp. 2step rinse.
. Examine to insure that al Ti
:DI\?SSJE-IC—:ITIT-I(;%;H has cleared and that edge of
features look good
RESIST STRIP Strip on  spinner  with
SIDE | Acetone and IPA
DESCUM SIDE | 3min.a 300W in YES-R3
I
RESIST STRIP Strip on  spinner  with
SIDE 11 Acetone and IPA
DESCUM SIDE | 3min.a 300 W in YES-R3
[
RESIST COAT 1818, Prog 5 , 2500 rpm/60s
SIDE | for back side protection
40 min@ 125°C Needs to be long/hot for back side
RESIST BAKE inoven protection
SIDE | UP
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RESIST COAT 1818, Prog. 2, 2500 rpm/30 s
SIDE 11
RESIST SOFT 100°C, 30 min in oven Too low a temp may give wrinkled
BAKE (hotplate cannot be used with look to resist edges.
SIDE Il UP 1045 resist on back side)
Mask: UAAO_R0O4
Karl Suss Contact Aligner
§|XDPEO|?E Program: \(acuum Contact
Exposuretime: 6s
Use Back Side Alignment
MP Developer (diluted 1:1).
DEVELOP L oo ( )
POST PATTERN Examine for litho errors or
LITHO INSPEC. defects; note severity on map
RESIST HARD 125°C, 30 minin oven
BAKE
SIDE Il UP
DESCUM 3 min. a 300 Win YES-R3
GOLD WET 45 sec TFA
ETCH visua endpoint detection
Examine with microscope to M easure Gold feature sizeshere.
POST GOLD inare thet dl gold has
cleared an ge o
INSPECTION features look good
Transene TFT Ti Etchant w/
Ti WET ETCH a 1:30 dilution. Etch 45s. @
Rm temp. 2step rinse.
. Examine to insure that al Ti
:Dl\?SSJEgTI?gﬁH has cleared and that edge of
features look good
RESIST STRIP Strip on  spinner  with
SIDE 11 Acetone and IPA
DESCUM SIDE | 3min.a 300 W in YES-R3
I
RESIST STRIP Strip  on  spinner  with
SIDE | Acetone and |PA
DESCUM SIDE | 3min. a 300 W in YES-R3
I
RESIST COAT 1818, 2500 rpm/30s
CARRIER for bonding carrier wafer to

BOND CARRIER
WAFER TO
ACTIVE WAFER

Place carrier wafer (resist
side up) on bonding jig.
Place active wafer (Side | up)
ontop of carrier wafer. Place
top plate on jig. Put jig on
hot plate preheated to 70°C.
Hold at 70°C for 5 min.,
ramp to 125°C for 30 min.,
hold a 125°C for 30 min.,
ramp down to 70°C for 30
min.
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CLEAN STACK

Strip on spinner with
Acetone and IPA

SIR-5740 — Spinusing 3 s
spread at 400 rpm, followed
by a 2000 rpm spin for 10 s.

Resist thickness should be about 15
microns.

RESIST COAT Allow 10 minutes of
“relaxation time” at RT prior
to baking.

RESIST SOFT 100 °C for 37 min in oven.

BAKE

REHYDRATION

Allow at least one hour for
the 5740 photoresist to
rehydrate prior to patterning.

Mask: UAA1 R0O4
Karl Suss Contact Aligner
Program: Soft Contact

;X DPEOISE Exposure time: 104 s (4 reps

of 26 s, with 10 s pauses)

Dose=1360 mJ/cm” for 365

nm light.

MF-453 Developer (undil.) Check every 10 minutes or so of
DEVELOP for 15-20 min. developing time to see if resist has

cleared.

POST PATTERN
LITHO INSPEC.

Examine for litho errors or
defects; note severity on map

Paint over the aignment
marks and any other litho

PAINT W/ RESIST | defects with 5740 resist.
Paint around edge with 1818
resist.

