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Abstract:

Two axis optical MEMS mirrors find use in many applications including raster scanning, image
projection, optical networking, bio-medical imaging, etc. In all these applications micro-mirrors
are employed to steer a beam of light. While successive single axis mirrors may be used to steer
the beam along multiple axes, a single two-axis mirror provides a simpler, more compact and
inexpensive aternative. In this document, we present a two-axis optical scanning mirror design
based on a novel resonant structure that provides optima raster scanning action. The two
scanning axes are orthogonal and are designed to be highly decoupled. Furthermore, trandational
errors of the mirror are eliminated by using the principle of virtua pivot for cantilever beams.
PZT eectrodes are employed to excite the structure at the frequencies that correspond to its two
desired natural vibration modes. A simple fabrication process flow alows for mass production of
the device. Detailed analysisis provided to support the performance claims of the device.

Backoround and Prior Art

Optical mirrors have become critically important in areas of medical imaging, microvision,
displays, bar code recognition etc., where beam alignment, steering and scanning is needed.
MEMS technology enables miniaturization and integration of such optical mirror systems and
hence offers some very promising solutions to the above applications.

A relevant example is that of Optical Coherence Tomography (OCT) based imaging of
biological tissues where high speed raster scanning is required [1]. A MEMS device that can
produce such raster scanning is ideally suited for biomedical imaging instruments based on OCT.

Optical mirrors may operate in static beam steering mode or in a high speed scanning mode. For
high speed scanning, typicaly a resonant device or structure is used that operates at its natural
frequencies. For either of these operations, a series of single axis mirrors may be employed [2-5]
to realize multiple axis beam steering or scanning. A more compact aternative is to use a single
two-axes mirror but this may lead to a relatively more complex device design and lower device
performance, athough it saves on the assembly, integration and packaging complexity [6-17].

The design concepts found in the literature on two-axes optical scanning mirrors can be broadly
divided into three categories. The simplest design is one in which the bending and torsion of a
single beam produces two transverse rotations of a mirror fixed at the end of the beam and thus
generates the two scanning modes [11-12]. The obvious drawback with this design is that beam
bending not only produces rotation at the beam tip, it also produces trandation. This trandation
of the mirror is undesirable because it can ater the aignment of the light beam being reflected
and hence affect the optics performance (Fig.4). Furthermore, the same structural element is
responsible for both the excitation modes, bending and torsion, thus coupling the two. Although
a simple design, it is not free of trandational error motions and doesn't provide perfect
decoupling between the two scan modes.
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Fig.4. OMRON scanner design and its drawback

A second set of designs employ double gimbals [13-17]. These structures (Fig.5) provide perfect
decoupling between the two scanning modes, but have certain other disadvantages. A double
gimbals arrangement, which is an example of serial kinematics, makes actuation of the two axes
a bit complex. One possible actuation method is to mount the actuator of the second axis on the
moving stage of the first axis. This increases the level of complexity in fabrication. Another
actuation schemes involve the use of electrostatic pads beneath the mirror. For the mirror sizes
and range of motion that we are trying achieve (~1-2mm and 10-15° respectively), the gaps
between the mirror and the electrostatic pads would have to be large which in turn would
necessitate very high operating voltages. Other designs based on paralel kinematics like the one
shown in Fig.6 make use of folded beam flexures instead of double gimbals.

#0084

Fig. 5[16] Fig. 6 [14]
The third and final group of designs is a very impressive array of 3-D self-assembled structures

[17-18]. Clearly, the fabrication of these devices is a challenging process because the design
involve microhinges. Furthermore packaging of these 3-D structuresis arelatively complex task.
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Fig. 7[18]

In the following sections, we disclose a new two-axis MEMS scanner invention which addresses
some of the key design, performance and fabrication issues. A simple design provides high
performance while keeping the fabrication complexity low. The two scan axes are very well
decoupled, parasitic trandational errors of the mirror are eliminated, large ranges of motion are
allowed, the two scan frequencies are well-separated, and the power consumption is low.

Proposed Concept

In developing our device concept we seek the fundamental objective of good design — high
performance a low device complexity. We want our design to be as smple as the OMRON
design mentioned above [12], and yet have decoupled and error-free motion in the two scanning
modes. At the same time, it is desirable to keep the fabrication simple and hence we limit
ourselvesto in-plane designs.

With these factors in mind, we present a device concept illustrated in Fig. 8. An intermediate
mass is supported by two cantilever beams, an assembly that is compliant in bending but stiff in
torsion. The mirror itself is attached to the intermediate mass, by means of a torsion bar that is
stiff in bending but compliant in torson. Hence, one scan mode is produced by the bending of
the cantilevers, during which the intermediate mass and the mirror behave like a single rigid
body due to high bending stiffness of the torsion bar.

The second scanning mode arises due to the twisting of the torsion bar. If the torsional stiffness
of the cantilever beams is much higher compared to the torsion bar, and if the inertia of the
intermediate mass is much higher than that of the mirror, then the twisting occurs primarily in
the torsion bar.
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Fig. 8. Device Concept for a2DOF scan mirror

The mirror is located with respect to the intermediate mass, such that its center axis coincides
with the virtual center of rotation of the intermediate mass attached at the cantilever end. This
arrangement eliminates any trandation of the mirror center, as illustrated in Fig. 9. The principle
of virtual center of rotation holds as long as the cantilever tips do not see any moments — either
externa or inertial. In a static loading case, this means that the only externa load should be a
force at the tip. In the case of dynamic excitation, the center of rotation shall remain stationary as
long as the moment of inertia of the mass attached at the cantilever tip is low, resulting in a low
inertiadl moment. From the subsequent dynamics analysis it shall be clear that that when the
condition of zero moment of inertia of the end mass is not met, the center of rotation takes a new
static position dependent on the frequency of operation.

The principle of virtual pivot for cantilever beams has been exploited by Plummer and Gonsalves
in a smilar mechanism for a two axis quasi-static alignment of a lens assembly, thereby
achieving zero trandation at the lens center.*

! Bill Plummer and Tony Gonsalves, Polaroid Corp. (cited in Precision Machine Design by Alex Slocum)
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Fig. 9. Concept of Virtual Pivot for astatic tip force

Being natura modes of deformation, these two correspond to the free vibrations of the structure
and can be exclusively excited by actuating the structure at the right frequencies. The method or
location of the actuator is not as important as the frequency of the actuation signal. Because of
close-to-resonance operation, large ranges of motion can be obtained even for small actuations
dgnals. It is hypothesized that these two modes can be excited smply by PZT actuators
deposited at the base of the two cantilevers. This hypothesis is analyzed in Section 7, and is
found to be afeasible option for actuation.

A number of interesting conclusions can be made here. There is no parasitic trandation of the
mirror which is excellent for the performance of the optical system. The two modes are
physically decoupled and can be actuated independently. Bending mode is a consequence of the
cantilever beams, while the torson mode is due to the torsion bar. Furthermore, the bending
natural frequency is considerably lowered due to the heavy intermediate mass. This is a very
important advantage because it is desirable to have the two scan frequencies separated by at |east
a decade to ensure optimal scanning. The torsion frequency will till be high because of the low
mirror moment of inertia.

