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ABSTRACT

In scanning display systems, high horizontal and vertical resolution, and high refresh rate requirements
trandlate into large mirror-size scan-angle product and high scanner-frequency requirements. A
comparison between published scan-angle mirror-size product values for MEMS scanners and a Steel
mechanical scanner is presented. Current performance levels of Steel mechanical scanners are better;
however, Silicon MEMS scanners have good material properties and should be able to reach and exceed
the performance levels of conventional mechanical scanners. The resolution limitations of mechanical and
MEMS scanners are established using dynamic mirror deformation, flexure stress, and other oscillation
mode frequencies. Analytical formulas for torsional, vertical deflection mode, lateral deflection mode,
and rocking mode natural frequencies are derived using mechanical beam deflection theory.
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1. INTRODUCTION

Retinal Scanning Displays (RSD) operate by raster-scanning a modulated (either directly or externally)
point light source onto the viewer’s retina. RSD operation and system architecture is discussed in detal
elsewhere"*®. RSDs typically employ two uniaxial or one biaxial scanner where the horizontal scanner is
operated at resonance, and the vertical scanner is driven by a sawtooth waveform®®. The combined
motions of the two scanners create a 2-D sinusoidal raster.

There are several laser scanning display implementations using non-MEMS scanners, such as acousto-
optic scanners’, polygonal scanners’, and galvanometric and resonant scanners®. MEMSS scanners were
mostly developed during the past two decades. MEMS technology can be used to fabricate the scanner,
actuator, and scanner position sensors all integrated on the same chip in one package, which then becomes
the heart of the scanning display system. Most of the MEMS scanners are low-inertia galvanometric or
resonant type scanners.

The line-rate of an SVGA (800x600 pixels), 60Hz refresh rate display is 36,000 lines per second. Using a
bidirectional-scanning architecture, a horizontal scanner operating at about 19 to 20 KHz is required
(18,000 cyclesfor display plus some time for scanner retraces). At such high frequencies, the only way to
lower the power requirement is to take advantage of the mechanical gain, or the Q-factor, of the scanner
by operating the scanner at its mechanical resonant frequency. Resonant sinusoidal motion of the scanner
takes up the least amount of power but results in pixel size and brightness variations across the scan line
due to scanner speed variations. Typically, writing is halted during the extremities of the scan line to
minimize the speed variation. The pixel size and brightness variations during the visible portion of the
scan can be easily corrected electronically.

A resonant high-frequency horizontal scanner and a linear-ramp driven vertical scanner are the desired
drive waveforms for current RSD systems. This configuration takes advantage of low power operation for
the horizontal scanner and allows for good control of the vertical scanner reative to the horizontal
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scanner without requiring too much power, as it operates at a much lower frequency compared to the
horizontal scanner.

As discussed in Section 2, scan-angle mirror-size product (D) determines the resolution of scanning
systems. In section 3, éD metric is used to compare MEMS scanners in the literature. Steel based non-
MEMS scanner, which has superior performance compared to MEMS scanners, is also included in the
comparison. In the remainder of the paper, we discuss mechanical design tradeoffs such as mode
frequencies, dynamic deformation, and stress, and show that for those mechanical trades, Silicon has
better properties than Steel. We then conclude that Silicon MEMS scanners have the potential to provide
very high resolution and high frequency scanners for scanning display systems. Scanner oscillation mode
frequencies are discussed in detail and approximate analytical formulas that can be used to make first
order approximations are derived. Note that, drive voltage and power requirements, which are dependent
on the actuator type, mirror properties, and damping are not included in this discussion.

2. SCANNER RESOLUTION

For display systems, the point spread function (PSF) and display modulation transfer function (MTF) are
determined by diffraction from the aperture stop in the system and by system aberrations. If aberrations
are controlled, then the system will be limited only by diffraction. To accommodate various aperture
shapes and illumination conditions, an aperture shape factor a may be introduced to relate beam spot size
sto the optical wavelength A and system f-number f, according to™

s=af,
inwhich f,=f/De Wheref is thefocal length of the system and D is the diameter of the exit pupil.

Various definitions for spot size may be used, including full width at half maximum power, the 1/€”
intensity diameter, or MTF=0.5 (which specifies the spatial period of a sinusoidal grating resolved by the
system with 50% contrast ratio). The most useful definition will depend on the system function, and a
values can range from 0.75 to 2 or more depending on the definition of spot size, the aperture shape, and
Gaussian beam clipping at the system apertures.

If the scanner serves as the aperture stop of the system, then the number of resolvable spots can be
rewritten in terms of the optical full-range scan angle &, the mechanical zero-to-peak angle G, and
the mirror diameter D according to

— OptD — 40machD
al al

N

There are additional factors such as mirror overscan factor and incoming beam angle that need to be taken
into account in calculating the scanner resolution for displays applications. A more detailed resolution
equation is presented in Ref. 4. The number of resolvable spots for a coherent focusing geometry system
that is diffraction limited thus depends on the @D-product of the scanner. Note that, for center-pivot
scanners, €D also corresponds to the motion of the edge of the scanner.



