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Figure 1.5. Domains. (a) Neighboring domains are randomly oriented. (b) The domains in a
ceramic element are aligned by exposing it to electric field. (c) After the electric field is removed.
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The basic equation representing the ferroelectricity is
D=¢cE+P, (1.1)

where D, & E, and P are electrical displacement, permittivity of the material, external electric
field, and polarization, respectively. Similar to the hysteresis of magnetic materials, in the case of
ferroelectric materials, application of the electric field causes the domains to reorient so that a net

polarization is obtained, which gives rise to hysteresis in the relation between them as depicted in

figure 1.6.
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Figure 1.6. Ferroelectric hysteresis loop.

From this figure, it can be seen that applying low electric field yields a linear response as
the field is not sufficient to reorient the domains. Applying electric field beyond the positive

coercive field E; “switches” the domains into the direction of the field. At some extent, switching
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decreases as the number of un-switched domains is depleted and the material reaches the highest
point at which all the domains have switched (saturation). As the field is decreased to zero, most
of the domains retain their new orientations while a few of the domains switch back to their
original orientations. Ps is named as saturation polarization, and P, is called as the remanent
polarization of the material. To invert the orientation of the domains, electric field has to be
applied in the reverse direction, and the field required to make the net polarization zero is the
coercive field (-Ec). Further increase of the reverse field will cause the domains to continue to
switch to the opposite direction until saturation in this direction is reached. Upon reducing the
applied reverse electric field to zero, some of the domains will switch back to their original
orientations, but most of the domains retain their orientations creating a negative remanent
polarization (-P;), which should be equivalent in magnitude to the positive remanent polarization
Pr. Increasing the field once again causes the domains to switch back into the initial direction of
polarization. The positive coercive field E; should be equivalent in magnitude to the negative
coercive field -E.. The area inside the loop represents the energy dissipated within the sample as

heat.

In the piezoelectric materials, the coupling between electric field and stress can be

expressed in constitutive equations as follows [1.26]:

where i, J €[1,2,3] are indices of electric constituents, I, J €[1,...,6] are indices of mechanical
constituents, ¢, the mechanical strain, Sﬁ the compliance matrix at constant electric field, o; the

mechanical stress, E; the applied electric field, &; the dielectric permittivity, and d;; the strain-
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electric-field piezoelectric coupling coefficient. Detailed discussion can be found in [1.27]. The
relation between the piezoelectric constant ds;; and the remanent polarization P, is expressed by

the following equation [1.28]:
d31 = 2Q12&0&- B (1.4)

where Q. is the electrostrictive constant (-0.03 m*/C? for PZT), ¢, the vacuum permittivity
(8.85x10™* F/m), and & the relative dielectric constant. Since the magnitude of das; is

proportional to Py, high value of P, is desirable.

It is a well-known fact that within PZT material, (111) dominated PZT shows the highest
ds;. It is also reported that when the PZT has a composition of 48% Ti and 52% Zr, a
morphotropic phase boundary occurs where the tetragonal (easy poling axis is oriented in the
<100> direction) and rhombohedral (easy poling axis is oriented in the <111> direction) phases
co-exist resulting in the largest piezoelectric coefficients. A bottom electrode plays a crucial role
in formation of (111) dominated PZT layer because it has high influence on nucleation of the
PZT film. (111) platinum is preferred because its lattice constant is very close to that of (111)
PZT—only 4% mismatch. Besides, it has high thermal conductivity and good stability in high-
temperature oxidizing ambient. In addition, it may prevent interfacial chemical reactions and Pb-
Si inter-diffusion during PZT layer deposition in strongly oxidizing conditions and at elevated
temperature conditions between 500<C and 700<C. To achieve good adhesion between Pt and the
underlying silicon dioxide layer, a titanium layer is inserted in-between.