MIT Confidentid 5



3. Mechanical Design and Preliminary Feasibility Check

Having developed a device concept, we next proceed to perform a feasibility check to ensure that
the desired natura frequencies are achievable. This is done both analytically (back of the
envelope calculations) as well as using FEM. Since this initial analysis is done only to estimate
the natura frequencies of the relevant modes in the structure, damping is not included. The
reader isreferred to Appendix A for alist of symbols.

We start with a typical mirror dimension of 1000mm x 1000mm x 20mm. For silicon, this

corresponds to a mass of m, =4.66" 10 °kg . Based on our previous discussion, we want our
intermediate mass to be at least ten times larger. Therefore we choose the intermediate mass

dimensions to be 3000mm x 600nm x 150nm, which corresponds to m, =6.29” 10"'kg . The

width of the intermediate mass is chosen to be large (3000mm) to ensure a large torsional
stiffness of the cantilever beams. A relatively crude approximation of the first bending naturd

frequency is given by./k/(m +m,), where k is the bending stiffness of the cantilevers in
response to a point load. This assumes that all mass is concentrated at the cantilever tips, which

clearly is an over-smplifying approximation, but is nevertheless good enough for an initia
estimate. A far more detailed analysisis presented in the next section.

We choose the cantilever thickness to be 20nm, since the mirror is also 20mm thick. Thisis done
to ensure that all the features on the device have the same thickness, which in turn would make
the fabrication easier. The width of the cantilevers is chosen to provide an aspect ratio of no
greater than 10:1. An aspect ratio of less than this would tend to reduce the transverse bending
stiffness of the cantilevers which in turn would reduce the torsiona stiffness of the cantilever
pair . Recalling from our discussion in Section 2, we want the torsional stiffness of the cantilever
pair to be quite high. The length of the cantilevers is chosen so as to achieve a natural frequency
of about 500 Hz. Thus the dimensions chosen for each cantilever are 2250mm x 200nm x 20 nm.
Thisresultsin a cantilever bending stiffness value of

3
= 3'53' = E(Z""s)t =9.4 N/m
L 121

Based on this calculation, an estimate of the first natural frequency isfound to be

= _SEl =593Hz (1)

Wbendlng (rr!L +mz)L3
This is within our desirable range. Next we proceed to design the torsion bar. Length of the
torsion bar is decided by the length of the cantilever beams, size of the mirror and the fact that
the mirror center axis should coincide with the virtual pivot of the intermediate mass, as was
explained in the previous section. At this point we assume that the virtua pivot is located at a
distance of one third the cantilever length fom the base. We shall explain at a later stage how
thisfact is atered by the dynamics of the system.

These constraints require the torsion bar length to be 870mm. Furthermore, we would like the
torson bar to be at least ten times differ in bending as compared to the cantilever beams.
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Another fact to recall is that we want to maximize the bending stiffness of the rod while keeping
its torsional stiffness as low as possible; this implies that a square cross-section should be ideal
for the torsion bar. With these considerations, we can obtain the following results

W22 . 10(2W)t3
L3

3; 3

Pt
P t3 37um

Based on the above estimate we choose the thickness of the torsion bar to be 50mm. Hence the
torsion bar dimensions are 870nm x 50mm x 50mm. These dimensions make the torsion bar about
30 times stiffer in bending as compared to the cantilever beams. With these dimensions we try to
obtain an estimate for the frequency of the desired torsion mode. Once again we make some
simplifying assumptions: inertia of the intermediate mass is much higher than that of the mirror,
and torsiona stiffness of the bar is much lower than that of the cantilevers. In that case, the

torson mode natural frequency is approximately given by w/K2 / |2 , where K; is the torsional
stiffness of the torsion bar and 1%, is the moment of inertia of the mirror. This resultsin a torsion
mode frequency of 16.3 kHz. This frequency is about 30 times higher than the bending mode
frequency and istherefore very desirable.

The device dimensions chosen in the above basic analysis are then used to perform a finite
element based modal analysis for the structure. The results are encouragingly close to the
predictions made above. These dimensions then provide the starting point for subsequent
iterations. But to be able to proceed with these iterations, it is important for us to have a sound
analytical model, without which it will be impossible to obtain any physical insight into the
dynamics of the structure. We therefore present a thorough dynamic system analysis in the next
section. Detailed Finite Element Analysis (FEA) results are presented in Section 6.
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4. Dynamic System Analyss

We now proceed to carry out a detailed analysis to predict the various modes and corresponding
natura frequencies of the system, the quality factors associated with each mode and finaly the
range of motion that is obtained in close-to resonance operation. Once again, the reader is
referred to Appendix A for alist of symbols used in this section.

We shall try to capture the bending and the torsional mode in separate lumped parameter models.
For the bending analysis, we work with the assumption that the torsional bar is very tiff in
bending. In the previous section, we have already seen that the bending stiffness ratio between
the torsion bar and the cantilever beams is of the order of 30; therefore, this assumption is
justifiable.

Hence in this model, the intermediate mass (my) and the mirror(my,) are rigidly connected by the
torsion bar and are treated as a single mass m with center of gravity a C. x, is the displacement

and ¢ is the angle of the cantilever tip. L° and |,° are the moments of inertia of the overall mass
m about points O and C respectively.

Cantilever Beams

Mass 1

Mass 2

MIRROR Torsion Bar

Fig. 10 The structure in its undeformed and deformed configurations.

The only two independent generalized coordinates in this model are x; and g;. All other
trandations and rotations can be expressed in terms of these two coordinates. In a mechanical
sense, this is a second order model and it shall predict only two bending modes. In the systems
terminology, this is a fourth order model because of the four system states — two displacements
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and two corresponding velocities. The first mode is expected to be simple cantilever bending
mode as shown in Fig. 11 (b). The second mode occurs at high frequencies where the moment of
inertia of the mass becomes the dominant inertial quantity in the system. This second bending
mode is aso illustrated in Fig. 11(b). This mode would not appear if we were dealing with a
point mass, which is clearly not the case here. We shall elaborate this point in the subsequent
analysis.

Fig. 11(a). Force-displacement of a cantilever

The generalized stiffness matrix for a cantilever is given by:

¢, ..o
eFu_12€1 % 2 &xu @
M I° el IPg &

g2 34

where the forces and displacements are as shown in Fig. 11(a).