BAKE Bake for 90 min. at 100°C

DESCUM 3 min. a 300 W in YES-R3

ION MILLING OF

Accelerating voltage: 500 V
Beam Current: 40 mA
Time: 75 minutes

Objective here is to remove 80-90%
of PNZT via this dry etch. Done in
two or three steps, to monitor etch

PNZT - SIDE | 0 depth.
Etch rate approx. 80 A/
min.
POST-MILL Check milled depth using the
INSPECTION Dektak.
DESCUM 3 min. a& 300 W in YES-R3
Strip  on  spinner  with
RESIST STRIP Acetone and IPA
DESCUM 3 min. at 300 Win YES-R3
RESIST COAT 1811, Prog. 2, 2500 rpm/30 s
RESIST SOFT 100 °C, 30 min inoven Too low a temp may give wrinkled
BAKE look to resist edges.
Mask: UAA2_R04
Karl Suss Contact Aligner
EXPOSE Program: Vacuum Contact
Exposuretime; 6s
MP Developer (diluted 1:1).
DEVELOP 1min
POST PATTERN Examine for litho errors or
LITHO INSPEC. defects; note severity on map
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Paint over the aignment
marks and any other litho

PAINT W/ RESIST | defects with 1818 resist.
Paint around edge with 1818
resist.

BAKE Bake for 90 min. at 100°C

DESCUM 3 min. a 300 Win YES-R3

WET ETCH PNZT

400ml H20,400ml HCI + 8g
NH4F
Etch rate~400nm/min

DON'T OVERETCH!!! CAREFUL

RESIST STRIP

Strip  on  spinner  with
Acetone and IPA

DESCUM SIDE
I

3 min. a 300 Win YES-R3

INSPECTION OF
METAL

PATTERN SIDE |

Examine pattern with optical
microscope, note defects and
severity on defect map

Microscope and

Use multimeter to ensure top
electrodes and Pt bottom

Measure PNZT Stack feature size
here.

MULTIMETER :
TEST electrode are not in contact
SIR-5740 —Spinusing 3 s Resist thickness should be about 15
spread at 400 rpm, followed microns.
by a 2000 rpm spinfor 10 s.
RESIST COAT Allow 10 minutes of
“relaxation time” a RT prior
to baking.
RESIST SOFT 100 °C for 37 min. in oven.
BAKE

REHYDRATION

Allow at least one hour for
the 5740 photoresist to
rehydrate prior to patterning.

Mask: UAA3 R04
Karl Suss Contact Aligner
Program: Soft Contact

gﬁ(DPEOISE Exposure time: 104 s (4 reps

of 26 s, with 10 s pauses)

Dose=1360 mJ/cm’ for 365

nm light.

MF-453 Developer (undil.) Check every 10 minutes or so of
DEVELOP for 15-20 min. developing time to see if resist has

cleared.

POST PATTERN
LITHO INSPEC.

Examine for litho errors or
defects; note severity on map

Paint over the alignment
marks and any other litho

PAINT W/ RESIST | defects with 5740 resist.
Paint around edge with 1818
resist.

BAKE Bake for 90 min. at 100°C

DESCUM 3 min. a 300 Win YES-R3

ION MILLING OF
PNZT, Pt, TiO,,
Si0,— SIDE |

Accelerating voltage: 500 V
Beam Current: 40 mA
Time: 90 minutes

o
Etch rate approx. 100 A/

Objective here is to remove 80-90%
of PNZT via this dry etch. Done in
two or three steps, to monitor etch
depth.
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min.

POST-MILL Check milled depth using the
INSPECTION Dektak.
DESCUM 3 min. a 300 W in YES-R3

Strip  on  spinner  with
RESIST STRIP Acetone and IPA

Soak in acetone to separate
SEPARATE handle wafer from carrier
STACK

wafer.
DESCUM SIDE | 3min. a 300 W in YES-R3.
DESCUM SIDE I 3min. a 300 W in YES-R3.
RESIST COAT 1818, 2500 rpm/30s
CARRIER for bonding carrier wafer to

BOND CARRIER
WAFER TO
ACTIVE WAFER

Place carrier wafer (resist
side up) on bonding jig.
Place active wafer (Side 11
up) on top of carrier wafer.
Place top plate onjig. Put jig
on hot plate preheated to
70°C. Hold at 70°C for 5
min., ramp to 125°C for 30
min., hold at 125°C for 30
min., ramp down to 70°C for
30 min.