The structure of this thesis is as follows. In chapter 2, design of microscanners including
simulation results with ANSYS™ s provided, followed by mask layout design. Chapter 3 is

dedicated for the fabrication of the device. Chapter 4 presents the experiment results. Finally, the
12



thesis is summarized and future works are presented in chapter 5.
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CHAPTER 2. TWO-DIMENSIONAL MICROSCANNER DESIGN

In this chapter, design of the MEMS-based microscanners is presented. There have been
several groups who demonstrated one- and two-dimensional (1- and 2D) microscanners with
piezoelectric actuators [1.7], [1.23], [2.1]. Schroth et al demonstrated 2D scanning with four PZT
actuators [1.23]. They obtained scan angles of 2.5and 6.5%at resonance but DC operation was
not reported. They reported a problem of the actuator deformation caused by residual stress,
which changed the behavior of the actuators. Tsaur et al reported a novel double layer PZT
actuator design which can double the deflection for the given actuation voltage and compensate
the residual stress of PZT [1.7]. The drawback of this design is the complexity in fabrication.
Yee et al utilized a gimbal structure which can minimize the crosstalk between rotations about
two axes [2.1]. However, the tilt angles of the mirror were smaller than #0.75<at 15 V.

The common problem of the microscanners utilizing piezoelectric actuators reported so
far is the inefficient conversion of deflection to rotation due to bending, tensile, and torsion
constraints. In this thesis, the proposed microscanner is featured with novel T-shaped hinges to
address this problem. Because the T-shaped hinge is flexible in whole six directions (three
translational and three rotational), it can considerably improve the conversion efficiency, and
hence can widen the scan range and reduce the required actuation voltage.

ANSYS™_ a multiphysics finite-element-method (FEM) simulation software is used to
analyze the actuation of piezoelectric microscanners. For a single piezoelectric cantilever, a basic
constituent of the microscanner, the simulation result is compared to that from simple analytic
formulas, which will be described in 2.1. In 2.2, because of the complexity, only numerical
simulation is used to analyze the microscanners with T-shaped hinge structures. In 2.3, the mask

layout design will be illustrated.
16



2.1 Theoretical Analysis of the Piezoelectric Cantilever Structure

Figure 2.1 shows the schematic diagram of the proposed microscanner. Dimensions of
the microscanners are given in both tables 2.1 and 2.2. The structure of the microscanner is
designed to have four piezoelectric actuators connected to a mirror in the center through T-
shaped hinges. By applying various combinations of voltages (positive and/or negative) to Vi
through V4, rotation in two dimensions and out-of-plane translation can be obtained. Details of
the operation principle will be presented in section 2.2. In this section, actuation of the
piezoelectric cantilever as the basic constituent of the microscanner will be discussed based on

both calculation using analytic formulas and simulation using ANSYS™,

Figure 2.2 shows the cross-sectional view of the piezoelectric cantilever which is
comprised of a piezoelectric layer (PZT) and a mechanical supporting layer (silicon). When a
voltage is applied across the piezoelectric layer so that it contracts in y-direction—since PZT has
strong ds1 (negative value), i.e. when electric field is applied in the 3™ dimension, strain is
generated in the 1% dimension, eventually, the cantilever bends upward in z-direction because the
supporting layer tries to hold it back. When a voltage of opposite polarity is applied so that the
piezoelectric layer stretches, the cantilever bends downward for the same reason. The
relationship among structural parameters (56— tip deflection, « — tilt angle at the tip, v — displaced
volume of the entire cantilever), electrical parameters (Q — charge on the surface of the
piezoelectric layer, V — applied voltage), and mechanical loads (M — moment, F — force, p —

pressure) of the piezoelectric cantilever can be expressed as in equation (2.1) [2.2].
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Figure 2.1. Schematic diagram of the mircoscanner with geometric parameters and definitions of
the voltage application, V; through V..
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The equation is as follows:

a
o)
v
Q
12L et 6Lace” 2L e’ 631 BLace
KW, KW, K K
6Lact 2 4‘Lact 3 3Lact * 3d31BLact 2
_ KW, .; KW, .+ 2K K
=4l g3 3Lyt 3Ly "W, d31BLyet *W,
act act act act 31 act act
K 2K 5K K
6d3lBLact 3d31BLact2 d31BLact3Wact Lact Wact T _ d312hsi (Sllslh'p3 + Sllphsi3)
K K K Ah, % K
(2.1)
A, B and K are:
A =511"811" (S11" hy; + Sllsihp) (2.2)
h‘Si (hSl +hp) (2 3)

T (S11Phgi+S115hy)

.2 . . .
K = (811"") (hy)* 4+ 4811° S117 hsi (hy,)3 + 6811 ° S117 (hs)? ()% + 4S11° S11P (hs)3hy, +
S (hs)?