For the cantileversin our design, we define the quantity 1?_E3| L2k

1

Using equation (2), if we draw the free body diagram of the overall mass m and apply Newton's
law, we obtain the following equations of motion for the system

M(%, - LGy +b,(% - Ly = - k(% - %)+ %(ql ) 3
16, =552 (6. - ) @, - 60+ L&+ Lk (6, +BL ), @

The values for damping b, and b, are derived separately in Section 7, which presents a detailed

model for viscous damping experienced by the structure. X, and ¢, are initial deformations
arising due to the PZT actuation a the base of the beams. A thorough discussion on this
actuation scheme is presented in Section 8. From this analysis we get the following relationships,
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0, = OV}, )
X, = LeV,,

Making these subgtitutions and taking Laplace transforms in equations (3) and (4),

(ms* +hs+k) X, =(mL,8* +BLs+ ) Q+ K5,

[1°8" + (b, + L. ")s+ k1L1 =(mL,s’ +bLs+ k1 RS leGZCi A ©
Eliminating X, from the above two linear equations we obtain
e S4+('sz+|1°h_)s3+\imk1Ll§§- ch+k1|1°+blb2§ ..

{2 ch+blk1Lf+bzk1§s i G

em%_c_ 59524. q?_ Ll_S+kL1u lelcl
3

U

The coefficient of Q, in the above expression is the characteristic polynomia of this system
model. Since the characteristic polynomial has an order 4, it represents two resonance bending
modes, or two modes of free vibration. The first mode which occurs at a low frequency
corresponds to simple bending while the second mode, which is a high frequency mode, arises
due to moment of inertia of mass m. These two bending modes areillustrated in Fig 11 (b).

First Bending Mode

Second Bending
Mode

Fig. 11(b) Beam bending modes
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In the first mode, the two states q and x are in phase with each other and are related
algebraically. This can be deduced by closely examining equation (6). If we choose a system that
has a small L. and moment of inertia, we can say that the mass a the end can be closdy
approximated by a point mass. In that case, for the low frequency resonance the term L° s* will
be negligibly small. Also, at the resonance input Vi, to the system is very small. Hence the
second equation in (6) reduces to an algebraic relation between x; and q;, whereas the first
equation reduces to a simplified dynamic equation which predicts a natura frequency of

f% = 3'?} . This exactly the same as the approximately expression (1) that we used in
m \} ml

Section 3. These qudlitative statements have been verified by using actual numbers and
generating numerical results in MATLAB. The second bending mode arises at large frequencies
when the moment of inertia of the mass m becomes an important consideration. Also it can be
deduced that as the excitation frequency increases the virtual pivot of rotation of mass m moves
from a location one third of the cantilever length from the base, to the cantilever tip. Hence in the
first mode, the virtual pivot is close to the one-third length location while in the second mode,
the virtual pivot isamost at the cantilever tip. Thisis evident from Fig. 11(b).

Of course there are subsequent bending modes arising from the bending of the torsion bar, but to
keep the analysis tractable we are limiting ourselves to this level of complexity and it serves our
purpose very extremely well. A higher order model was also developed, which includes the
bending compliance of the torsion bar, but is not presented here for the sake of brevity.

A similar dynamics analysis is carried our to model the torsion modes. In this case, once again,
we have two generalized coordinates f ; and f ;. This model shall predict two torsion modes of
the system; it is the second torsion mode that we are interested in. A physical model is presented
inFig. 12.

Fig. 12.
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Free body diagrams followed by application of Newton’s Law resultsin the following system
equation,

€118 + (1,0, + 1,'0) s +{1'K, + 1,/ (K, + K) +bh} s°....

(8)
~{Ky(b +b) + Kb} s+KK,§F,=K, ¢, V,

n

Using the characteristic polynomia of the system we can easily calculate the torsiona mode
frequencies and the corresponding quality factors. Numerical results based on the above analysis
are presented in the next section.
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5. Numerical Results obtained usng MATLAB

We can now use the preliminary dimension values obtained in Section 3 and equations derived in
Section 4 to obtain numerical results in MATLAB. The relevant MATLAB code is included in
the Appendix A. After multiple iterations, a set of dimensions are chosen to provide the most
optimal performance of the scanning mirror. These iterations are based on fabrication
constraints, separation and isolation of the operating natura frequencies, maximization of
decoupling of the two scanning modes, and minimization of trandation errors. The optimum
system dimensions are providesin Appendix A.

Using these values, bode plots for the bending and torsion dynamics were obtained in MATLAB
(Fig. 13) .

Bode Plots: Bending and Torsion Analysis
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Fig. 13 Frequency response plots for the models derived in Section 4
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Bending Analysis (Blue Graph)
Mode 1: w,=553 Hz, Q,=1740
Mode 2: w,=4225 Hz, Q,=2700

Torsional Anaysis (Red Graph)
Mode 1: w3;=2083 Hz, Q;=56000
Mode 2: w,=16.3 kHz, Q,=26190

The quality factors mentioned here result from the damping coefficients derived in Section 7.
These quality factors ae very high which istypical of aresonant system. The range of motion of
the mirror in close to resonance operation is critically dependent on these quality factors and the
geometry of the PZT actuators deposited at the cantilevers bases. Using the Qfactor values
mentioned above and the PZT model discussed in Section 8, we were able to predict a sensitivity
of 5.7° /V for the bending mode and 1.8° /V for the torsion mode. As is mostly the case, the
model for damping provides only an order of magnitude estimate for the actual dissipation
present in the system. Better characterization of damping can be done by experimenta
measurements, which would yield more accurate values for the quality factors.

So as to operate in the linear region (with respect to time) of the scan, we try to aim for scan
angles of +/-10° (mechanical). The above anaysis shows that this desired range of motion can be
easily achieved with voltages less than 20V, but an exact value of sensitivity will be obtained
only after experimental measurements. Also the current consumption can be estimated by
equating the electrical power input to the system with the power dissipated due to damping. For
20V input voltage, thisresultsin a current consumption of far less than ImA.
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6. Finite Element Analys's

In the previous section we used the device dimensions to predict the system response using an
analytical model, with the help of MATLAB. In this section, we perform the same analysis using
Finite Element Techniques, and then compare the results of the two anayses. We use Pro/E and
Pro/Mechanica to run a finite element based modal analysis on our device geometry. The results
of this modal analysis are presented in figures 14 and 15, and in Table 1.

Fig. 14. FEM Results: First Bending Mode (562 Hz)

Fig. 15 FEM Results: Second Torsion Maode (15.54 kHz)
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— Anaysis&
Vibration Description FEM Results | MATLAB
Mode
Results
1 Simple Bending of the 562 Hz 553 Hz
Cantilevers
5 S|mp_IeTorS| on of the 2190 Hz 2083 Hz
Cantilevers
Compound Bending of the
3 Cantilever (2™ bending mode) 3025 Hz Aeeo iz
4 In-plane Bending of the 5623 Hz
Torsion Bar
5 | Inplanebending of cantilever | 1) o1
beams and torsion bar
5 0ut-(_)f-pl ane Bending of the 12.63 kHz
Torsion Bar
7 El;;eTorson of theTorsion 1554 kHz 16.27 kHz

Table 1. Comparison of the FEM and MATLAB results

The bending anaysis predicts only Modes 1 and 3 of the system, while the torsion analysis
predicts Models 2 and 7 of the sysem. The results of FEM moda anaysis and lumped
parameter modeling followed by MATLAB agree well. The most noticeable difference is in
Mode 3. The reason for this discrepancy is that the bending analysis assumes the torsion bar to
be infinitely iff in bending. In the third mode, the compliance of this torsion bar starts
manifesting itself. Hence the actua stiffness in the system is somewhat less than what the model
accounts for. Therefore, the FEM predicted value for the natural frequency of the third mode is
relatively lower. It is noteworthy that the two operating modes, 1 and 7, are spaced widely apart
and are aso not dangerously close to any other modes.

