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Abstract:

Micromachined corner cube retroreflectors (CCRSs) are devices that can be employed as transmitters in
wireless free-space optical communication systems. Their low power consumption, small size, and
easy operation make them an attractive option in designing an optical link. A method to predict the
performance of CCRs with ideal or non-ideal characteristics has been developed. Results from simula-
tion help to determine the tolerances on mirror curvature and misalignment. The design of CCRs to be
fabricated in a foundry MEMS process is discussed, and the design parameters that determine the opti-
cal, electrical and mechanical characteristics of the CCR are presented. Thus far, the CCRs that have
been fabricated and tested can transmit detectable signals, but the mirror curvature and misalignment
in the CCRs result in@rformance far from the theoretical limit.
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1 of 53 Introduction

[. Introduction
Wireless communication systems are generating significant interest because they provide increased
mobility and a means to create communication links where wired links cannot be made. Today, both RF and
optical links are being employed in numerous applications. The choice of whether to use an RF link or optical
link depends geatly on the specific application. New technologies to increase ¢hfenmance oboth links
continue to develop. A device call the corner cube retroreflector has been introduced as a transmitter in a free-
space optical communication system. This device offers extremely low power consumptiqrl{sit}, it is

simple to operate, and can be fabricated to sizes less than a cubic millimeter in a MEMS process.

Early attempts to fabricate CCRs in a MEMS process failed to demonstrate communication due to poor
alignment, low reflectance, and low fabrication yield [13]. However, Patrick Chu at UCLA reported fabricating
CCRs in a commercial MEMS process called MCNC MUMPS that were able to transmit data [14]. The results

were promising and prompted further research in employing CCRs for an optical communications link.

This paper reports a study of MEMS CCRs as optical transmitters. It provides a method for predicting the
performance of an ideal CCR as well as one with non-ideal charsiitsti This allows the designer to deter-
mine specifications for the CCRs in order to meet the system requirements. This paper also presents the design
issues relevant to fabricating CCRs in the commercial MCNC MUMPS process. The design for the current
MEMS CCR is described. This design was fabricated and tested for mirror curvature, mirror misalignment,
drive voltage, and rise and fall times. Methods to improve the design and performance of the CCRs are deter-

mined.

ll. Free-Space Optical Communication Using a CCR
In this section, the corner cube retroreflector and its properties are defined. A freesgpiaeécommuni-
cation link employing the CCR is described, and the CCR characteristics relevant to the communication system

are presented.

A. Ideal Corner Cube Retroreflectors
1. Definition

A corner cube retroreflector (CCR) is a device made up of three mutually orthogonal reflective surfaces, or
mirrors, forming a concave corner. A ray of light entering a CCR is reflected back in the direction of the inci-
dent light if it hits the CCR within a particular area defined by the incidergdlion. By tilting and realigning
a mirror or mirrors of the CCR, light can be intermittently reflected back in thection of the interrogating

light source, thereby transmitting a digital signal.
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2. MEMS CCR
MEMS (Micro Electro-Mechanical Systems) technology has provided the means to fabricate very small

CCRs (mirrors that are fractions of a millimeter on a side) with moveable mirrors. The mirrors can be fabri-
cated in a MEMS process and assembled, or raised out of the substrate plane, to form a CCR. A mirror or mir-
rors can be actuated in a variety of ways. The design employed in this study uses electrostatic force to pull a
mirror, misaligned in its starting position, into the aligned position. The return force from a flexed polysilicon
beam or beams brings the mirror back to its misaligned position once the electrostatic force is removed. MEMS
technology is well-suited for making very small actuating CCRs. Unfortunately, fabrication and assembly

yields some misalignment and curvature in the mirrors that are a detriment to the optical performance of the

CCRs.
3. Geometry

The geometry of the corner cube is such that any incident ray with direeﬁg)n that strikes all three mir-
rors before leaving the CCR will be reflected back in the direction of the incidenhiay . There are also two

boundary cases where an incident ray can strike the CCR only once or twice and be returned to the source. The
single reflection case occurs when an incident ray is normal to a mirror. The double reflection case occurs
when an incident ray is parallel to one mirror surface and not normal to either of the other mirrors. Both the
three reflection case and theuble reflection case depend ehi and where the ray initially strikes the CCR.

Unless otherwise mentioned, this paper deals only with the three reflection case.

Fig. 1 shows how the direction of an incident ray anniyi changes direction as it propagates through a
CCR. Placing the CCR in the coordinate system such that the mirrors are normal to each axis as shown in Fig.
1, the reflected direction is simply the incident diiea with a change of sign on the component normal to the

incident mirror.

4. Effective Area and Scattering Cross Section

As mentioned above, not all rays that strike the CCR will be reflected back in the direction of the light
source. This depends on the incident direc’eim and the location on the CCR that the ray first makes contact.
For a given—'rii , the effective area on each mirror face where an incident ray would be reflected back to the
source can be determined. Fig. 2 shows howetffiedive area can bedund foreach of the six different pos-
sible cases foHii for the mirror in the-plane. This can be used to find the effective area on each mirror of

the CCR. For CCRs with mirror sides of lendth , simply scalé?by
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The scattering cross sectian(hi) of the CCR can be found by summing the effective areas of each mirror
face scaled by the appropriate direction cosines. For the CCR in Fig. 3, the scattering cross section is found

with the following expression.
a(n;) = NiAp+ NiyAg +NiZAg (1)

When the rays strike a CCR along its body diagonal, all the rays will reflect three times and be returned to

the source resulting in a scattering cross section (for a CCR with mirach haing an areaA )
oHh; = Lan DE= AJB.

J3

The scattering cross section of the CCR is the same for six different incidentiaim®¢Fig. 4). The vec-
tors formed from the dots on the unit sphere to the origin represent the six incident directions that yield the
same scattering cross section. In other words, a CCR haes-tbie rotational symmetry about the body diag-
onal where the three planes of mirror symmetry are defined by the intersection of the body diagonal with the

X,y,Zaxes.

B. Transmission using CCRs
Corner cube retroreflectors can be used to transmit an optical signal. To do so, the CCR must be able to

direct reflectedight to and away from the imaging receiver (Fig. 5). By tilting a single mirror of the CCR an

angle & , the direction of the outgoing rays will be offset.df is large enough, the reflected light can be
directed away from the imaging receiver. A signal can be transmitted by modulating the position of a mirror
from the aligned position to this tilted position. A method to approximate the minidum  required for commu-

nication will be presented.