2.4)

Si.™ and Si,” are the (1,1) entries of the compliance tensors of silicon and PZT,

respectively. hsi and hy are the thicknesses of silicon and PZT, respectively.

Given Su* = — =592 x10712m?/N

si

1

P —

Sll ~E
p

=833 x10""m?/N
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Figure 2.2. A piezoelectric bimorph with external and internal parameters. [2.3]

hy =3x107°m

h, =1x10"°m

Loyt =3.9%x107*m

d3; = —171.12 pC/N
The tip deflection ¢ is expressed as,

3d31BLge v
K

_ 351" S117 31 by (hgi + hy)Laee °V
= 2, 4 , 3 , 2 ,
(511°) (hy) +4S11°S11Phgi(hy)” + 6S511° 8117 (hs)? (hy )™ + 4811% S11P (hsi) 3Ry, + (S117)? (hsi)*
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=3.25 X 107%[C/N] x V = 3.25[um/V] x V (2.5)

For example, for the applied voltage of 30 V, the deflection ¢ is 97.35 pm. The values of

dsy, S11% and Sy4° were obtained from the literature.

The actuation of the piezoelectric cantilever was simulated with ANSYS™ as well.
Figure 2.3 shows the simulated deformation of the cantilever when 30 V is applied across the
PZT layer. The dimension of the cantilever is the same as the one used in the analytical
calculation. The simulation result shows that the tip deflection is 77.0 pm. This is about 19%
smaller than the result from the analytical formulas. One of the reasons is considered to be the
difference between full 3-dimensional simulation and analysis with one-dimensional slender
beam approximation. Material parameters used in the simulation, d the piezoelectric tensor, and

S the compliance tensor are given below. The ANSYS™ simulation code is provided in

APPENDIX A.
0 0 —171.12
0 0 —171.12
| 0 o 374236 _12¢C
d= 0o 584071 o |X10 [ (2.6)
584071 0 0
0 0 0
1641 —5704 —7.226 0 0 0
_5704 1641 —7.226 0 0 0
| =7226 —7226 1881 0 0 0 L1z [m?
$= 0 0 0 4751 0 o |*10 [N] (2.7)
0 0 0 0 4751 0
0 0 0 0 0 4421

2.2 ANSYS Simulation of Microscanners: Model and Results

The definitions of x- and y-axis, and V; through V, are given in figure 2.1. Figure 2.4
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shows the simulation results illustrating the operation principle of the proposed microscanner. It
shows the correlation between the voltage assignments to the four piezoelectric actuators and the
two-dimensional rotation of the mirror. Taking the case A of figure 2.4b for an example,
applying positive voltages (V/2) to V, and V,, and equal-but-negative voltages (-V/2) to Vi and V3
will make the microscanner to rotate about the x-axis counterclockwise (seen from the center of

the mirror, and hence marked as positive on x-axis in figure 2.4a).

X

30V
Top view Cross-section view
'_I__ 1um PZT) |
100pum | -
A 3um Silicon

Figure 2.3. Deformed shape of a piezoelectric cantilever, simulation result by ANSYS™., Top
layer: PZT, 1 pm. Bottom layer: silicon, 3 pm. Cantilever width: 100 pm. Cantilever length: 390
pm. Unit of the color code for deflection: pm.

Applying positive voltages (V/2) to V; and Vs, and equal-but-negative voltages (-V/2) to
V3 and V4 will make it rotate about y-axis counterclockwise so that this case is marked as positive
on y-axis. If positive voltage (V) is applied to V,, equal-but-negative voltage (-V) is applied to Vs,

and V; and V, are remained zero, it rotates counterclockwise both about x-axis and y-axis (point

22



B in figure 2.4a). In this manner, by applying appropriate voltages to V; through V4, continuous
two-dimensional rotation of the mirror is possible, which has been verified by simulation.
Figures 2.4c, 2.4d, and 2.4e show the ANSYS simulation results of mirror rotation about x-axis
(case E), y-axis (case C), and both axes (case D), respectively. The ANSYS simulation program
code is provided in APPENDIX B. More than £7° of mechanical tilt angles were demonstrated

about both axes through the simulation with the maximum applied voltage of 30 V.