Table 1: @-product and scanner frequency requirements for various display for mats (adapted
from Ref. 4)

Display Format QVGA| VGA| SVGA| XGA| SXGA| UXGA| HDTV
Ny - Horizontal resolution 320 640 800 1024| 1280( 1600 1920
N, - Vertical resolution 240 480 600 768 1024 1200 1080
Oumsa .D (deg.mm) 3.9 7.8 9.7 12.4 15.6 19.4 23.3
f s - Horizontal scanner freq. (Hz) 8000| 16000 20000| 25600| 34133 40000| 36000

3. SCANNER COMPARISON

Figure 1 shows a graph of requirements and measured scanner éD-product and horizontal resonant
scanner frequency from a number of research publications®**?. Published scan angles are all converted to
O-to-peak mechanical scan angle. The list is not a complete list of video scanner references. There are
some references that cannot be included in the figure due to the lack of clarity about the scan angle
definition, and there may be some others not known to the author. To meet a given video standard, a
scanning display must fall above and to theright of the indicated lines. Scanner has to meet the frequency
requirement but somewhat smaller 6D might be acceptable at the expense of display MTF or resolvability
of high-spatial frequency features.

The scanner with the highest @D-product is a non-MEM S mechanical resonant scanner (MRS), illustrated
in Figure 2(a) (labeled Urey 2002 in the figure below™). The MRS is made of Sted and has good
magnetic and mechanical properties. The MRS can achieve SXGA resolution by scanning two beams in
paralld, which reduces the SXGA frequency requirement to 16KHz. The MRS has been used in al RSDs
used in military helmet-mounted display (HMD) systems. As seen from the figure, MRS has significantly
better performance compared to the best performing Silicon MEMS scanners, which is the Microvision
MEMS scanner used in SVGA resolution NOMAD display product®. The performance difference is not
due to inferior material properties for Silicon, but rather due to sub-optimal designs, and fabrication and
packaging problems.

Figure 2(a) and (b) illustrate Microvision MRS and biaxial MEMS scanner. MRS is actuated using two
electromagnets and operates in resonant torsional mode. Permanent magnets, U-core, scan mirror, and the
base plate are all part of the magnetic circuit. The scan mirror has high magnetic permeability and the
magnets at the end points of the torsion arm create a magnetic flux through the gaps on both ends between
the mirror plate and the U-core. The constant DC flux creates a downward force on ether end of the
mirror plate and pulls the mirror down; but the net torque or twisting moment is zero. When opposing
currents flow through the coils, the force is no longer balanced and the mirror starts to tilt in response to
the current. When an AC current is applied, the mirror pivots periodically and can act as a scanner.

The biaxial MEMS scanner horizontal axis is actuated electrostatically using a parallel plate actuator and
the vertical axis is actuated magnetically using Lorentz force. The mirror is etched on Silicon using deep
reactive ion etching (DRIE) to tightly control the flexure and mirror dimensions. Vertical drive coils can
be gold, copper, or some of the other metal. There are two permanent magnets on either side of the
vertical scan frame (not shown in the figure) to produce a static magnetic field in the gap between the
magnets. The cross product of the magnetic field along the horizontal axis and the current along the
vertical axis produces a force perpendicular to the page. The opposite current direction on different sides
of the coil generates forces into and out of the page, resulting in a net torque or twisting moment on the
torsional scan mirror.



MRS has better resolution and lower cost in small quantities compared to MEMS scanners. MEMS
technology offers low-cost high-volume fabrication capability and allows biaxial scanner implementation,
which reduces the size of the display system. On the other hand, due to long fabrication lead times, and
packaging and yield problems, there are only very few successful optical MEMS products in the market
(eg. Texas Instruments DMD technology based DLP™ projection display systems). Microvision
NOMAD display system, which was launched recently, is another example of MEMS-based display

system.
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Figure 1: Scanner comparison. All are MEM S scanner s except Urey (2002), which is made of
Stedl.
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Figure 2 Microvision scanners: (a) Uniaxial M echanical Resonant Scanner (MRS), (b) Biaxial
MEM S scanner

4. OSCILLATION MODE NATURAL FREQUENCIES

Figure 3 shows a rectangular-block torsional scan-mirror and Figure 4 illustrates the four oscillation
modes that we refer to as the torsional, vertical, horizontal, and rocking modes. The torsional and other
oscillation mode natural frequencies can be calculated using the scanner dimensions and material
properties. The natural frequency for an oscillation mode (w) can be calculated by abtaining a second
order differential equation in the form:

y +w’y=0

Table 2 summarizes the spring constant, mirror inertia, and natural frequency formulas for the torsional
scanner. We assume that the entire bending take place at the flexures (i.e. mirror isrigid) and the mass of
the flexures is negligible. This approximation is not generally valid especially when the flexure length is
not very long and flexure width is not very small compared to the scan mirror length. The formulas can be
used to predict the order of different modes and the relative distance between modes. Once a mirror size
design point is reached, FEA should be used to verify the design.