The interrogation path and the receive path coiincide in this communication system. A method must be
designed to separate the outgoing light and the incoming light. One solution isamteghe incoming and
outgoing light by their polarization. Fig. 6 depicts this method. The light from the laser is linearly polarized to
pass through the polarized beam splitter. It then passes through @rgwarteplate that changes the linear
polarization of the light to circular. After three reflections off the CCR, the light returns with the opposite cir-
cular polarization. Passing through the 1/4 waveplate changes the light to the linear polarization orthogonal to
the original light from the laser. This light is theaflected by the beanpétter and collected by the imaging

receiver. In this setup, the position of the interrogating laser and the receiver can also be interchanged.

C. Characteristics relevant for communication
The charactestics of the CCR relevant to the communication system include the pageived by the

imager, the complexity of design, and the frequency at which data can be transmitted.
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1. Optical

The power received by the imager can be determined from ffexelitial scattering cross section (DSCS)
do(hi, ho)/dQ0 ((W/sr)/(W/mP) or m?/sr). The DSCS is the scattered power per unit solid angle of the obser-
vation per unit illumination irradiance. It is a function of the incident directifcm and the observation direc-
tion ho . The DSCS can be used to calculate the paweeived by the image?, .. given the irradiance of the
interrogating light source at the CCR, , the reflectance of the mimrors , the diameter of the imaging lens
dlens’ and the distance from the CCR to the imager . As shown in Fig. 7, the lens diameter and distance

determine the solid angle subtended by the receiver which is given by:

(2)

3
Prec = |i|' J. TdQO (3)

Note that the reflectance is cubed because the ray reflects off three mirrors.

The peak differential scattering cross seat PDSCS, is defined as the value dxfr(hi, ho)/dQ0 along

the axis of interrogationn, = n; , regardless of whether the(n;, n )/ dQ, is largeshfor n; . The

i
PDSCS is relevant because if the CCR is interrogated from a sufficiently large distance, the imager lens sub-
tends only a small solid angle surrounding the axis cdiirgation. In this case, the DSCS over the entire sub-
tended solid angle can be approximated as the PDSCS. Therefore, the power received can be calculated
approximately as follows.

do(n;, n;)
Proc= i —at—

rec i do |:Qo (4)

(o]

The CCR properties that affect the power received by the imager includefteetance of the mirrors, the
size of the mirrors, and the nonflatness of the mirrors. A method for finding the DSCS for CCRs with flat and
nonflat mirrors will be presented in SectidihA.
2. Electrical and Mechanical

As mentioned earlier, electrostatic force is used to actuate the tilting mirror in thentuesign for the
CCR. The voltage required to actuate the mirror to its aligned position should be minimized to simplify the

requirements for the circuitry designed to drive the CCR. The characteristics of the actuating miraffeittat
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the drive voltage are the size of the actuating mirror, its distance from the ground plane, its angular tilt, and the

rigidity of the beam(s) supporting the mirror.

The large signal turn-on and turn-off characteristics of the CCR also depend on the size of the mirror and
the rigidity of the support beam(s). The rate at which the CCR signal can be deflected to and away from the

imaging receiver limits the bit rate at which the communication link caeraie.

[ll. Optical Modeling of MEMS CCRs
The DSCS can be predicted for MEMS CCRs with ideal or non-ideal mirrors. Being able to predict the

DSCS will assist in determining the mirror size, mirror reflectance, mirror flatness, and mirror alignment
needed for a typical application. In addition, the directions over which a CCR can be interrogated and transmit

a detectable signal can also be determined.

A. Calculating the DSCS for ideal and non-ideal CCRs
Diffractive spreading of the reflected beam puts a fundamental limit on the performance of a long-range

optical link using this device. In order to model nonflatness, misalignment and diffraction on an equal footing,

a finite-element analysis of the device is performed.

To begin the analysis, each face of the CCR is represented by an equation describimfattee $he CCR
faces ardoounded by the planes=0 x,= 1 y,=0 y,=1 z,= 0 amd= | ,whbki®the lengththatthe
sides would have if they were perfectly flat and mutually perpendicular. THacas are expected to be close
to flat and orthogonal, so the error introduced by not adjusting the boundary conditions is negligible. Each sur-
face is divided into a specified number of discrete elements that are bounded by equally spaced planes parallel
to thex-y, y-z andx-zplanes (Fig. 8). For perfectly flat surfaces, thdgsrete elements would be squares. For
non-flat surfaces, thdiscrete elements have non-unifornrfage area and shape. The number of discrete ele-

ments should be large enough such that each element can be assumed to be essentially flat.

Fig. 9 depicts the analysis of an element of the CCR. The CCR is illuminated along the direiit;ion by a
uniform plane wave having amradiancd;. For each discrete elememt a ray trace is performed to determine
the direction of the ray leaving the CCR. The ray starts from a reference plane where all of the rays that strike
the CCR are in phase. This reference planedgsiired to be normal to the incident light and to pass through an
arbitrary point near the CCR. The axes of the plane are chosen to be an arbitrary pair of unit vectors normal to
the incident vector and each other. It is important to specify the axes for future calculations requiring change of

basis. The ray first strikes the specified discrete element.
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The normal vector of the discrete element is determined by computing tlodbidacof the equation
describing the surface, evaluated at the center of the element. The direction of the reflected ray can be deter-

mined from the incident vector and the normal vector.

The next surface that the ray strikes, if any, is then determined, and the ray ¢rggries. Finally, the ray
leaves the CCR and is terminated on a second reference pigpplane. This plane is required to be normal
to the ray leaving the CCR and to pass through an rayitpoint near the CCRUnlike the first rderence
plane, this second reference plan@igque to each discrete element unless the surfaces are perfectly flat. The
axes of this reference plane can be arbitrarily chosen to be any two unit vectordy, normal to the ray from
the CCR and each other. It is necessary to specify these axes to perform the required change of basis to calcu-

late the Fraunhofer diffraction integral.

Itis also important to keep track of the distance each ray propagates through the rajanacthe number
of reflections that occuN,s. These values will be needed to specify the phase change and the transverse extent

of the wave reflected from the discrete element.

The wave propagating along the path of the ray trace is a plane wave, and is honzero only within a region
given by the projection of the discrete element onto the first reference plane. When the CCR is broken into a
sufficiently large number of discrete elements, the shape of this region can be approximatedadegram.