Strip on spinner with

CLEAN STACK Acetone and IPA
SIR-5740 —Spinusing 3 s Resist thickness should be about 15
spread at 400 rpm, followed microns.
by a 2000 rpm spinfor 10 s.
RESIST COAT Allow 10 minutes of
“relaxationtime” at RT prior
to baking.
RESIST SOFT 100 °C for 37 min. in oven.
BAKE

REHYDRATION

Allow at least one hour for
the 5740 photoresist to
rehydrate prior to patterning.

Mask: UAA1 RO4
Karl Suss Contact Aligner
Program: Soft Contact

EIXDPEOI?E Exposure time: 104 s (4 reps

of 26 s, with 10 s pauses)

Dose=1360 mJ/cm® for 365

nm light.

MF-453 Developer (undil.) Check every 10 minutes or so of
DEVELOP for 15-20 min. developing time to see if resist has

cleared.

POST PATTERN
LITHO INSPEC.

Examine for litho errors or
defects; note severity on map




Paint over the aignment
marks and any other litho

PAINT W/ RESIST | defects with 5740 resist.
Paint around edge with 1818
resist.

BAKE Bake for 90 min. at 100°C

DESCUM 3 min. a 300 Win YES-R3

ION MILLING OF

Accel erating voltage: 500 V
Beam Current: 40 mA
Time: 75 minutes

Objective here is to remove 80-90%
of PNZT via this dry etch. Done in
two or three steps, to monitor etch

PNZT - SIDE 11 0 depth.
Etch rate approx. 80 A/
min.
POST-MILL Check milled depth using the
INSPECTION Dektak.
DESCUM 3min. a 300 Win YES-R3
Strip on  spinner  with
RESIST STRIP Acetone and IPA
DESCUM 3min. a 300W in YES-R3
RESIST COAT 1811, Prog. 2, 2500 rpm/30 s
RESIST SOFT 100 °C, 30 min inoven Too low a temp may give wrinkled
BAKE look to resist edges.
Mask: UAA2_R04
Karl Suss Contact Aligner
EXPOSE Program: Vacuum Contact
Exposuretime: 6s
DEVELOP MP Developer (diluted 1:1).
1min
POST PATTERN Examine for litho errors or
LITHO INSPEC. defects; note severity on map

PAINT W/ RESIST

Paint over the aignment
marks and any other litho
defects with 1818 resist.
Paint around edge with 1818
resist.

BAKE

Bake for 90 min. at 100°C

DESCUM

3 min. at 300Win YESR3

WET ETCH PNZT

400ml H20,400ml HCI + 8g
NHA4F
Etch rate~400nm/min

DON'T OVERETCH!!! CAREFUL

Strip on  spinner  with

RESIST STRIP Acetone and IPA
DESCUM 3min. a300W in YES-R3
INSPECTION OF | Examine pattern with optical
METAL microscope, note defects and

PATTERN SIDE |

severity on defect map

Microscope and
MULTIMETER
TEST

Use multimeter to ensure top
electrodes and Pt bottom
electrode are not in contact

Measure PNZT Stack feature size
here.
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SIR-5740 — Spinusing 3 s
spread at 400 rpm, followed
by a 2000 rpm spin for 10 s.

Resist thickness should be about 15
microns.

RESIST COAT Allow 10 minutes of
“relaxation time” at RT prior
to baking.

RESIST SOFT 100 °C for 37 min in oven.

BAKE

REHYDRATION

Allow at least one hour for
the 5740 photoresist to
rehydrate prior to patterning.

Mask: UAA3_R04
Karl Suss Contact Aligner
Program: Soft Contact

EIX DPEOI?E Exposure time: 104 s (4 reps

of 26 s, with 10 s pauses)

Dose=1360 mJ/cm? for 365

nm light.

MF-453 Developer (undil.) Check every 10 minutes or so of
DEVELOP for 1520 min. developing time to see if resist has

cleared.

POST PATTERN
LITHO INSPEC.

Examine for litho errors or
defects; note severity on map

Paint over the aignment
marks and any other litho

PAINT W/ RESIST | defects with 5740 resist.
Paint around edge with 1818
resist.