Note that these mode frequency formulas are for rectangular block mirror and rectangular cross-section
flexures. Other flexure and mirror shapes and shifts in axis of rotation can also be analyzed by
substituting appropriate values of M, Iy, s, and I, for the mirror and the flexures in the corresponding
formulas.

Torsional Mode: Torsional spring constant is proportional to the polar moment of inertia (Ip) of the
flexure cross-section and torsional modulus of the material (G) and inversdy proportional to the flexure
length (Ly). The shape factor for square cross-section beam is found in Ref. 24 (formulais given for a>b,
if b>a, then aand b values should be interchanged in I, and K4, formulas). If anet torque T is applied to
the mirror around the x-axis, then the following relationship can be used to compute the deflection angle 8
and the natural frequency w of the torsional mode:
2GI 6
T = P~ —_

L, "




Figure 3: Torsional resonant scanner geometry
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Figure 4 Four different oscillation modes for torsional scanner




Vertical Mode: Assume a force F in the vertical direction (along the z-axis) is applied to the mirror. The
vertical deflection along the flexure z(x) and tip deflection can be found using the following differential
equation and the boundary conditions:

. -F
Z =—

2El,
z(0)=0, z(©)=0;, zZ(L;)=0

2= — (X—S—fo j

2ElI_| 6 4
WL FL®
Z =Z =
max El

S

where E is the Young's modulus and |s is the moment of inertia for the flexure cross-sectional area. El
product is the flexural rigidity of the beam and is a measure of the resistance of a beam to bending.

Horizontal Mode: Horizontal mode of oscillation moves the mirror in y-axis. The corresponding mode
frequency formulas are similar to that of the vertical mode. The only difference is the flexure width a and
flexure thickness b are interchanged. Thus for square cross-section flexures, the horizontal and vertical
mode frequencies should be identical.

Rocking Mode: Assume a torque T around y-axis (perpendicular to the torsional scan axis) is applied to
themirror:

T=1,0"
where |, is the mirror mass moment of inertia for rotation around y-axis and @is the rotation angle of the

mirror in rocking mode. The beam deflection y(x) can be found using the following differential equation
and the boundary conditions:

. T A
L,)y)=— =T
y (L) B, E

y(0)=0; y'(0)=0;
y(Li)=L.0/2 y(L;)=-6

-6(L, +L (L, +1.5L
( f3 m)X3+ ( f _ m)X2
Lf Lf

y() =
y'(L) :’L—f(4Lf +3L,)

Note that similar formulas can also be derived for the horizontal rocking mode (not shown in Figure 4).
Horizontal rocking mode frequency is typically higher than the vertical rocking frequency and the results
arenot included here.



Table 2: Natural frequencies for different oscillation modes for torsional scanners (2a= width;
2b=thickness of flexural beam)

Spring Constant, Ks
Mirror (assume Flexure spring Inertia, I Resonant Frequency w,
rectangular Flexure polar moment of inertia, I [w=21i]
bl ock) (for rectangular cross-section)
] 21 G
Mirror Inertia Fora>b; K, = —F K 4K _Gab®
Torsional 1 5 f s = LS
mode | Im =E,0thD I, = K,ab®, where | L, aL,.D
b b*
K,=(33-336—1-—
a = ( a( 12a4))
24E|
Vertical Mirror mass Ks= E K 32Eab’
mode M =L D ! J== 5
Al | _a)@n)° _ 4ab’ M | LiaL.D
° 12 3
_ 24El
Horizont Mirror Mass K= NER \/? 32Ea’h
— f S = ===
Amode | M=a,D aah M |GaL,D
| =
° 3
El. (4L, +3L
Rocking |  Mirror Inertia K, = a sz m)
d
me 1 =L aep 4ab; K. _ [16E(AL, +3L,)ab°
e =22 B EOHE

Table 3 Ratio of different mode frequenciesto torsional mode frequency for Silicon and Steel.
Assumed rectangular cross-section for flexures and rectangular block mirror.