We aso performed a dynamic boundary condition analysis in Pro/Mechanica to verify if the two
mode hat we are interested in could be exclusively excited by an actuation only at the base of
the two cantilevers. The results confirmed our hypothesis, and consequently in the fabrication
process PZT actuators were deposited only at the cantilever base. Furthermore, for the quality
factors obtained in the previous section, this dynamic boundary condition analysis gave us a
sengitivity value of 15°/V. This is of the same order of magnitude as the analytical results of
Section 6.
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7. Damping Analyss

As mentioned earlier, an estimate of the dissipation in the system is necessary to predict the
electrical power required to generate the desired amount of mirror deflection. Air damping and
hysteresis are the two modes of dissipation present in the scanner structure. In this section we
present a model of viscous damping due to the motion of the structure in air. Detailed device
geometry is presented in Section 10 which discusses the device fabrication. Figure 31 illustrates
that the mirror vibrates in free air without any substrate beneath. This eliminates any squeeze
film damping.

Damping of the inter mediate mass trandation during beam bending: b,

Wy

X

—>
Fig. 16. Sketch of scanner structure

For very small body sizes, the Reynold’'s number (R) istypically low. For low Reynold’s number
flows (R ~ 1), Stokes approximation holds [11]. To determine whether Stokes Law can be
applied to our anaysis, we calculate the Reynolds number as follows.

The mirror deflection resulting from the cantilever bending is given by
01 = Qe SIN(2P )t 9)

whereq,,., isthe amplitude of the mirror deflection, and f is the scan frequency, 562 Hz in this
case. Then the angular velocity of the mirror and intermediate massis

Gy = (2P f )0 COS(2p )t = WO, COSWE (10)
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If the center of the intermediate mass is located at distance of |, from the virtua pivot of rotation
(Fig. 16), then its velocity, Ve, iISSMply:

For |, = 1.573 mm, a maximum scan angle of 10°, or 0.17 rad, and a scan frequency of 562 Hz,
the maximum trandationa velocity of the intermediate mass my is obtained to be 0.944 m/s. The
Reynolds number is given by:

nO

where n is the kinematic viscosity of air, which has a value of 1.51° 10” n/s. For a thickness of
t; = 370 mm, this gives a Reynolds number of 23.1.

As we can clearly see from the above estimates, the Reynolds number for our system is much
greater than 1. Analysis in the intermediate Reynolds number range (10 < R < 10°) is extremely
difficult to carry out [19]. Therefore, in order to keep our model simple, we base our estimate on
Stokes Law even for a relatively high Reynold’s number. However, we recognize the fact that
this smplifying assumption will result in an underestimation of the actua damping that is
present in the system. Hence, in order to compensate for this underestimation, as well as to take
into account the material damping that is inherent in the system which is otherwise unmodelled,
we multiply the damping estimate based on Stoke's approximation by an empirical factor of 10.
This allows us to conservatively size the actuators.

Based on Stokes' Law isvalid, the viscous force, F, acting on mass my in trandation is given by:

F=ChwV = bV (13)
where Cp, is the viscous drag coefficient and h is the dynamic viscosity of air. An approximate
value for the drag coefficient, Cp = 8, is obtained from a table of drag coefficients for standard

geometries [11]. For air a room temperature and pressure, h = 2° 10° Ns/nf. Therefore, for w; =
3 mm, we haveb; = 4.8 107 Ns/m. As explained above, we will assume b, = 4.8 10° Ns/m.
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Damping of the mirror and intermediate mass rotation due to beam bending: b,

In this analysis, we estimate the drag moment generated on the rotating mirror and intermediate
mass, computed about the CG, using the result obtained in the previous section. We make this
estimate by considering the effects of the two masses separately.

For the first mass my, we make the simplifying assumption that the drag force acting on mass m
as it rotates about the virtual pivot P, is approximately constant, given by Equation (13). The
schematic is as shown below:

Fo Fq

F
Mi
irror (M) orsion bar my \¢’ ¢ ¢ &L# w

e et e e e e e e R R

p q

Fig. 17. Rotation of mass m,

Fo and F, are the effective drag forces acting on mass m; computed on either side of the system
CG,

F=_FP

P g Fa
pP+q

17 p+q

, F,+F,=F (14)

Therefore, the moment, M;, on the structure about its CG, due to the viscous forces on mass my,
iIssmply,

Ml=ﬁg-F

N o

_F..
=5 (a-p) (15)

p

b M1: blloqmaxz(q' p)W (16)
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Next, we find the moment, M,, about the structure CG due to the viscous forces acting on mass
my, (the mirror) as it rotates about point P .

Fig. 18. Rotation of mass mp

From Equation (13), we know that F = b,V. Therefore, the pressure, p, on mass m, is given by:
p= 2T 2 (17)
Taking adifferential element, dx, on my, the differential force, dF, is:

dF = pw, dx = t\:lv—vdx (18)

m

Using Equation (11), the maximum velocity, Vi a any position x along wy, then becomes:

Subgtituting Equation (19) into Equation (18), we now have:

dF = 2 (20)
W

m

The differentiadl moment, dM,, at a certain distance x about P, the virtua center of rotation, then
becomes:

aM, = DV 2 (1)
W

m

Therefore, the moment, M,, of the entire mass m, about P is:

bW, 1
M, =20y —1me y2dx = — w_w 22
277Q Ty 12blqmax " (22)

m
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Since this is a pure moment, moment computed about point P is the same as the moment about
the CG, or any other point on the structure. Finally combining M; and M,, the damping moment,
M, generated on the structure about its CG, as it rotates about the virtual pivot P during
cantilever bending, can be expressed as,

M= M, + M, = £50= (a1, (q- )+, = by 23)
b Q:%(Glo(q- p)+wm2) (24)
12

We have found that b; = 4.8" 10® N/m. Further, we know that |, = 1.573 mm, Omex = 10° = 0.17

rad, Wy, = 0.9 mm, p=9 mn, and q = 211.1 nm. These give us avaue of 1.68 10™* Nsm for b,.
Multiplying this by the previously explained factor of 10, we have b, = 1.68" 102 Nsm.