YA

Vi | Vv, | Ve |y, Vi |V, | Ve |V,

S AN A AN A VA WAV A,

Bl o |v |~v ]| o]|F|-v|[o0o] o0 ]|V

VAV AR M AW AN AV

plv | o] o |~v]H]|]o0o |~v ]|V ]|oO0

De Ce Be

(@) (b)

-_— = I | - N =
-46.986pum 46.528 ym  -49.258 pym 46.012 pm

(©) (d)

Figure 2.4. Operation principle of the proposed microscanner and ANSYS™ simulation results
(microscanner 1 in table 2.1). (a) Map illustrating directions of mirror rotation in relation to the
voltage assignments summarized in (b). Counterclockwise rotation is defined as positive and
clockwise as negative. All seen from the center of the mirror. (c-e) Simulation results of rotation
about (c) x-axis; case E, (d) y-axis; case C, and (e) both x- and y- axes; case D.(Figure to be
continued on next page)
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For comparison, two previously reported microscanners with different designs were

simulated with ANSY S™—one with four-side-actuators design [2.4] and the other with gimbal-
type design [2.5]. For fair comparison, the same values were used for most of the microscanner
dimensions such as the thickness of each layer, size of the mirror, width and length of hinges,
width and length of actuators, as the proposed design. The simulated deformation of the four-
side-actuators type microscanner is presented in figure 2.5. In this example, -30 V is applied to
the top actuator and 30 V to the bottom actuator while the left and right actuators are left without
voltage applied. The tilt angle about x-axis is 7.68° which is comparable to that of the proposed
microscanner. However, the mirror also rotates about y-axis by 1.09°, which is undesirable and
makes the control of the microscanner complicated. The simulated deformation of the gimbal
type microscanner is presented in figure 2.6. The figure shows an example of the simulation
when 30 V is applied to the outside top actuators and -30 V to the outside bottom actuators while
inside actuators are left without voltage applied. The simulation results show that the
microscanner can rotate #3.25° about x-axis and #9° about y-axis when the maximum voltage of
30 V is applied, which are not sufficient for many applications.
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Ov

30v

Figure 2.5. Simulated deformation of the four-side-actuators type microscanner [2.4]. Unit of the
color code for deflection: pm.

25



Figure 2.6. Simulated deformation of the gimbal type microscanner [2.5]. Unit of the color code
for deflection: pm.

To study the effects of dimension change in various parts of the microscanner on the
scanning performance, simulation was performed for various dimensions. Based on the
simulation, twelve different microscanners were included in the mask layout as summarized in
table 2.2 with the microscanner 1 as a reference whose geometries are given in table 2.1. The
simulation results in terms of tilt angles for those twelve designs are provided in table 2.2 as well

when maximum voltage of 30 V is applied.
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Table 2.1. Geometric parameters of microscanner 1 (unit: pm). Definitions of the parameters are
given in figure 2.1.

I—mirror Wmirror I—bridge Wbridge I—act Wact I—mid Wmid I-h Wh

700 500 100 10 390 100 38 38 120 | 18

Table 2.2. Simulation results of various microscanner designs.

Tiltangles () Difference from microscanner 1.