The boundaries of the parallelogram are determined by projecting two adjacent sides of the discrete element
onto the first reference plane. Once the boundaries ofdinallelogram are defined, the image can be projected

to the second reference plane either inverted, for an even number oftimflecor not inverted, for an odd
number of reflections. Fig. 10 shows the projected parallelogram for a particular discrete element in a CCR

with four discrete elements on each surface.

It is important to note that the entire parallelogram propagates to the location of the termination on the sec-
ond reference plane. The numberdigcrete elements must be large enough such that this method is valid. For
example, if a surface has only one discrete element, the entiigcslis expected to propagate to the location
on a single ray trace. For certain incidence vectors, this may mean the entire surface appears to be reflected

back to the source when, in actuality, only a fraction of thdéame is part of the effdive area.

In order to treat diffraction effects, we guloy Fraunhofer diraction theory, which is valid when the
receiver lies in the far-field. More precisely, this requires tRat az/)\ , WiRtisethe distance from the aper-
ture to the receiver is the largest dimension of the aperture, @and is the wavelength of the light. The com-

plex amplitude of the electric field at the observation pdint  contributed bgretis elemenin is given by:
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Si[K(R+ O + TN,

J2lie

parallelogram,

AR

wherek = 21/ . Thisis illustrated in Fig. 11.

Making the substitutionss = a;u+b;v and = a,u+b,v , results in this expression for the electric
field. (a;,b;) and(a,, b,) are vectors defined by two adjacent edges of the parallelogram as shown in Fig.

11.
—i[k(R+ d) + TN, (]
e

~on _ i sina sin

wherea = k(b,U +b,V)/(2R) and3 = k(a;U +a,V)/(2R) .
The sum over all discrete elements gives the complex amplitude of the total electric field at the réceiver:

E,(N.. N, R) = ZEm(ﬁi, N, R). (7)

m

The irradiance at the receiver can be calculated from this total electric field using:
An 1 ~a 2
lo(n;, Ny, R) = E‘Eo(ni’ N, R)‘ : (8)

The differential scattering cross sectidn(hi, ho)/dQO Asr) can be calculated from the irradiance using:

2
0

dQ, |

da(n,n,) IR

(9)

The integral of the dferential scattering cross section over aliservation angles equals the total scattering
cross section of the CCRx(hi) , which has units FEm

do(n, n,)

I

dQ, = o(n;) (10)

This modeling will allow us to establish fabrication tolerances for the devices and identify design changes
that will improve performance. Accurate modeling is also required to accurate predict link performance. A

MATLAB simulation was written to implement this analysis. Fig. 12 is the coordinate system used to describe

L The real, time-dependent electric field is related to the complex amplitudE i, n,, R;t) = Re[E,(n;, N, R)e'“]
wherew = 2mc/A .



8 of 53 Optical Modeling of MEMS CCRs

incident and observation directions in the simulations. The results presented in the following sections are based

on this notation.

B. Performance of Ideal CCRs
Examining the relationship between the PDSCS &ng will reveal the directions over which a CCR

signal will transmit with sufficient power to be detected. The PDSCS for an ideal CCR can be found with the

following expression.

Aa ~ 2
da(n;, n;) _ a(n;)
dQ, 2

(o]

(11)

This expression can be derived from (6)-(9) noting thaﬁfgr: hi a0 Ard 0 , and that for each

elementm ,om(hi) = (ayb,—a5b;) . The PDSCS is proportional to the square of the scattering cross section.

Fig. 13 shows how the PDSCS of an ideal CCR falls off as the incident direction moves away from the
cube body diagonal. Using this data, information relevant to a communication link can be found. Consider the
case where a CCR is distributed with a random orientation. In other words, #reoigdtion direction is uni-
formly distributed over the entire unit sphere. The complementary cumulative distribution function, CCDF, of

the PDSC normalized to the PDSCS fdiri along the body diagonal can be generated and is shown in Fig. 14.

Consider a communication system that requires the received power to be at least 10% of the power
received interrogating along the body diagonal. In this case, Fig. 14 shows that the likelihood of being able to
communicate with a randomly distributed CCR is almost 5%. If the CCR can be guaranteed to land upright, the
likelihood doubles to 10%. This is because one half of the possible incideattidins, all of which having
do(hi, hi)/dQO = 0, are no longer being considered. The CCDF also scales with the number of CCRs
assuming no two CCRs can be heard from the same interrogation direction. Therefore, if 4 CCRs were guaran-
teed to land upright, the likelihood of being able to communicate with one of the CCRs increabgsl® %
or 40%. Changing the size of the CCR does not affect the CCDF since the PDSCSs are normalized to the
PDSCS along the body diagonal.

C. PDSCS vs. incident direction, curvature, and size for non-ideal CCRs
Now consider the case where the CCRs are non-ideal. The mirrors are defined as surfaces with spherical

curvature which is a good model, as shown later. In this section, they are also assumed to be perfectly aligned.
The following section discusses thffects of misagnment. It is useful to know how the reflected light from a

CCR is affected by the radius of curvature, the size of the CCR, and the interrogatotah.
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To investigate the effects of curvature on the received power, the PDSCS was found for varying radii of
curvature and different interrogjan directions. Fig. 15 is a plot of the results. In these simulations, the CCR
mirrors were 25Qum on a side. For CCRs this size, a radius of curvature larger than 50 cm is desirable. Once

the radius of curvature falls below 20 cm the performance of the CCR dramatically degrades.

Next the effects of increasing the size of the CCR were investigated. The effects were studied for curved
and ideal CCRs from differenhterrogation directions. Fig. 16 shows the results. It is interesting to note that
for non-ideal CCRs, given a fixed radius of curvature, increasing the CCR size can actually be harmful to the

performance of the communication link.

Fig. 17 shows plots of the DSCS for an ideal CCR and non-ideal CCR for different radiifferedtit inci-
dence directions. When the CCR is interrogated along its body diagonal the reflected light has radial symmetry.
Moving the interrogation direction away from the body diagonal reduces the PDSCS and also results in
increased spreading of theflectedlight. Adding curvature to the mirrors further reduces the received power,

and has, in this case, increased the magnitude of the secondary lobes relative to the main lobe.