Damping of the mirror and intermediate mass rotation due to twisting of the torsion bar:
bs and b,

a1
¢ ' A
X dx dx
T Wi, m“ [T A
W1
v
rr}Zlb4 ml)b3
v

Fig. 19. Top view of scanning system

We first consider the intermediate mass my. From Equation (13), we know that F = Cphw,V.
Therefore, average pressure, p, on the intermediate mass surfaceis:

_Chwy _Chv
wb b

1

P

(25)

Using a similar argument as before, we find that the differential force and moment at a certain
distance x, dF and dM respectively, are given by:

dF =C_,hq,,wxdx (26)
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P dM =Cyhq,,Wxdx (27)

Therefore, the moment of the entire mass my, about the centerlineis:

M = 2¢F Coh Witk = -5 Co W = by 29)
12

This gives us an equation for bs:

1 3
=—C.h 29
b, 15 CoNlna (29)

Substituting the appropriate values, we find that bs = 6.12° 10 Nsm. Therefore, we take b =
6.12° 10™ Nsm.

Using exactly the same argument, we can easily prove that:
_1 3
b4 - E CDhq max Wn (30)

For Wy, = 0.9 mm, we have b, = 1.65" 10™*®* Nsm. Therefore, we take b, = 1.65 10™* Nsm.
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8. Actuation

Comparison of Actuation Schemes

Several actuation methods were considered in designing our scanning mirror. Possible options
included: electromagnetic, electrostatic, piezoelectric and therma actuation. After some
deliberation, however, the piezoelectric configuration was decided upon because of the following
reasons:

- Electromagnetic actuation, athough pro[29]vides relatively large forces and has high
repeatability, is poor in high-frequency operations [20]. External coils that are needed to
produce the magnetic field required for actuation might also present a problem in fabrication
and packaging [21].

- Electrostatic actuation is versatile and simple [22]. However, it is well known that there is an
electrostatic instability associated with such an actuation (i.e. the pull-in voltage). In addition,
amajor disadvantage of electrostatic actuation lies in its non-linearity [23]. The crosstalk istoo
large to achieve an independent control of the angles, which is a criticdl component in the
design of our scanning device. This problem has been addressed by Toshiyoshi et al.
Furthermore, the voltage required to actuate a device with a size like ours is in the order of
hundreds of volts [14]. For these reasons we decided to bypass this option and look for a better
aternative.

- Thermal actuators have inherent limitations for long-term use because, a high temperatures,
silicon can lose the nearly perfect linear-elastic properties that makes the material so attractive
for MEMS [24]. Another major disadvantage of thermal actuators is their large power
consumption [24].

- Piezoelectric actuators were finally chosen because of their rapid response [22] to the
aternating voltage input required to drive the MEMS structure at its higher resonant frequency
of 15.5 kHz. They are aso highly repeatable and very reliable for MEM S applications [20].

Details of Piezoelectric Actuation

Piezoelectric actuation was selected for the OCT scanning device due to the ability to achieve
high strains at high frequencies. A piezoelectric is actuated by taking advantage of coupling
between the mechanical and electrical properties of the material. Application of a voltage across
the material will cause an expansion or congtriction in the piezo film. A thin piezo film will be
applied on bending silicon beams to excite desired deflection modes dependent on natural
frequencies. An exaggeration of static deflection in the beams is shown below in Fig. 20. Asthe
piezo contracts along its length, traction between the piezo and silicon beam causes the structure
to deflect. This static deflection is used only to excite the beam and is a lower value than the
total deflection achievable at the beam’s natural frequency.
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Piezo
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Actuated
Piezo

d Static
Deflection

Figure 20. Top: PZT piezoelectric patterned onto a partial length of asilicon
beam. Bottom: Congtriction of the piezo along its length resultsin the silicon
beam deflection upward

Bending of the beam in the piezo region is dependent upon the moment applied by the film. This
moment, M, is described in equation (31).

61V, o€, 6
M:MM_%+ (31)
Hbz 3033 1ﬂ

The moment is dependent upon the silicon beam’s moment of inertia, I,, as well as the height of
the beam H,. It is also linearly dependent on the voltage applied through the piezo material. The
“c” terms are from the stiffness matrix for the piezo material and the “€” terms are derived from
the piezodectric constants of the material. Full derivation of these values using data from
literature can be found in Appendix B. These values can vary significantly depending on the
process used for fabricating the film as well as the resulting film structure.

Deflection of the silicon beam at the end of the piezo region can be found with respect to the
applied moment in equation (31). This deflection, shown in equation (32), is once again linearly
related to the voltage, Vi,.

—_ M|2 _3\/in|2a:l3€3>3
dy=—=—=="¢
2El, EH?§& c,

5
-6+ (32)
(4]

This deflection term is inversely related to the height of the beam squared, as well as the biaxial
modulus, E. The length, L,, is that of the piezo material along the beam. The deflection value
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only represents the piezo region, but using the angle of the beam at the end of the piezo region,
the deflection of the non-piezo region can also be calculated. Equation (33) describes this angle
and the subsequent total deflection is given in equation (34).

_oLame, O
o EHzg Ca %15 (33)
X, =d, +(L- I)sinq, (34)

The term, L, is the length of the piezo covered region, and L is the length of the entire beam. In
order to eliminate the need for calibration, a linear relationship between the voltage and
deflection is desirable. The total deflection is linearly related to the voltage in the d, term, but
has a sine dependence on voltage from the g, term. Because deflection angles will be limited to
a range of £10°, the small angle approximation for sine is applicable. To verify this, the
deflection was plotted vs. voltage, shown in Figure 21, using anticipated dimensions, material
properties, and voltages between 1 and 20 V.

Tip 4
Deflection

(m) | ,

0 2 4 6 8 10 12 14 16 18 20
Voltage

Figure 21: Tip deflection vs. voltage in the anticipated range
As expected, the tip deflection has a predominantly linear relationship with voltage in the range

of operating voltages for the device. A static defelction of up to 7 um is achievable with only 20
V applied across the peizo film.
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9. Analysis of Other Modéding | ssues

Deflection dueto Gravity

=

X m=m +m
Figure 22. Sketch of structure under the action of gravity

The static deflection, X, of the mirror due to the action of gravity (in the worst case scenario
where the mirror is completely horizontal, and therefore perpendicular to the direction of action
of gravity) isfound by resolving forcesin the vertical direction:

k x=mg (35)

From MATLAB, we found that k; = 36.5 N/m, and m = 68 mg. Taking g = 9.81 m/s’, the static

deflection of the mirror is therefore found to be only 0.183 mm. Given that thisisless than 1 nm
and is just 0.9% of the thickness of the mirror, we ignore the static deflection of the mirror due to
the action of gravity.

Dynamic Deformation of the Mirror [25]

The Rayleigh Limit — the maximum amount of surface deformation tolerable without significant
degradation in image quality — allows a peak-to-valley surface deformation, d, of | 2 Here, |

refers to the wavelength of the incident light, which, for our scanning device, is 850 nm.
Therefore, we need d < 212.5 nm.