About x-axis | About y-axis (unit: pm)
Microscanner 1 7.62 7.55
Microscanner 2 7.16 6.91 Waet = 60, W,=10
Microscanner 3 8.71 8.62 Wyt = 160, WL = 26
Microscanner 4 4.49 2.81 Lact =195
Microscanner 5 2.79 1.62 Lact =390
Microscanner 6 6.25 19.07 Lact= 780
Microscanner 7 5.42 7.00 Meander turns of hinge: 0.5
Microscanner 8 9.14 8.32 Meander turns of hinge: 1.5
Microscanner 9 10.01 8.84 Meander turns of hinge: 2
Microscanner 10 6.53 6.01 Wact = 20, Limig = 20, Wpig = 20, Wy =4
Microscanner 11 6.41 7.36 Loridge = 100, Lh= 60, W, =18
Microscanner 12 6.79 7.06 Lorigge = 160, Ln =240, W, =18
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First, by comparing the microscanners 1, 2, and 3 (table 2.2 and figure 2.7), it can be
deduced that W, and Wy, do not have significant influence upon the tilt angles. Second, by
comparing the microscanners 1, 4, 5, and 6 (table 2.2 and figure 2.8), it can be learned that the
tilt angle about y-axis is strongly dependent on the actuator lengths (Lac:) while its effect on the
angle about x-axis is not as distinct. Third, by comparing the microscanners 1, 7, 8, and 9, it can
be concluded that increasing number of meander turns helps to increase the tilt angles. Finally,
from the results of the microscanners 10, 11, and 12, it can be understood that other parameters

like Lpridge, Lmid, Wmia, and Wy do not have much of an effect on the tilt angles.

Mechanical tilt angle vs. W,
10
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c
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P
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Figure 2.7. Simulated mechanical tilt angles vs. Wae:. Maximum applied voltage is 30 V.
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Figure 2.8. Simulated mechanical tilt angles vs. Laet. Maximum applied voltage is 30 V.

2.3 Mask Layout Design

Figure 2.9 shows the images of the designed mask layout with all layers overlaid

included as well.

together—individual layers can be found in APPENDIX C1-C4. It is composed of 4 levels: top
electrodes, bottom electrodes, bonding pads, and substrate etching windows. The usage of each
mask level will be described in chapter 3. Total twelve different microscanner designs were
included in a 1 inch > 1 inch chip area as listed in table 2.2 to find a design that performs best. In
addition, test structures such as free-standing piezoelectric cantilevers, piezoelectric actuators
connected by T-shaped hinges, and simple cantilevers are also included. Metal-PZT-metal

capacitors for polarization-voltage (P-V) measurements and thickness monitoring patterns are
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The fourth mask level is used to produce an etching window for each microscanner to
etch a silicon substrate from the back, to make the release step much simpler, and to give a
mirror sufficient room for rotation. Silicon will be etched in KOH anisotropically, and different
crystal planes have different etch rates which also depend on the concentration and temperature
of KOH. Etch rates of (100) and (110) planes are much faster than that of (111) plane in silicon
anisotropic etching. If a square etching window is opened on the (100) plane and its sides are
aligned to [110] directions, the resulting etched cavity has an inverted pyramidal shape. If the
square is tilted off from [110] directions with some angle, a bigger cavity results because the
etched cavity is eventually determined by the (111) planes. The survived (111) planes have an

angle of 54.74 °with the (100) surfaces as depicted in figure 2.10.

Alignment markers

Test patterns

Figure 2.9. Image of the designed mask layout with all four layers overlaid.
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Figure 2.10. Silicon anisotropic etching to form an inverted pyramidal cavity (a) before etching
(top view), (b) after etching (top view), and (c) after etching (cross-section view).
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According to [2.6], the etch depth h has a relationship with the widths of the etching

window Wy and W, as
W, =W, —2h (2.6)

Difference between the opening of etching window at the backside and the resulted
opening in the front is calculated to be 2 % (283 £ 10m) by (2.6) when the thickness of the

silicon substrate is 400 £15pm as shown in figure 2.11.

H
e n
Pattern on the

2831 0pm backside

Expected opening in the front

™~ |

—

L

Figure 2.11. Design of etching windows on the fourth mask (substrate etching).
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In summary, a new design of microscanners with T-shaped hinges and piezoelectric
actuators has been proposed. The operation principle of the microscanner has been demonstrated
through ANSYS™ simulation. Parametric simulation has been carried out to optimize the
performance of the microscanner. Finally, the mask layout has been designed based on the
simulation results. The fabrication process flow has been designed also as explained in the next

chapter.
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CHAPTER 3. FABRICATION

In this chapter, the fabrication process flow of the microscanner is described in detail. It
includes three critical steps: bottom seed metal layer deposition, PZT process, and front side

protection during the silicon substrate etching process.