D. Misalignment and Minimum Deflection Angle
Treating the DSCS from the CCR as the combined contributions of the DSCSs of the three mirrors, the pat-

tern from a CCR that has been misaligned can be viewed as the separation of the contributions from each
mirror. Essentially, the one peak in the DSCS surrounding the imaging receiver separates into two or three

peaks.

Consider a CCR with one misaligned mirror in the xy-plane as shown in Fig. 18. When the mirror is
rotated an anglé® clockwise about thexis, a ray with incident directionhi striking that mirror will be

reflected with direction

n(3) = T(8)x -, (12)
where
1 0 0
T(3) = |0 1- 2(sind)® —sin(23) (13)

0 —sin(23) 1- 2(cosd)?

The angular differencet  between the reflected ray from the mirror with atilt  and the reflected ray for

0 = 0 can be found by
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on, (8) th,(0) 0

a = acosﬂ-»—)—nr(a)“nr(o)‘g

(14)

This angular offset is propagated through the CCR resulting in an outgoing ray that is  degrees offset
from the outgoing ray in the case that= 0 . Even a small can drastiatibigt the reflectedight pattern
from the CCR. In the current design, tilting a single mirror in this way is the method used to direct light away

from the receiving area of the lens, or turn the CCR off.

The minimum deflection angle required to turn the CCR off can be approximated for agh(en using the
analysis above. This method is only an approximation and should be verified with simulation since it is diffi-
cult to visualize how the combine@flected electric fields from each mirrarll combine at the receiver. Let
us consider an example of how to approximate the minimum deflection angle. Assume the CCR is interrogated
from along its body diagonal and the receiver is far away and only captures the light incident along the direc-
tion of interrogation. If the main lobe from a single mirror is found to be drfadwide thena must be at least
2.25 mrad, or half the lobe width. Then, from equations (12)-(14), the tilt should be adleast.5 mrad. We
used simulation to verify that this tilt value is sufficient to render the received signal extinct. Fig. 19(a) shows
the transmitted signal for no tilt. The DSCS at the peak is 0.04§[$mFig. 19(b) shows the contribution from
a single mirror with a main lobe 4.5 mrad wide. Fig. 19(c) shows the signal for a tilt of 1.5 mrad. The PDSCS

is 0.0010 r/sr. The tilt reduced the received power by almost 98%.

Unfortunately, in the current design, the tilt of the offset mirror is fixed for the CCR regardless of the direc-
tion from which it is being interrogated. Thefore, the design must be made so that the CCR will function for
a maximal range of incident directions. To do this design, the incident direction farthest from the body diagonal
from which the CCR signal can be received should be cameil From this diragmn, the contribution from
the mirror with the widest diffracted signal must be deflected away from the receiver to achieve high extinc-

tion. The method described above will provide a good approximation for the minimum tilt angle.

This analysis shows that tilting a single mirror by only 1.5 mrad cesatly reduce the received power.
The sensitivity of the reflected light pattern to misalignment in the mirrors requires that the misalignment in the

CCR must be eliminated if good CCRs are going to be made.
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I\VV. Design and Fabrication of MEMS CCRs

In this section, the desidgiactors that affect drive voltage, turn-on/turn-off characteristics, reflectance, flat-
ness and alignment of mirrors in a MEMS CCR are presented. Also there is a discussion on the options for

packaging.

A. MUMPS process
All of the CCRs tested in this study were fabricated in a process provided by MCNC which is now known

as Cronos (http://mems.mcnc.org/). The process is called the Multi-User MEMS Process or MUMPS. Fig. 20
is a cross section of the MUMPS process. The nitride layer is not patternable and Poly0 is typically used as a

ground plane. This leaves the Polyl and Poly2 layers as the two structural layers in this process.

B. MUMPS CCR
Fig. 21 is a picture of a CCR that has not been assembled. This design has three gold coated mirrors. Each

of these mirrors are 250m on a side. Two of the mirrors are folded out of the substrate to be normal to the sur-
face. Mirror 1 must be raised first such that the wedge on mirror 1 candeseted into the slot on mirror 2.
These mirrors are accompanied by flip-locks used to hold the mirrors in place. The bottom mirror is the modu-
lating mirror. After assembly, this mirror is in its offset or tilted position. The assembled CCR is shown in Fig.
22. To align the bottom mirror, a voltage difference is placed across the ground plane beneath the mirror and

the mirror itself electrostatically pulling or actuating the mirror to the aligned position.

C. Hinges
Hinges allow the mirrors and locks to be raised out of the substrate plane. Unfortunately, the hinges fabri-

cated in the MUMPS process allow for some undesired misalignment. Fig. 23 is a picture of a MUMPS hinge.
Fig. 24 shows the layout of a hinge and the cross section of a raised hinge. The layout view shows that the
hinge pin can shiftt2 um along the direction of the pin. The cross section reveals that there ispamity

4.25um space containing theZn by 3um pin. The pin can move freelyithin this space which may cause

some misalignment in the mirrors of the CCR.

D. Flip Locks and Wedge in Slot
To support the mirrors in their upright positions as well as minimize the misalignment, flip locks are used.

Fig. 25 shows a flip lock holding one of the mirrors. The slot in the lock ispdrbwide which is just large

enough to fit the Poly2 edge.

In addition to the flip locks, a polysilicon wedge on one standing mirror, mirror 1, is fit into a slot in the

other standing mirror, mirror 2. The slot is 2 um wide which is the same width as the wedge. Fig. 26 shows this
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joint from behind the CCR. This lock provides excellent alignment, but it makes the assembly of these devices

more difficult.

E. Actuator
The goal is to design an actuator to align and misalign the bottom mirror with minimal voltage require-

ments and sufficient tilt. In the current design, the bottom mirror is actuated electrostatically. The design
parameters that affect the pull-in voltage are the shape of the spring structure, the height the mirror is raised,

and its angular tilt.

Accurately solving for the pull-in voltage for the actuator can be very complex because of the dynamics of
the bending of the polysilicon structure acting as the spring. To gain an understanding of the design factors that
affect the pull-in voltage, the problem is simplified here. The model used is depicted in Fig. 27. The variable
is the angle at which the mirror is tilted, amgl  is the integration variable. The mirror is assumed to be sus-
pended over an infinite ground plane. Also, fringing of the electric field at the edges is ignored. The position of
the mirror is only changed by changesdn . In other words, the mirrors rotates about only one axis and does

not translate in any direction.

Within these constraints the moment abdutM 5 , due to a constant voltage placed on the mirror can be
found. The potential functiodd(r, ¢) can be found by solving the Laplace equation in two dimensions [20].