BAKE Bake for 90 min. at 100°C

DESCUM 3 min. a 300 Win YES-R3

ION MILLING OF

Accelerating voltage: 500 V
Beam Current: 40 mA
Time: 80 minutes

Objective here is to remove 80-90%
of PNZT via this dry etch. Done in
two or three steps, to monitor etch

PNZT, Pt, TiO,, . depth
S0,-SIDEII Etch rate approx. 100 A/
min.
POST-MILL Check milled depth using the
INSPECTION Dektak.
DESCUM 3min. at 300 Win YES-R3
Strip  on  spinner  with
RESIST STRIP Acetone and |PA
DESCUM 3 min. a& 300 W in YES-R3
SIR-5740 — Spinusing 3 s Resist thickness should be about 15
spread at 400 rpm, followed microns.
RESIST COAT by a 2000 rpm spin for 10 s.
Allow 10 minutes of
“relaxationtime” at RT prior
to baking.
RESIST BAKE Bake for 40 min. at 100°C.

REHYDRATION

Allow at least one hour for
the 5740 photoresist to
rehydrate prior to patterning.

EXPOSE

Mask: UAA4 RB4
Karl Suss Contact Aligner
Program: Soft Contact
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Exposure time: 104 s (4 reps
of 26 s, with 10 s pauses)
Dose=1360 mJ/cm® for 365
nm light.

DEVELOP

MF-453 Developer (undil.)
for 15-20 min.

Check every 10 minutes or so of
developing time to see if resist has
cleared.

POST PATTERN
LITHO INSPEC.

Examine for litho errors or
defects; note severity on map

DESCUM

3 min. at 300 Win YES-R3

Paint over the aignment
marks and any other litho

PAINT W/ RESIST | defects with 5740 resist.
Paint around edge with 1818
resist.
BAKE Bake for 90 min. at 100°C
ProcessDP_80 01isASE. Must etch completely through the
ETCHINDRIE (Deep etch takes 2:55:00) handle wafer.
DESCUM 3min. a 300 W in YES-R3
Strip on  spinner  with
RESIST STRIP Acetone and IPA
SEPARATE Soak in acetoneto separate
STACK handle wafer from carrier
wafer.
DESCUM SIDE | 3 min. a 300 Win YES-R3.
DESCUM SIDE I | 3min. a 300 W in YES-R3.
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APPENDI X B: Wafer Traveler for Handle Wafer
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AMCOM — REDSTONE

UA Gyro Wafer Process— Handle Wafer Lot #:

#Wafers/Lot: 5
Wafer :
Pur pose:
Targets.
PROCESS FLOW
PROCESS DECRIPTION ITL DATE

Handle Wafer Process Steps
Process Flow

COMMENTS

99



o]
Coat with 300 A of chrome
E-Beam Evaporator

CHROME COAT
Cr: Deposit. Rate: 1 A /s
E-beam Power: 4%
Coat with 1818 photoresist
RESIST COAT (2500 rpm for 30 s)
BAKE 30 min. in 100°C oven
Expose for 6 sin Suss using
EXPOSE mask UAHO_R04
Program: Vacuum Contact
Microposit Dev. Conc
DEVELOP (Diluted 1:1 wit DI water)
for 2 min. Then rinse.
DESCUM 3 min. a 300 Win YES-R3

CHROME ETCH

45 sin CEP-200 chrome
etchant.

POST-ETCH
INSPECTION

Examineto insure that al
chrome has cleared and that
edge of features ook good

RESIST STRIP

Strip using acetone and | PA
on spinner

DESCUM

3 min. at 300 Win YES-R3

POLYIMIDE
COAT

Spin on HD Microsystems
2723 Photodefineable
polyimide.

Start spread at 100 RPM.
Slowly increase spin rate
until entire wafer is covered.
Then spin at 3760 RPM for
45s.

SOFT BAKE

Bake on a hot plate for 3
min. at 110°C.

EXPOSE

Expose for 70 sin Suss
using mask UAH1 R04
Program: Soft Contact

DEVELOP

Perform adynamic
development. (15 swith
6180 developer at 750
r.p.m, 30 swith 6180
developerat Or.p.m, 15s
with 6180 devel oper at 750
r.p.m., 30 swith 50-50 mix
of 6180 devel oper and 9180
rinse a 750 r.p.m., 30 swith
9180 rinse a 750 r.p.m.,
then spin at 2500 r.p.m. for
30 sto dry).

INSPECT

Inspect microscopicaly to
insure complete
development. Measurethe
height of the polyimide pads
using the Dektak.