The nonplanar surface deformation, d, (shown in Fig. 23 below) is given by

¢ = 0153 &)@t Va g o

: 36
Et? gZQ (36)

where: r = materiad density = 2,330 kg/nt
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n = Poisson’sratio = 0.278

f = higher scan frequency = 15.5 kHz

g = mechanical half-angle mirror scan = 10° = 0.17 rad
E = Young' s modulus = 130 GPa

t = mirror thickness =20 nm

| = mirror length = 0.9 mm

Therefore, the nonplanar surface deformation of our mirror at the higher scan frequency of 15.5
kHz is 212.1 nm. This value is approximately equal to the Rayleigh Limit of 212.5 nm for our
mirror, hence showing that nonplanar surface deformation is not a problem.

Fig. 23. Nonplanar surface deformation of mirror

Fatigue from Bending

Stress concentration factors have not been included in the following analysis because we intend
to use generousfillet radii in the structure design.

Fig. 24. Sketch of bending beam

Given that each of the two bending beams supporting mass my (one of which is shown above)

deflect by a maximum angle, qma Of 10°, or 0.17 rad, we can find the force, F, associated with
this deflection using the following equation:

_2Hlq,, _ Eq,w’

F =
2 6l

(37)

The moment, M, dueto the force F is thus;
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3
M = F| = EmeM (38)
6l

For | =2.25 mm, E = 130 GPa, w = 200 mm and t = 20 mm, we find that the moment experienced
by each beam is 2.62° 10° Nm. Using a factor of safety of 2, we let the moment be 5.24° 10°
Nm. Therefore, the maximum bending stress, sa, experienced by each of these bending beams
Is:

_Mc_ M

S
O 24w?

(39)

which gives us a maximum bending stress of 2.73 MPa for each beam. This is significantly
below the yield strength of silicon (2,800 — 6,800 MPa [26]). Therefore, we can safely conclude
that fatigue by cyclical bending of the beamsis not a concern.

Fatiguefrom Torsion

In analyzing the torsion on the torsion bar holding the mirror, we first note that the polar moment
of inertia, I, of the square cross-section of the bar is:

| =— (40)

where w; is the width and thickness of the square rod, and has a value of 50 nm. Therefore, we
findthat I, = 1.04° 10" m",
The angle of rotation, g, isrelated to the torsion, T, by the following equation:

Tl,
Gl

q= (41)

p

where |, is the length of the torsion bar, which is 1 mm, and G is the shear modulus of the bar,
which we found from MATLAB in our analysis to be 50.8 GPa. Hence, using Equation (41), we
find that the maximum torsion on the bar, corresponding to the maximum scan angle of 10°, or
0.17 rad, is8.98" 10° Nm. Again, using afactor of safety of 2, we let the torsion be 1.8" 10° Nm.

We can now calculate the maximum shear stress, t ., On the torsion bar using the following
equation:

= max (42)
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where o IS the radia location of the furthermost point on the section from the axis. In this case,
rmex Would be equal to % Therefore, tox = 611 MPa. Agan, we find that this is

significantly below the yield strength of silicon (2,800 — 6,800 MPa [26]). Hence, we can also
safely conclude that fatigue by cyclical torsion of the bar holding the mirror is not a concern
either.

In redlity, brittle materias, like silicon, are normally not expected to suffer from cyclic fatigue
because they are hard and have relatively little plasticity. This is especially so for single crystal
silicon. Fatigue failure occurs as a result of crack propagation. Cracks primarily arise from
imperfect crystal structures and grain boundaries. Since single crystal silicon has very low crystal
defects (dislocations, vacant sites, grain boundaries, etc.), the chances for crack development and
propagation are low and hence fatigue faillure istypically not a critical problem [27].

Instead, according to Muhlstein et al [28], fatigue of slicon is most likely due to
environmentally assisted hydration cracking rather than cyclic plasticity. Experimental evidence
revealed that silicon does not display the room temperature plasticity or extrinsic toughening
mechanisms necessary to cause fatigue in either ductile (e.g. metals) or brittle (e.g. ceramics and
ordered intermetallics) materias. Instead, the authors found that fatigue of silicon in MEMS
applications occurs through a process of sequentia, mechanically induced oxidation and
environmentally assisted cracking of the surface layer of the material that forms upon reaction
with the atmosphere (e.g. the SIO, “native oxide”) that they termed reaction-layer fatigue. This
phenomenon is aso referred to as corrosion fatigue in the technica literature. Further
investigation needs to be carried out to obtain more definitive datain this area.
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10. Fabrication

Fabrication of the scanning device begins with an SOI wafer asin figure 25. The handle wafer
thickness is 350 pum separated by 0.5 um of silicon dioxide from the 40 um top layer of silicon.
SOl wafers at these specification are available directly from suppliers and therefore require no
additional processing [21].

40 um Si p

<5 um SO,

350 um Si p»

Figure 25. SOI wafer with athick secondary layer of silicon

The fina thickness of the scanning mirror and supporting structures will be 20 um except for a
small area that will be 40 um. This larger thickness determined the thickness of the secondary
slicon on the SOI wafer. The handle wafer thickness of 350 pm is the minimum requirement for
an SOI wafer with a40 pm secondary layer.

The buried silicon dioxide is advantageous in this process because it provides an etch stop when
using DRIE. The backside of the wafer is etched up to this oxide layer to create open space
below the mirror.

Figure 26. Backside DRIE etch to create open area beneath mirror and pattern the mass feature.

A large mass with a full wafer thickness is necessary for optimal dynamic response and is
patterned during this DRIE etch as shown in figure 26. The remaining oxide layer is not
removed as it will be necessary later in alater process.

The next step in the process is a large area DRIE etch on the front side of the wafer to create a

torsonal stiffening feature. An area dightly larger than the final device dimensions is etched 20
um, leaving 20 um of silicon protruding from the surface as shown in figure 27.
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Figure 27. Front side etch to produce a stiffening feature for the torsional beam

One concern with creating this raised feature is that subsequent photolithography on the
depressed region will suffer from some image distortion due to proximity exposure. The
distance between a mask and photoresist on the surface would be a minimum of 20 mm.
Equation (43) (Klint, can you please include the references that Xueen provided) describes the
resolution limit, b, based on the wavelength, ?, of the UV light source and the proximity between
the mask and photoresist, s.

_ I's
b=3/2, /7 (43)

The resolution for a 365 nm UV light source and a conservative separation distance of 30 um is
approximately 5 um. Since the smallest feature size for the scanner is 75 pum wide, the distortion
caused by the protrusion is not an issue.

The next step in the process is to deposit a 250 nm silicon dioxide layer to insulate electrodes for
the PZT from the silicon substrate. The oxide layer is deposited using CVD then etched in an
RIE. With the insulating layer down, a layer of photoresist for a lift-off processis spun on and
patterned, leaving open areas on the oxide for electrodes. A 100 A adhesion layer of titanium is
evaporated onto the oxide followed by 1000 A of platinum. After stripping the resist, four
electrodes remain which will act as the ground for voltages across the PZT.