The boundary conditions and the potential function are given by the following expressions.

dD((p: 0) =0 (15)
dJ((p: 5) =V (16)
o(r,9) = \%(p 0<@<3, rysrsr, (17)

The electric fieldE can be found from the potential function.

E = —00(1,9) (18)
- - _loe _ 1V
E, =0 Es = 0 - 1o (19)

The total electrostatic energy is:

SO ~2
U= EI|E| dv (20)
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W Iy o)
_% 0 1oV
U= > IdyfrdrID—FD o500 do (21)
0O r, O
y SOV2W| 0,0
= no—0 (22)
25 010

In this expressiong, is the permittivity of free spa&g542x 1612 F/m).

The momentM 5 can be found from the total energy.

2
au KeV
M. s = ——= = - (23)
ed
66 Vconst 62
where
QW 050
Ke = = InG0 (24)
2 0.0
The opposing moment due to the spridd,s  , is a function of the shape and dimensions of the polysilicon

support. The polysilicon beams can bend due to a moment or force or experience torsional deformation due to
a moment [19]. Fig. 28 shows the bending of a beam due to a force and moment. The defléx}tion due to

the forceF and momeri, is given by:

2 M X2
y(x) = é[%(sL—xw 2 } (25)

The angular deflection is:
-1 X0
0(x) = EI[FX%‘_2D+ MOXJ (26)

In these equationd.  is Young’'s modulus and is the moment of inertia of the beam cross section which

is given by:

_ a%

e (27)

wherea is the height of the beam abd is the width of the beam.
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Under atorsional loadyl; , the beam will deform such that the two opposite faces rotate and angle ~ with
respect to one another (Fig. 29).

ML

o= 35 (29)

whereG is the shear modulus of the beam dnd is the polar moment of in@rtia.  isreldedtov and , Pos-

sion’s ratio by:

= 2(1E+v) 29)
For a rectangular cross section,
J = cadb (30)
wherea andb are the dimension of the cross sectlon @ Jand is a functianiof . Table 1 gives some

values ofc .

Based on the polysilicon spring, (26) and (28) can be used to find a relation beMgen & and
Mgs = K (85—9) (31)

whered,, is the equilibrium angle with no voltage applied.

This results in a total momen! given by the following expression.

totd
eV2
Miots = Mss+ Meg = Ks(89—5) — 52 (32)
The minimum pull-in voltage is the minimum voltagé  for whid¥, ;5 <0 for @l in the range
0<0<9,. SolvingM,,5s<0 forV gives:
K562(60—6)
v [=—2 (33)

K

e

The value ofd that maximizes the right hand side of (33 is %60 erEfore, the minimum pull-insltage

3

K.

— s 0
Vimin = [ 44

e

is given by (33) withd = %50 .
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As stated earlier, this expression for the minimum pull-in voltage is not exact, but it does give the designer
an idea of how changing the polysilicon spring structure and the tilt angle will affect the pull-in voltage. The
design should be made to minimidg  while satisfying the minimum deflection requirement. Reducing the

spring constanK,  will also reduce the minimum pull-in voltage.

Unfortunately, the rigidity of the spring cannot be made arbitrarily small. Once the mirror has been pulled
down to its aligned position, it is resting on the bumpers that prevent it from touching the ground plane. The
mirror has a tendency to adhere to the bumpers after being pulled down. The spring must be made rigid enough

to overcome this sticking.

The bumpers are there to prevent the mirror from contacting the ground plane. This would cause a short
and burn out the device. They should be made small to minimize the swafaaén contact with the mirror.

This will help to reduce the sticking. Fig. 30 illustrates the bumpers used in our design.

The resonant frequencyy, , of the actuator gives an upper bound to the maximum opfeegftirggncy of

the device. Ignoring the effects of damping, the resonant frequency is given by:

K
Wy = J; (35)
m

wherel m is the mass moment of inertia of the mirror about the axis of rotation.

n

1 .3 3
Im = 3P(r2=Ty) (36)
wherep, is the linear mass density of the mirror (total mass of the mirror divided by the length). Squeeze-film
damping does play a large role in the dynamics of the actuator, bueftieist is difficult to characterize and
will not be considered in this paper. When it is considered, the device’s resonant frequency will be lower than

that given by (34).

F. Mirrors
MCNC mirrors are subject to some curvature due to the fabrication process. This is caused by the differ-

ence in thermal expansion coefficients between gold and polysilicon. In studies conducted by Patrick Chu, the
flattest metal-coated mirrors were fabricated by sandwiching Ox2 between Polyl and Poly2 (Fig. 31)[14]. The

metal layer is necessary to increase the reflectance of the mirrors.

The curvature in the mirrors should be reduced as much as possible to improve the optical performance of

the CCRs. One way to reduce the mirror curvature is to change the thicknesses of the layers in the mirror.
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Another may be to deposit a metal layer other than gold onto the mirrors, which may also improve the reflec-

tance.

It is of interest to understand how the layer thicknessffsct the curvature of the mirrors, and to know
what other material properties affect the curvature. An expression for the radius of curvature for a bimetallic
circular plate is presented below. The circular plate is considered rather than a rectangular plate because the
analysis is simpler and serves as a good approximation oéffieet vaying layer thicknesses and material

properties will have on the curvature.

The curvature of a circular plate under a uniform temperature difference between the top and bottom sur-

face can be predicted as described in [15]. This solution is based on the following assumptions.
1) Plate is flat, has uniform thickness, and is composed of a homogeneous isotropic material.

2) The thickness of the plate is not more than about 1/4 of the least transverse dimension and the

maximum deflection is not more than about 1/2 the thickness.
3) All forces are normal to the plane of the plate.
4) the plate is nowhere stressed beyond the elastic limit.

For a uniform temperature défenceAT between thgottom and top sdiace fromr, toa (Fig. 32), the

deflectiony is given by

K YATa (37)

r
whereKy = —% forgO = 0 which is the case being considergd. is the coefficient of thermal expansion.