To apply electric field through PZT, it needs to be sandwiched by two electrodes.
However, PZT cannot be grown directly on silicon because of the interfacial chemical reactions
and Pb-Si inter-diffusion as mentioned earlier in chapter 1. In formation of (111) orientation
dominated PZT for the strong piezoelectric effect, a bottom seed layer plays a crucial role. (111)
platinum is used as the seed layer because its lattice constant is very close to that of (111) PZT —

only 4% mismatch. Detailed description will be provided in section 3.3.

In the PZT thin film process, temperature control during pyrolysis and annealing is
important to obtain a high quality PZT layer. The PZT layer will be pyrolyzed at 450<C to
remove organics and annealed at 650<C to produce a perovskite structure. Failing to control the
temperature in these processes will result in non-perovskite structure, and hence no piezoelectric

effect. The detailed process will be explained in section 3.4.

Front side protection during the silicon substrate etching process has never been trivial.
Various methods such as wax and mechanical clamp were reported to protect the front side
structures in the silicon wet etching process in KOH or TMAH [3.1]. However, wax residue is
not easy to remove completely and the etchant penetrates along the interface sometimes. Manual
labor of mechanical clamping method is complex and requires special care to implement.

Recently, an alternative way was introduced, i.e. ProTEK® B3 (Brewer Science, inc) protection

34



layer coating. This method was selected, which will be detailed in section 3.9.

The fabrication process flow is summarized in figure 3.1 and figure 3.2.

(f) UL (g) |||||||||IIIIIIIIIIIIIIIE (h) i

m = B &’

Si  SiO; SisNg  Ti/Pt PZT AZP4620 PR Al Protek B3

Figure 3.1. The fabrication process flow. (a) SOI wafer cleaning with piranha solution. (b)
Thermal oxidation. (c) SisN4 deposition using LPCVD. (d) Removal of front side SisN4 in hot
phosphoric acid with S1813 as an etching mask on the backside. (e) Bottom Pt/Ti layer
deposition by sputtering. (f) Spin coating and annealing of a PZT layer. (g) Top Pt/Ti electrode
formation. Spin coating of S1813 photoresist, photolithography using the first mask level,
descumming S1813 residues by O, RIE, Pt/Ti deposition by sputtering, and lift-off process. (h)
Wet etching PZT using top Pt/Ti as an etching mask.

Microscanners were fabricated on a 1 inch <1 inch substrate diced from a 6 inch Silicon-
On-Insulator (SOI) wafer (Shin-Etsu Handotai Co., Ltd). The specification of the SOI wafer is
listed in table 3.1. The reason to use the SOI wafer in the current research is related to the non-
uniformity in silicon anisotropic etching to release MEMS structures. To make the last release

step more controllable and reliable, an etch stop layer is necessary between the structural layer
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and the substrate. The buried oxide layer of an SOI wafer is a perfect fit for this purpose. In
addition, silicon is known to be a good mechanical material, and single crystalline silicon has a

lower degree of residual stress compared to polycrystalline silicon.

(|) T () (OO o

m = © ®’

Si SiO, SigNg  Ti/Pt PZT AZP4620 PR Al Protek B3

Figure 3.2. The fabrication process flow (continued). (i) Photolithography (second mask level)
and dry etching of the bottom Pt/Ti layer. (j) Photolithography (third mask level) and lift-off
process to form bonding pads. (k) Front side protection with Protek™ B3, photolithography
(fourth mask level), and consecutive wet etching of backside SisN4 and SiO2 layers. (1) Silicon
substrate etching in KOH. (m) Removal of Protek™ B3 and consecutive dry etching of top SiO2
and silicon device layers from the front side. (n) Wet etching of buried SiO, to release the device.
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Table 3.1. Specification of an SOI wafer used.