The PZT piezoelectric materia is then spun onto the substrate in sol-gel form. An example of
the solution used for this process and the processing steps are included in figure 28. Only thin
layers of PZT can be formed during each iteration due to condensation and annealing
requirements of the material. The process produces a 150 nm film per iteration.
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Titanium
Isopropoxide
(TTIP)

| Combine with Acetic Acid | in dry N 2
[(3:1. AcOH:THP, volume}| glove box

Combine with Distilled Water
i2:1, HzO:TIIP, volume)
|

i . Titanivm
ZLirconium Lead Acetate
acetate-hased e
Acetvlacetonate precursor Trihvdrate

|
Combine, stir at 100°C - 30 min.
|

. I
Age 1 day @ 60°C and combine with 1 volume % Ha02
Age 1 day @ 60°C, and freeze (-1§°C)

0.865M PZT
10 mole % x5 Ph

L8656 PET
10 mole % xs Ph

I
Spincoat
AW rpm, 30 sec

I REPEAT

REPEAT | Hot plate (110°C, 10 min)
Furnace {4H7C, 1i min)
|
Furnace (THWC, 30 miin)

PZT Thin Film
4 layers, (L& um

Figure 28. Sol-gel Processing for PZT [30]

The structure of the PZT film is very sensitive to the annealing process as well as the electrode
material beneath it. Platinum is the most commonly used electrode materia due to its [111]
texture [30]. Anneding the PZT film requires a two-step process to produce the [100] texture
desired for the optical scanner. If the PZT were rapidly heated to 600 °C, a[111] texture would
develop [31].

Once deposited, the PZT must be masked and patterned. Photoresist is used as the masking layer
for the wet-etch technique used. In the first of two steps from the etching process developed by
Wang et a., PZT can be etched at 0.13 (m/min using 10:1 buffered oxide etch (10 HN4F.1HF)
[32]. This etch leaves a whitish residue on the etched area which is removed in the second
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etching step with 2HCI:H20 at an elevated temperature of 45 °C for 30 seconds. The use of
buffered HF in the first step of this process was the reason for leaving the oxide on the backside
of the wafer. This helps reduce potential undercutting during the PZT etch. The four etched
PZT padsto be used for actuation are shown in figure 29.

Figure 29. Oxide insulation with electrodes and patterned PZT

Before patterning the top electrodes for the PZT, another insulating layer of oxide is necessary to
avoid shorting between the top and bottom electrodes. This .25 (m oxide layer is once again
deposited using CVD and etched in an RIE. As in the lift-off process for the bottom electrodes, a
100 A adhesion layer of titanium is evaporated onto the oxide followed by 1000 A of platinum.
The mask for the top electrodes also contains traces to a 350 (m by 350 (m contact pad for wire
bonding to the external electronics. These features are shown in figure 30.

Figure 30. Top electrodes pattern including leads and contact pads
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To provide a more reflective surface on the scanner mirror, evaporated aluminum is patterned
onto the area using a lift-off process with a chrome adhesion layer. The mirror surface is the last
deposition necessary in the process.

Figure 31. Final DRIE etch releases mirror and beams

The final step is a DRIE etch to define the features of the mirror and supports. DRIE is used
instead of KOH due to the insulating oxide layers on the surface of te device. Photoresist is

used as the masking layer for this relatively short 20 mm etch. The final device, as it would look
after dicing, isshown in figure 31.

Before using the PZT actuators, they must be poled in order to yield the highest amount of strain
for the voltages applied. As shown in figure 32, an large initia electric field is needed in order
to reach the saturation point for the net polarization [30]. This net polarization affects the
piezoelectric coupling constant and therefore the strain achievable from the material. If this
initial poling is not peformed, the PZT will operate along a much smaller hysteresis loop,
producing reduced strains and limiting the performance of the device.

Ph\l -----

- .
}/Ec o

A
Figure 32. Polarization vs. electric field curve throughout and after poling [30]
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To pole the PZT actuators in the scanner, a 40 kV/cm field is produced between the electrodes
for approximately 10 minutes, in anticipation of a dsx value in the range of 200 pC/N [33].

Increasing the poling temperature © 140 °C can aso help to increase the piezo coupling values
by up to 20%.

MIT Confidentid 35



12. Device Packaging

After dicing the device to it’'s final dimensions of 4.75 mm by 5mm, it is packaged in a molded
plastic “seat” described in detail in the packaging section. The chip is epoxied into an inset
region in the seat and is self-aligned against the edges which are 5 mm by 5mm. A second inset
in the seat, shown in figure 39, alows for large deflections of the mass during bending without

Impacting the package.

Figure 39. Device and package separated to show insetsin package.

The seat includes metal leads to which the externa electronics are connected. Contact pads on
the device are wire-bonded to these metal leads, as shown in figure 40. A smal amount of gel
can be placed over the wire bonds to provide insulation.

Figure 40. Device epoxied into the package. Wire bonds can be added between the contact pads
and lead frame.
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13. Conclusion

The design, analysis and fabrication of a novel two-axes optic MEMS scanner have been
presented. It is analytically shown that the two scan axes are highly decoupled and free of
trandational errors. Scan frequencies of 550 Hz and 15.5 kHz are predicted, which are well-
separated to produce optimal raster action. PZT actuation has been proposed to excite the two
desirable resonance modes of the device. Furthermore, these two resonance frequencies are far
enough from the other resonance modes of the device structure. Detailed damping analysis is
used to estimate a mechanical scan angle range of +/-10° at an excitation voltage of less than

20V.
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APPENDIX A: MATLAB Code for the Bending and Torsiona Dynamics Anaysis including
List of Symbols

% Paraneters File for 2-D scanner

% 6. 777 Course Project

% Shorya Awt ar (Team F-2)

% All dinensions are in Sl units unless otherw se stated

% M rror dinensions (Mass 2)

w_m=900e- 6; % Length and Wdth of the mrror(also referred
to as W2 in the anal ysis)
t _m=20e- 6; % Thi ckness of the mrror(also referred to as

t2 in the anal ysis)
vol _mrw_nt2*t _m % Vol ume of the mrror in nt3
r o=2330; % Density of single crystal silicon in kg/ m3
n2=r o*vol _m % Mass of the mrror
| m=n2*w_nt2/12; % Monment of Inertia about in-plane X and Y axes

% Note that the first mass has to be at least 10 tines the
second nmss

% I ntermedi ate mass (Mass 1) di nmensions

wl=3000e-6; % Wdth of nmassl

t 1=370e-6; % Thi ckness of massl (which is the sanme as the wafer
t hi ckness)

al=246e-6; % Length of massl

vol 1=wl*t 1*b1l; % Vol une of nmss 1

mlL=r o*vol 1; % Mass 1

| mMl=ml*b172/12; % Monent of inertia of the internedi ate mass
about an x axis through its CM

% Di nensi ons of the cantil ever

t =20e- 6; % Thi ckness of cantil ever

| =2250e-6; % Free length: This is the same as L1 in our
derivations

w=200e- 6; % Wdth of each cantil ever

E1=130€9; % Young's nodul us of Silicon
nu=0. 278; % Poi sson's Ratio
[ 1=(2*w) *t "3/ 12; % Monment of area of the cantilever cross

section about x axis
k1=12*E1*11/1"3 % Bendi ng stiffness of both the cantilevers
consi dered toget her
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fl=sqrt(kl/nl/4)/2/pi % First order estimate of the first
bendi ng node frequency