The same equation can be used to solve for the deflection of a bimetallic plate (Fig. 33) subjected to a

change in temperature change away from the temperature at which the plateTig flat ~ with the following sub-

stitution:
6(Yp — Y (T —Tp)(ty + 1)
YAT _ b~ Ya 0/\'ta™ b )
t t2K
b 1p
where
3
t . E,t(1-v,) Ect (1-v
Klp = 4+6_a+4%_a|] + ag( a)+ bb( a) @)
tb bl Ebt

S(1-v,) E ta(1-Vvy)

v is Poisson’s ratio an@ is Young’s modulus of elasticity.
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A bimetallic plate deforms laterally into a spherical surface when its uniform temperature differSfom

[15]. The radius of curvature can be approximated by the following expression.

a2
p= 2y (40)
After substitutions, the final expression for the radius of curvature is
2
t K
b™1
P e (41)

" B(Yy— Y (T-To(t, +1,)

The mirrors that have been fabricated in the MUMPS process actually have four layers, but the theory is
useful in searching for a means to fabricate flatter mirrors. If the poly-oxide-poly portion is treated as one layer

and the gold another, then tk&ects of varying the thickness of the gold layer can be predicted.

Alternative metals should also be considered. Some alternatives such as silver, aluminum, or a dielectric
have higher reflectance. Silver has excellent reflectance at all wavelengths greater than about 380 nm. How-
ever, silver can be excluded because of its tendency to tarnish. Also, the dielectric mirror would be very diffi-
cult to attach onto a MEMS structure at this time. Aluminum is an attractive alternative depending on the
wavelength of light used to interrogate the CCR. It has a higher reflectance than gold for wavelength less than

600 nm. However, the coefficient of thermal expansion of aluminum is higher than that of gold.

Calculations were performed to observe the effects of varying layer thicknesses and metal properties. The
bottom layer, metab . was assumed to be polysilicon, and meetal was either gold or aluminum. Values for
Young’s modulus for polysilicon, gold, and aluminum have been reported as 169 GPa, 80 GPa, and 69 GPa,
respectively [10][11]. Also, Poisson'’s ratio for polysilicon was reported as being 0.22. The coefficients of
thermal expansion of gold and aluminum a3 x 10° ° /cask 10° ° /cC. Unfortunately, values for the
coefficient of thermal expansion of polysilicon and Poisson’s ratio for gold and aluminum have not been
reported. For simulation purposes, the coefficient of thermal expansion for imetal wasl€et ap® - / C
which is simply a value less than that of gold. Poisson'’s ratio for gold and aluminum layer was assumed to be
the same as polysilicon. The exact temperature difference is also unknoWnh-s@) was assumed to be

100°C.

Fig. 34 shows the results for varying thickness of metal . The thickness of hetal was fixedmt 3
This plot shows that deeasing thehickness of the metah layer will increase the radius of curvature.
Increasing the thickness of metal , past a certain point will also begin to increase the radius of curvature, but

the rate of increase is much slower and the thickness required to achieve the required mirror flathess would be
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too large. This plot also shows that the gold metal has a higher radius of curvature than the aluminum metal.

This is mostly due to the larger efficient of thermal expasion for aluminum.

Fig. 35 shows the effects of varying the thickness of métal . The thickness of metal was fixed at
0.5um Increasing the thickness of metal increases the radius of curvature. However, the rate of increase is

much slower than that for reducing the thickness of matal

The thickness of metah  should be minimized to maximize the radius of curvature. However, the thick-
ness of the metal must be several times larger than the skin dgpth of the metal such that the metal is

reflective. The skin depth for a nonmagnetic metal can be calculated with the following expression:

gip = == (42)

In this expressionf is the frequency of the light, is the permeability of free splace 10_7 2) NfiAd
o is the metal's conductivity. The conductivities of gold and aluminum4atiex 107 S/m3amd 107 S/m,

respectively. The skin depth of aluminum is teforeslightly less than that of gold.

G. Packaging
MEMS CCRs are fragile and can be damaged by the surrounding environment so packaging is necessary to

protect the devices. The packaging must be transparent and have low reflectivity so that it does not reduce the
power of the interrogating and reflected light. There are several options for the shape of the packaging. A

hemispherical shape, a raised flat plate, and square pyramid shape aremhékig. 36).

The hemispherical shape is attractive because commercial vendors can be found to provide them. Also,
multiple CCRs can be placed within the same package. The trouble with this shape is that there will be lensing

effects if the diameter of the hemisphere is too small. This can affectdtiermance of the CCR.

A flat plate supported over the device(s) will not have the lensing effects of the hemisphere. However, the
package must allow light to pass for all useful incident directions. To avoid light being blocked by the edge of
the package, the plate must be made relatively large. Also, the reflectivity of the plate increases as the direction
of incidence approaches glancing incidence. This is an easy packaging option to use and multiple CCRs can be

placed under the same plate.

A square pyramid shape whose surfaces are normal to the body diagonals of the CCRs is an attractive
option. The useful incident directions will be closer to being normal to the packaging surface than for the flat
plate, reducing the loss due to reflection. This package can only contain up to four CCRs. It may also be more

difficult to fabricate this package that the other two types.
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V. Experimental Characterization of MEMs CCRs

A. Optical Characteristics
Using an interferometer constructed by Matt Hart at U.C. Berkeley [18], mirror surface data and misalign-

ment data was acquired for several CCRs. The mirrors fabricated in the MCNC process have spherical curva-
ture as the theory predicts. Fig. 37 is a plot of a typical set dbse data Bng a line bisecting a mirror. The
results show that the radius of curvature was approximately 15 mm. These mirrors are from MCNC run #28.
Typical mirrors from MUMPS run #30 had radii of curvature around 10 mm. Patrick Chu reported a radius of
curvature of 21.5 mm for the same mirror layout, but a different MUMPS run [14]. The curvature is likely to
vary from run to run. Regardless or this inconsistency, the radius of curvature is at least an order of magnitude

too small for these to be considered good CCRs.

The surface data for each mirror of a CCR was acquired by first aligning one mirror surface to the interfer-
ometer and then turning the CCR exactly°90 for each of the other two mirror measurements. Using this
method, the misalignment between each of the mirrors could be recovered. Table 2 presents the results for sev-

eral CCRs based on the notation in Fig. 8.  is the deviation from 90 or 1.5708 rad.

The only consistency in the data are the signs of the deviations. The angle is consistently less than 90
andf andy are greaterthan90 . The least amount of deviation was in  which is probably due to the wedge
fitting in to the slot. Clearly, the misalignment in theroent CCR dsign is too large and too inconsistent. This

issue must be addressed in further CCR designs.