L

m

Cnode | Corsion Frequency ratio for S Frequency ratio for
E=170GPa Seel E=203GPa
G=51GPa G=78.5GPa
142 ita=p 1242 it a=b
ontal Mod 4E D L !
Horizontal Mode 3K_G L, 1.1L£ if a=2b 087 ifa=2b
f f
142 ifa=b 1242 ifa=b
_ 4E  Da L, .
Vertical Mode 3K,,G L,b 22> ifa=2 1942 ifa=2b
f f
20+ 30 Ta=b i o), 30 iTash
4, D=L, 4, D=L,
Rocking Mode — if a=2b

155 [1+ 3P ’
4L, D=L,

if a=2b
137 |1+ 3D Ta=2b
aL, D=L,




Mode frequencies should be well separated from the torsional mode frequency and its harmonics in order
to minimize power dissipation. Horizontal and vertical modes do not change the scanned beam direction.
Rocking-mode, however, deflects the incoming beam perpendicular to the intended scan axis, creating an
undesired off-axis motion that degrades the display image quality. Biaxial scanners should be designed
such that cross coupling between the torsional and rocking modes of inner and outer scan frames are
avoided.

Mirror parameters should be chosen such that rocking, horizontal, and vertical modes are not close to the
torsional mode frequency or its harmonics. Table 3 presents simplified formulas for calculating theratio
of the undesired mode frequencies to the torsional mode frequency with D/L; as the parameter. Mode
frequency ratio for Siliconis 13% larger than that of Steel for all modes. To obtain high Q-factor, it is
desired to have the torsional mode as the first mode (mode with the smallest frequency) and to have the
mode frequency ratios as large as possible. In some MRS designs, torsional mode is not the first mode but
till modest Q-factor values can be obtained.

5. OTHER DESIGN CONSIDERATIONS

Dynamic Deformation:

Both static flatness and dynamic flatness of the scanning mirror are important for image quality. Unlike
surface micromachined mirrors, surface flatness for bulk micromachined mirrors can be very good (as
good as the surface flatness of the original substrate). High acceleration forces during mechanical
deflection of the scan mirror result in bending of the mirror. Even very small amount of deviation from
linearity due to mechanical deformation can result in optical distortion of the pixel and the image.
Maximum deformation occurs at the extremities of the scan. For rectangular block mirrors, the following
formulas can be used to compute the maximum mirror deformation &y, Which is defined as the deviation
from linearity® b

R R T

! Rotation axis

__v+¢ll+

2[5
5max = OZl?ﬁD—ZHme"h
Et

f : the scanner frequency
Bhecn - Peak mechanical scan angle

Stress on the flexures:
Another consideration is the stress on the flexures. The maximum stress should be smaller than the yield
stress () of the material. The maximum stress in a rectangular cross-section torsional flexure is given

by:**
2 3 4
Tys = 3K GO E{l+ 0.6095(b] + 0.8865[b] —1.8023(b] + 0.9J[b] ] fora=b
8L, a a a a




6. MATERIAL COMPARISON

Table below compares different material property related coefficients for single crystal Silicon and a kind
of Carbon Stedl. If a bulk-micromachined torsional Silicon scanner and a conventionally machined
torsional Steel scanner with the same dimensions are produced, Silicon scanner would have 47% higher
resonant frequency, 67% higher frequency for other modes (thus better mode separation if torsional mode
is the 1¥ mode), about 1/3 of the dynamic deformation of the Steel mirror, and 32% higher angle of
rotation before flexures break.

Table4 Material property coefficients for Silicon and Steel torsional scanner perfor mance
parameters

Silicon [Steel
Young's Modulus E (Pa) |1.70E+112.03E+11
Torsional Modulus G (Pa) [5.10E+107.85E+10
Density p (kg/m”3) 2330 7800
Yield Stress Sy (Pa) [6.90E+088.00E+08,
Torsion frequency coef. (maximize) (G/p)"0.5 |4678.505/3173.024
Other mode frequency coef. (maximize)(E/p)"0.5 [8541.743/5106.499
Deformation coef. (minimize) p/E 1.37E-08 3.83E-08
Flexure stress coef. (maximize) Sy/G 1.35E-02/1.02E-02

7. SUMMARY REMARKS

Different mechanical tradeoffs imposed by mode frequencies, dynamic mirror deformation, and flexure
stress can be analyzed together using the analytical formulas given above. Optimal mirror and flexure
dimensions that meet the resolution and frequency requirements of high-performance displays can be
calculated. Even though analytical formulas have several smplifying approximations, they are useful for
design tradeoff analysis. Final designs should be evaluated using FEA.

The scanner resolution figure of merit, €D, of Steel-based MRS and Silicon MEMS scanner are about
18deg.mm and 9deg.mm, respectively. As discussed above, Silicon has better mechanical properties than
Stedl and allows for higher frequency and resolution. We can conclude that the potential of MEMS is not
yet fully realized. Higher performance levels can be achieved with MEMS scanners when al the
engineering design tradeoffs and the fabrication related issues are better understood and resolved.

I’d like to thank Prof. Metin Muradoglu at KOC University and Frank DeWitt at Microvision Inc. for
helpful discussions.
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