Resistance (Qcm)

Thickness (jm) Type Orientation | . oo (mm) devy/sub?

devi/box?/sub® | dev/sub® devl/sub®

3+05/1=+x0.1/

400 +15 P/N | <100>/<100> | 150.00 +0.20 | 0.01~0.02/1.00~30.0

dev’: silicon device layer
box?: buried silicon dioxide layer

sub®: silicon substrate

3.1 Wafer Cleaning (Figure 3.1a)

The SOI wafer was cleaned in the following sequence:
1. Piranha cleaning
40% H,SO4: 30% H,0, = 4:1 at 90 <C for 20 minutes.

2. Acetone with ultrasonic agitation for 5 minutes, methanol with ultrasonic agitation for 5

minutes, and DI water rinse.
3. RCA cleaning
a. RCA1 - DI water : 27% NH,OH : H,0, =5:1:1

i. In RCAL solution at 70 25<C for 15 minutes to remove particulate contaminants and

desorb trace metals (Au, Ag, Cu, Ni, etc).
ii. Rinse in DI water for 3 minutes.
iii. 49% HF : DI water = 1:10 at room temperature for 5 minutes.

iv. Rinse in DI water for 3 minutes.
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b. RCA2 — DI water : 37% HCI : H,0, =6:1:1

i. In RCAZ2 solution at 70 £5<C for 15 minutes to dissolve alkali ions and hydroxides of

AP, Fe**, Mg®* and desorb complex residual metals.

ii. Rinse in DI water for 5 minutes and dehydrate on a hot plate at 120°C for 10 minutes.

3.2 Growth of Isolation and Etching Mask Layers (Figure 3.1b-d)

The cleaned SOI wafers were loaded into an oxidation furnace (Axcess Integrated Loader
of MRL) to be thermally oxidized at 1000°C for 20 hours with flow rate of 2.5 sccm. 400 nm

silicon dioxide layers were grown on both sides.

It has been reported that silicon nitride is a more reliable and robust etching mask in
KOH etching than Cr, SU-8 photoresist, and silicon dioxide [2]. The etching selectivity of silicon
over LPCVD silicon nitride is more than 1000 in KOH etching. Therefore, 150 nm LPCVD
silicon nitride layers were grown on both sides of the wafer on top of the silicon dioxide layers at

the Nano Fabrication Center of University of Minnesota.

It has been also reported that PZT on Pt/Ti/SiO; is more dominated by (111) orientation
compared to that on Pt/Ti/SisN4. Therefore, front side silicon nitride is preferred to be removed.
It was reported that S1813 photoresist hard baked at 185°C for 4.5 hours can protect the silicon
nitride on the backside during the front side silicon nitride etching in phosphoric acid at 155 =+

5°C for 1 hour [3.3]. Details are described below.
1. Coat S1813 on sample surface with the recipe in Appendix D.

2. Bake in oven at 185<C for 4.5 hours.
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3. Etch silicon nitride in 80% phosphoric acid at 160<C for 1 hour. Etch rate is 0.2

um/hour [3.4].
4. Rinse in DI water and dry with nitrogen.
5. Strip backside S1813 photoresist by oxygen plasma (System VII) at 120 W for 1 hour.

6. Clean in piranha solution (98% H,SO, : 30% H,0, = 1:1) at 90<C for 15 minutes to

remove the S1813 photoresist residues.

3.3 Bottom Platinum Deposition (Figure 3.1e)

As mentioned earlier, piezoelectric material needs to be sandwiched by electrodes for
operation. Pt is selected because of the lattice matching consideration with PZT. Ti is inserted to
promote adhesion between Pt and the underlying SiO, as well as to prevent the Pt silicide
formation [3.5]. Two different methods were attempted to deposit Pt/Ti: thermal evaporation and

sputtering. The former was only partially successful.

3.3.1 Thermal Evaporation

There have been reports of e-beam evaporation of Pt thin film from many research groups
[3.6]. However, due to limitation of the e-beam evaporator in the lab, thermal evaporation was
tried instead. The chamber base pressure was 110 Torr and the current applied was about 20
A. Pt/Ti was deposited on the wafer with partial success. The major difficulty was the poor
repeatability—the thickness of the deposited thin film varied too much from run to run for the
similar amount of the source. The reason is thought to be too high boiling temperature of Pt,

3825°C, which makes it require high precision in terms of thermal energy supply.
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