At this stage, the pads should be about
3.4 micronstall

HARD BAKE

10 min on 270°C Hot Plate

INSPECT

Measure the height of the
polyimide pads using the

At this stage, they should be about 2.2
micronstall.
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Dektak.

DESCUM

3 min. at 300 Win YES-R3

COAT
CARRIER
WITH
BONDING

LAYER OF

RESIST

1818, Prog. 2, 2500 rpm for
30s

ASSEMBLE
STACK

Placethe 4 in carrier wafer,
resist side up, on the bottom
plate of bonding jig. Place
the handle wafer top of the
carrier wafer, polyimide
side up. Place acover wafer
on top of the active wafer.
Carefully lower the top plate
onto the stack.

BAKE

Place carrier wafer (resist
side up) on bonding jig.
Place active wafer (Side |
up) on top of carrier wafer.
Placetop plate on jig. Put
jig on hot plate preheated to
70°C. Hold at 70°C for 5
min., ramp to 125°C for 30
min., hold at 125°C for 30
min., ramp down to 70°C for
30 min.

CLEAN STACK

Perform acetone/IPA  strip
and/or descum as needed

RESIST COAT

SIR-5740 - Spinusing 3 s
spread at 400 rpm, followed
by a 2000 rpm spinfor 10 s.
Allow 10 minutes of
“relaxationtime” at RT
prior to baking.

Resist thickness should be about 15
microns.

RESIST BAKE

Bake for 37 min. a 100°C.

REHYDRATION

Allow at least one hour for
the 5740 photoresist to
rehydrate prior to
patterning.

EXPOSE

Mask: UAH2_R04

Karl Suss Contact Aligner
Program: Soft Contact
Exposure time: 150 s (5 reps
of 30 s, with 10 s pauses)
Dose=1360 mJ/cm? for
365 nm light.

DEVELOP

MF-453 Developer (undil.)
for 15-20 min.

Check every 10 minutes or so of
developing time to see if resist has
cleared.

POST PATTERN
LITHO INSPEC.

Examine for litho errors or
defects; note severity on

map
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Paint over the aignment
marks and any other litho

PAINT W/ RESIST | defects with 5740 resist.
Paint around edge with 1818
resist.
BAKE Bake for 90 min. at 100°C
If necessary
DESCUM Technics 2 min O, descum
ETCH IN DRIE Shallow etch takes 5 min.
3min. a 300 W in YES-R3.
DESCUM Removes hard shell from
surface of resist.
RESIST STRIP Strip_using acetone and 1PA
on spinner
DESCUM 3 min. at 300 Win YES-R3.
Check for etch defects, Etch depth should be about 10 microns.
INSPECT excessive undercut. Dektak
to verify etch depth.
SIR-5740 - Spinusing 3 s Resist thickness should be about 15
spread at 400 rpm, followed microns.
RESIST COAT by a 2000 rpm spinfor 10 s.
Allow 10 minutes of
“relaxationtime” at RT
prior to baking.
RESIST BAKE Bake for 37 min. at 100°C.

REHYDRATION

Allow at least one hour for
the 5740 photoresist to
rehydrate prior to
patterning.

EXPOSE

Mask: UAH3_R04

Karl Suss Contact Aligner
Program: Soft Contact
Exposure time: 150 s (5 reps
of 30 s, with 10 s pauses)
Dose=1360 mJ/cm? for
365 nm light.

DEVELOP

MF-453 Developer (undil.)
for 15-20 min.

Check every 10 minutes or so of
developing time to see if resist has
cleared.

POST PATTERN
LITHO INSPEC.

Examine for litho errors or
defects; note severity on

map

Paint over the aignment
marks and any other litho

PAINT W/ RESIST | defects with 5740 resist.
Paint around edge with 1818
resist.

BAKE Bake for 90 min. at 100°C

DESCUM If necessary

Technics 2 min O, descum
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Deep etch takes 2.5 -3

Must etch completely through the

ETCH INDRIE hours. handle wafer.
Soak in acetone to separate

gTEiACiATE handle wafer from ?;rprier
wafer.

DESCUM TOP 3min. a 300 Win YES-R3.

DESCUM 3min. a 300 W in YES-R3.

BOTTOM
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