% Di nensi ons of torsion bar

t 2=50e- 6; % Thi ckness of the torsion bar

| 2=1000e-6; % Length of the torsion bar

w2=50e- 6; % Wdth of the torsion bar

| 2=w2*t 273/ 12; %bnent of area of torsion bar cross section
about the x axis

E2=E1;

vol _rod=t 2*| 2*w2;

m rod=vol rod*ro; % Mass of the torsion bar

| _rod=mrod*l 2722/ 12; % Moment of Inertia about an x axis passing

through its center

k2=12*E2*1 2/ 1 2"3 % Bendi ng stiffness of the torsion bar, should
be 30 times that of the cantilevers

| _ml_nP=w_m 2+l 2+b1/ 2; % Di stance between the CGs of nil
and nR

| c=l _nml_nm2*nR2/ (mL+nR)-bl/2; % Di stance between the CG of
conposite mass mand point O

meml+n2+m r od; % Conposite nass

| 1o=I m2+mR2* (w_m 2+l 2) "2 + | _rod+mrod*(l2/2)"2 +

| ml+nil* ( b1/ 2) ~2; % Monment of inertia of the
conposite mass about point O
| 1c=I 1o- n¥l c"2; % Monment of inertia of the

conposite mass about it CG point C
% Act uat at or Paraneters for bending
cl=4.58e-4;
% Danping ternms in bending anal ysis

bl=1e- 6;
b2=1e-12;

% Transfer function between Vin and Thetal (Bendi ng Anal ysis)
nume[ m(lc-1/3) bl*(lc-1/3) k1*I/6] * k1l*l*cl/2

den=[ntl1c nfb2+b1*11c nrkl*l~2/3+b1*b2+k1*| 1lo- mtkl*l *|c
bl*k1*| 72/ 3+k1*b2- b1*k1*| *| c+k1*bl*| cr2 k17r2*| 72/ 12]
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sysl=tf(num den)

% Nat ural frequencies of the two bendi ng nodes
p=r oot s(den)/ 2/ pi

% Resulting Quality factors for the two bendi ng nodes

QL=1/2/(real (p(1))/imag(p(1)))
Q=1/2/(real (p(3))/imag(p(3)))

% Tor si on Mode Anal ysi s

[ t1=nl*wW1”2/12; % Mass nmonent of inertia of first nmass about Y
axi s
It 2=I nP; % Mass nonent of inertia of second nass about Y axis

% Danping in the torsion node

b3=1le-13;
bd4=1e- 14;

| p2=(wW2*t 23 + t2*wW2"3)/12; % Pol ar nonent of area of torsion
bar

G=E1/ 2/ (1+nu);
K1=0. 5*6*E1*| 1*w1"2/ | "3 % Torsional stiffness of the beam pair

K2=0.5*G I p2/1 2 % Torsional stiffness of the torsion
bar

c2=Kl*cl

nun=c2* K2,

den2=[1t1*1t2 It1*b4+1t2*b3 It 1*K2+lt2*( KL+K2) +b3* b4
b3* K2+b4* ( K1+K2) K1*K2];

sys2=tf (nunk, den2)

bode(sys?2)

% Natural frequencies of the two torsion nodes

p2=r oot s(den2)/ 2/ pi

% Quality factors of the two torsion nodes

QL=1/2/(real (p2(1))/imag(p2(1)))
@=1/2/ (real (p2(3))/img(p2(3)))

% End
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APPENDI X B: Piezodectric Actuation Calculations

The stiffness matrix, CF, and the stress-charge coupling matrix, e, are caculated using the
compliance matrix, S, and strain-charge coupling matrix, d. The stiffness matrix is simply the
inverse of the compliance matrix, and the stress-charge coupling matrix is related to the strain-
charge coupling matrix as shown in equation (44).

$
€ = ak. dikaljT (44)

Values for the compliance matrix and the strain-charge coupling matrix for sol-gel PZT were
taken from literature [34].

gl5 -37 -48 0 0 0
2-3.7 115 -48 0 0 O 3
8648 -48 135 0 0 0040 2
S. =a *102 m
=720 0 0 319 0 0y A
€o 0 o0 0 319 oU
e u
580 0 O 0 0 3194
60 0 0 0 33 0y
_€e u -2 m
d=g0 0 0 33 0  0x10 K/
g97 -97 225 0 0 OH

The resulting stiffness matrix and stress-charge coupling matrix can then be used for calculating
the deflection.

g47 81 81 0 0 0y
28.1 14.7 8.1 0 O og
681 81132 0 O O

C.=é ¢-10° N/,
a0 0 0 31 0 Oy m
€0 0 o0 0 31 ou
e u
80 0 O 0 0 314
é 0 0 0 0 103 OU

_é ac

e=¢ 0 0 0 103 0 Og -

839 -39 139 0 0 0f

MIT Confidentid 41



APPENDI X C: Processfor Scanner Fabrication

Step Process Description

Starting Material SOI wafer: 350 um handle wafer, .5 um SiO,, 40 um S
1. Clean Standard RCA clean

2. Oxide* Deposit 1 um SiO, with CVD

3. Photolithography*  Mask 1 (Backside)

4. Etch* DRIE etch through backside of wafer up to SO, etch stop
5. Strip* Strip photoresist

6. Photolithography Mask 2 (Stiffener)

7. Etch DRIE etch 20 um to create stiffener

8. Strip Strip photoresist

9. Oxide Deposit 250 nm SIO, with CVD

10. Photolithography Mask 3 (Oxidel)

11. Etch RIE etch oxide using CF4/H,

12. Strip Strip photoresist

13. Photolithography Mask 4 (Electrodesl)

14. Metal Evaporate 100 A Pt, 1000 A Ti

15. Strip Strip photoresist

16. PZT Spin on sol-gel PZT and dry (repeat to 1 um)

17. Photolithography Mask 5 (PZT)

18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
26.
27.
28.
29.
30.
31.
32.

Etch

Etch

Strip

Oxide
Photolithography
Etch

Strip
Photolithography
Metal

Strip
Photolithography
Metal

Strip

Etch*
Photolithography
Etch

Strip

Pole

*Backside process
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BOE etch PZT (10HN,F:1HF) ~.13 pm/min

Etch PZT residue (2HCL :H,0)

Strip photoresist

Deposit 250 nm SO, with CVD

Mask 6 (Oxide2)

RIE etch oxide using CF4/H,

Strip photoresist

Mask 7 (Electrodes?)

Evaporate 100 A Pt, 1000 A Ti

Strip photoresist

Mask 8 (Mirror)

Evaporate 100 A Cr, 1000 A Al

Strip photoresist

RIE etch oxide using CF4/H,

Mask 9 (Space)

DRIE etch surface to free mirror and beams (20 um)
Strip photoresist

Apply 40 kV/ecm @ 140 C for 10 min through electrodes
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