B. Electrical and Mechanical Characteristics
The design for the tilted bottom mirror was originallyeated by Patrick Chu [12]. The process fdtirip

the bottom mirror is depicted in Fig. 39. First, the jack is pushed to raise the support plate. Then, the sliding
plate is slid beneath the support beam. Finally, the jack is released so that the support plate is resting on the
sliding plate. Fig. 40 shows a cross section of this design. For mirrors that aggn25b a side, the tilt is
approximately 45 mrad and the distance from the ground plane to the end of the offset mirror is approximately

14-16um depending on the design of the spring or support beams.

A large variety of different spring a#gns were fabricated and tested. Some of the designs tested are
depicted in Fig. 41. Many of the spring designs were fabricated in the Polyl layer as well as the Poly2 layer.
The dimensions of each spring were also varied as well as the spacing between the mirror and the support
plate. The design requiring the lowest drive voltage while consistently returning the mirror to its tilted position
was found to be a single beam structure fabricated in Poly2. The design is shown in Fig. 42 and is also shown

in the SEM in Fig. 39. Typical values for the drive voltage for this design range from 7 to 11 V.
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Using the analysis in Section IV.E and considering only the torsional bending of beam 1 and the bending

of beam 2, the following is the expression for the spring contant.

K, = Dok + =2 E_l (43)
= + —
s @G Elg
Table 3 lists all the values used to calculate the pull-in voltage. The end reduit .88 V. The theoretical

pull-in voltage is less than the measured pull-in voltages, but as mentioned earlier, the analysis provides a

means to improve the design and not necessarily accurately predict the pull-in voltage.

The turn-on and turn-off characteristics of this design were measured. Fig. 43 shows plots of the received
signal due to a step input drive voltage from low-to-high and high-to-low. The rise time is approximately 2 ms
and the fall time is approximately 6.5 ms. Notice that there is a second peak in the high-to-low transition. This
may be due to the mechanical ringing of the mirror after the electrostatic force is removed and the flexed beam
shaps it up to the tilted position. This results in a maximuraragingfrequency for full voltage swing of about

118 Hz. In other words, the CCR can be driven by a square wave with frequency up to 118 Hz.

The calculated resonant freqency is about 6.8 kHz which is orders of magnitude larger than the measured
maximum operating frequency. If the second peak in the high-to-low transition was in fact due to the ringing of
the mirror, it would suggests a resondntquency of about 200 Hz. Clearly, the effects of squeeze-film

damping greatly affect the transitions in the actuator.

VI. Discussion

A. Agreement between Modeling and Experiment
The corner cubes that were fabricated in the MCNC were too non-ideal to allow us to compare their optical

properties (e.g. DSCS) to the theoretical results of Section Ill. The mirrors were too curved and the misalign-
ment was too great. However, the CCRs were still able to communicate. A system similar to the one shown in
Fig. 6 with the imaging receiver replaced by a bare die was constructed to capture the reflected light pattern.
Fig. 44 shows theeceived ight from the CCR in the on and off states. The image captured by the die for the
CCRinits on state is only a smdthction of the far-field pattern of the light reflected by the CCR. If the CCRs

were good, this pattern would resemble the patterns seen in Fig. 17.

The bare die used to capture the image was replaced by a video camera, and the images that were captured

for the CCR in its on and off states are shown in Fig. 45. There is a clear difference between the on and off
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states that can be detected by an imaging receiver. The fact that the CCRs work at all with such a high degree
of misalignment and curvature may be that one error is compensating for the other. If the mirrors were flat and
the misalignment was as the data reflects, the CCRs would not be able to direct light to the receiver. The curva-
ture is the mirror is helping to compensate for the misalignment so at least part of the light can be directed to

the receiver.

B. Optimization of MEMS CCRs:
The three most important issues to resolve are reducing the mirror curvature, improving the alignment

between the mirrors, and optimizing the design of the actuator for low drive voltage and high operating fre-
quency.
1. Within MUMPS process

There are a number of technigues to improve the CCR design while continuing to use the MUMPS pro-
cess. To reduce the mirror curvature, the mirrors can be fabricated without any metal coating. The metal layer
can be deposited separately after the devices have already be released giving the designer control over the type
of metal and the thickness of the metal that is applied. This will allow the designer to minimize curvature and
maximize reflectance. By properly protecting the electrical contacts, a mask for the metal layer may not even
be necessary. The metal can simply be deposited over the entire device. The type of metal should be deter-
mined by the wavelength at which the system wilkogite. The metal layeshould be made as thin as possible
to minimize curvature. However, the metal layer must be several times thicker than the skin depth of the metal
used. For example, if the system was using red light with a wavelength of 632 nm the skin depth of aluminum
is 3.9 nm and is greater than the skin depth of gold which is 3.6 nm. At this wavelength, the reflectance of gold
is also slightly greater than aluminum. In addition, the curvature of gold for the same thickness is less than that
of aluminum. At this wavelength, gold is a better material to use than aluminum. However, if the system were
to use green light with a wavelength of 543 nm, the choice is less obvious. The skin depth of aluminum at this
wavelength is 3.6 nm, and the skin depth of gold is 3.3 nm. fHflectance of ofgold is about 0.5, and the
reflectance of aluminum is about 0.9. Thidfeience is reflectance results in 5.8 times gregtawer for alu-
minum than gold. Unfortunately, the curvature of the minimum thickness aluminum mirror with be greater
than the curvature of a minimum thickness gold mirror and could causeadeg loss than the gain from the
reflectance. This loss cannot be predicted at this time since values needed to predict the curvature are still

unknown.

The alignment can be improved by using multiple hinges at both ends of the mirror. This will reduce the

amount that the pin can swivel. More specifically, Mirror 1 (Fig. 21) should have another hinge on the end that
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only has one hinge currently. Also, the Poly2 extension from Mirror 1 should be shortened so that the flip lock
is closer to the mirror. There are certainly more ways to improve on the alignment without restricting oneself to

the current design, and the data suggests that this will be necessary once the mirrors are made flatter.

The tilt on the current actuator is larger than it needs to be for communication purposes. One way to reduce
the tilt is to remove the Poly1 layer from the support plate. This should reduce the tilt from about 45 mrad to
approximately 23 mrad. Once the tilt is reduced, the support beam(s) will need to be redesigned and could be
made more rigid to improve the operating frequency. There are many ways to tilt a mirror or mirrors of the

CCR, and alternative designs may prove &fprm better.

2. Best process to use for CCRs

The MCNC MUMPS process can be used to make working CCRs, but it may not be possible to make ideal
or near-ideal CCRs. In addition, the process of assembling the MUMPS devices is difficult and results in a
lower yield than is desirable. Currently, CCRs are also being developeffénetit MEMS processes such as
LIGA which is a process that allow the CCRs to be fabricated with the mirrors already properly aligned. In
addition, the mirrors can be made very thick to minimize curvature. There are problems with the this process as

well. The drive voltage is probably going to be much higher, and the size of the entire structure with be larger.

CCRs are also being made in the SANDIA process which isecully a three-structural poly layer process
and is likely to increase the number of structural layers in the future. Increased structuralgagsrenore
freedom in the design and can lead to easy-to-assemble CCRs with similar or better performance than the

MUMPS CCRs.

It is difficult to define a process to make ideal CCRs. The process must have thicker or more rigid struc-
tural layers than MUMPS so that the curvature in the mirrors is minimized. It should also provide enough flex-
ibility such that a well-aligned CCR that is easy to assemble can be designed. The process must also allow for

the design of an actuator with a low drive voltage and high operating frequency.

VII. Conclusions
Micromachined corner cube retroreflectors that can be used to transmit data in a free-space optical commu-
nication system have been fabricated and tested. The results show that a communication link employing these
devices can be created, but the performance is far from the theoretical limit. Aysentd determine the
DSCS of CCRs has also been presented, and can be used to predict the performance of CCRs and determine

device tolerances. There are a number of ways to improve the performance of CCRs. The mirrors can be made
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more flat, the alignment can be improved, the drive voltage can be reduced, and the operating frequency can be

increased.
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IX. Tables
Table 1: Rectangular polar moment of inertia constant c.
a/b c
1.0 0.141
1.5 0.196
2.0 0.229
5.0 0.291
10.0 0.312
00 0.333
Table 2:  Misalignment data.
CCR# a (rad) Aa B AR Y Ay
1 1.5697 -0.0011 1.5726 0.0018 1.5758 0.0050
2 1.5671 -0.0037 1.5713 0.0006 1.5721 0.0013
3 1.5680 -0.0028 1.5728 0.0020 1.5746 0.0038
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Tables

Table 3:

Values used to compute pull-in voltage and resonant frequency.

Parameter Value
ay 1.5pum
b, 10 pm
3 1.013x 10°° m?
L1 60 um
G 69.26 GPa
& 1.5pm
b, 10pum
I, 2.813x 10° m?
L, 135um
E 169 GPa
ry 83.6um
ry 333.6um
[ 45 mrad
W 250pum
N 4.835x 10° kg/m
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Fig. 2. Calculating the effective area of an ideal CCR.
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Fig. 4. Three-fold rotational symmetry of an ideal CCR.
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Fig. 7. Calculating the power received by an imaging receiver from a CCR.

Fig. 8. Discretization of the CCR surfaces.
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Fig. 9. Analysis of element min the CCR.
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Fig. 10. Projecting the parallelogram.
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Fig. 11. Calculating the Fraunhoffer diffraction integral.
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Fig. 12. Coordinate system used for simulation.



34 of 53 Figures

Fig. 13. Polar plot of the peak differential scattering cross section
da(n;, n, = n;)/dQ, for an ideal CCR.
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Fig. 14. Complementary cumulative distribution function of the normalized
peak differential _ scattering Cross section
(do(n;, n,=n;)/dQ,)/(do(n,(6 = 54.74, ¢ = 45°),n = n;)/dQ ) for
an ideal CCR orientechndomly.
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Fig. 15. Peak differential scattering cross section do(n;, n, = n;)/dQ vs.

radius of curvature of CCR mirrors.
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Fig. 16. Peak differential scattering cross section do(n;, n, = n;)/dQ vs.
CCR size for various incident directions and radii of curvature.
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Fig. 17. Plots of differential scattering cross section do(ﬁi, l"io)/dQ0 for flat
and curved mirrors from different incident directions.
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Fig. 18. Tilting the bottom mirror of the CCR.
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Fig. 19. Finding the minimum angular tilt and verifying with simulation. (a)
Differential scattering cross section of the CCR. (b) Contribution to the
differential scattering cross section from a single mirror. (c) Differential
scattering cross section from the CCR with a mirror tilted 1.5 mrad.
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Fig. 20. MCNC MUMPS layers.
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Fig. 21. A CCR that has not been assembled.



MEMS Corner Cube Retroreflectors for Free-Space Optical Communications 41 of 53

Fig. 22. An assembled CCR.

Fig. 23. MUMPS hinge.
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Fig. 24. Hinge layout and cross section.

Fig. 25. Flip lock.
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Fig. 26. Wedge in slot.

Fig. 27. Calculating the electrostatic force.
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Fig. 28. Bending of a beam due to a force and moment.

Fig. 29. Torsional bending due to a moment.

Fig. 30. Bumper.
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Fig. 31. Layout and cross section of a MUMPS mirror.

Fig. 32. Cross section of a simply supported circular plate with a uniform
temperature difference AT between the bottom and the top surface from r
to a.



46 of 53 Figures

Metal a *

Metal b

Fig. 33. Bimetallic plate.
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Fig. 34. Radius of curvature vs. thickness of metal a. The thickness of metal
b (poly) is fixed at 3 um.
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Fig. 35. Radius of curvature vs. thickness of metal b (poly). The thickness of
metal a is fixed at 0.5 pm.
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Fig. 36. Packaging options.



MEMS Corner Cube Retroreflectors for Free-Space Optical Communications 49 of 53

0.6 | | |

— Surface Data
0.5

- — — Sphere (p =15 mm)

04

0.3 |

y (um)

0.2

0.1

0 50 100 150 200 250
X (Hm)

Fig. 37. Surface cross section of a MUMPS mirror.

Fig. 38. Notation for misalignment data.
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Fig. 39. Process of tilting the mirror.
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Fig. 40. Cross section of the actuator.
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Mirror Support Plate

Support Beam

Fig. 41. Some of the support beam designs that were tested.

Fig. 42. Best support beam design.
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Fig. 43. CCR switching characteristics: (a) turn-on, (b) turn-off.
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CCR Off CCR On

Fig. 44. Far-field images of light reflected from a CCR in its off and on states.

CCR Off CCR On

Fig. 45. Images captured by a video camera of the light reflected from a CCR
in its off and on states.



