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Design and Fabrication of a Circular Digital
Variable Optical Attenuator

Winston Sun® Junaid Mughal®, Frank Perez®, Nabeel Riza”, Wilfried Noell?, Nico de Rooij?
4ngtitute of Microtechnology (IMT), University of Neuchétel,
Rue Jaquet Droz 1, CH2007, Switzerland.
PNuonics, Inc. 3361 Rouse Road, Suite 170 Orlando, FL 32817.

ABSTRACT

The second generation circular digital variable optical attenuator (CDV OA) with an effective area of 1500 um diameter has
been designed and fabricated based on SOI technology. C-band incoming Gaussian light can bereflected to an outgoing fiber
from a shiny circular area, which is divided into sectors that can be individually tilted and addressed electrostatically to
achieve variablelight attenuation. Using adelay mask process, each movable component i) has an underlying ridgeframeto
maintain flatness, ii) is suspended by two micro beams at a bridge structure that connects to a handle where aluminum
electrode is located underneath, and iii) is separated by wall structures at the handle area to reduce crosstalk from adjacent
electrodes. Critical fabrication processesincluding the mirror and chip release are performed using a HF vapor phase etcher.
Fluidic pressure and chip-dicing shocksare avoided. Initial results show that amirror sector suspended by two 345 pumlong
beams with a cross-section of about 5x5 um? can be tilted to 2.8° at about 18 V driving voltage. Initial interferometric
measurement gives estimated individual mirror flatness after metallic reflective coating to be about A/15. The assembled
chips are ready for further testing and characterization.

Keywords. SOI, VOA, HF vapor-phase-etcher, DRIE, and delay-mask process.
1. INTRODUCTION

As described in the work of Brackett et al. that intensity deterioration over distant transmission lines isinevitable, signal
amplifiers’ are needed to retain the original energy level. The wavelength dependency of these components has been well
known and thoroughly studied®~®. For awavelength division multiplexed (WDM) system where multiple optical signalscan
be multiplexed to transfer along asingle optical fiber, one objectiveisto maintain aflattened transmission bandwidth by gain
equalizers for example. However, if the input optical power varies, the output profile is also distorted. Variable optical
attenuator (V OA) was designed to solve this problem. By adjusting the attenuation level of individual wavelength channel,
output profile that is equalized and independent to the input optical intensity variation can be obtained. As the
telecommunication network becomes more densely developed, the number of multiplexed input is expected to be rapidly
expanding. Such growth demands more durable, accurate, compact, and fast-response VOAsfor numerous de-multiplexed
wavelength channel outputs. |ncreasing novice MEM S-based VOAs will be available to suite various needs as fabrication
technology advances. Rizaet al.”~° proposed adigital paradigm which inspired this project as an attempt to extend thework.

2. OPERATION PRINCIPLE

The circular digital VOA is the 2™ generation device designed to improve the shortcomings we observe from the 1%
generation'® ™. A 4-bit deviceisillustrated in Fig. 1 asan example. It consists of 6 mirror sectorsthat are arrayed to forma
circlewith aradius R of 750 um. The gap between adjacent mirrorsis2 um. The areaof each sector iscomputed such that
the reflected intensity corresponds to a certain portion of the overall intensity.

In general, theintensity reflected from the K" bit mirror should be twice as much asthe (k+1)™ bit mirror as described in the
concept of therectangular digital VOA™. InFig. 1, each of thetwo 3" bit mirror isidentical to the 4™ bit, thereforetilting the
two mirrors of the 3" bit should have twice the optical effect of tilting the single 4™ bit mirror. The Gaussian intensity
volume above the 4™ bit sector Vg, can be expressed in terms of the Gaussian amplitude A, the half Gaussianbeamwaistw =
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Vertical wall

Fig. 1. Theoperation principle of the4-bit device. Thelayout inthex-y planeisdirectly taken from the mask editor program. Thez-scale
isexaggerated for illustration purpose. (8) The4-bit device consistsof 6 mirror sectors. Each mirror sector islinked to handleviaabridge
structure where suspension beams are connected from the vertical walls of the frame. (b) The 1% mirror bit is actuated. Light reflected
from the actuated bit will be diverted away from the outgoing fiber, which is not shown here.

250 pum, the inner radius Ry, the outer radius R = 750 um, and the 60° span angle. A close form solution can be obtained by
using the polar coordinates r and 8as shown in the following equation.
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A C-band incoming signal from above the device with 500 um Gaussian beam waist can be collimated and pointed at the
center of the circular areawith metallic coating and reflected to an outgoing optical fiber that isnot shown in theillustration.
An advantage of a circular array is that the illumination orientation in the x-y plane is independent due to the symmetric
layout. Each sector is bridged to a handle where an aluminum electrode will be located underneath after assembling the
device chip and the electrode chip. The bridging structure is where the suspension beams link between the tiltable mirror-
bridge-handle component and the vertical walls, which serve as el ectrostatic barriers between adjacent electrodesto reduce
crosstalk. The two suspension beams are placed in a V-shape configuration not only to conform to the outer radius of the
circular sector. Comparedtoa“cross’ design withthe“+" shape where the two suspension beams are coaxially connected
and orthogonal to the bridge’ slongitudinal axis, the V -shape beams hel p reduce beam buckling and constraint planar mirror
movement. All junctions of the suspension beams are rounded to reduce stress concentrations.

The mirror-bridge-handle configuration provides mechanical leverage to generate large optical effect with low driving
voltage. Compared to the design in the 1% generation VOA, thelarger handle areais definitely more efficient in consuming
the electrostatic energy to tilt the mirror. We are also aware that intrinsic stress in the device layer of a SOI wafer is
inevitable. Even at stationary stage without actuation, supporting the mirror from the device frame directly with suspension
beams would result in mirror bending possibly due to sight frame contraction upon sacrificial oxide release. Greywall
proposed the usage of aT-bar stressreliever™ at the junction where the suspension beam meetstheframe. Thismethod might
not be applicableto usasthe extradegree of freedom from the T-bar would allow the entire mirror to be pulled down aswell
astilted. Applying electrostatic force on the handle and joining the suspension beams to a bridge structure would solve
mirror bending problemsthat occur during actuation and fromintrinsic SOI stress, respectively. Fig. 1billustrateshow the 1%
bit mirror is actuated and tilted. A notch at the handle provides a path for the electrode routings to avoid short-circuiting
when the edge of the handle isin contact with the electrode wafer.

Another advantage of a symmetric circular configuration is that the algorithm used in computing the mirror areas is less
complicate compared to previous work with rectangular mirrors. Although not visually obvious, theintensity reflected from
the 1% mirror bit that consists of asmall circle, a120° small sector, and a60° large sector is computed to be equal to the sum
of all other bitsand twice as much theintensity from the two mirrors of the 2™ bit. With agiven sequence to actuate these 6
mirrors, this device is capable of providing 16 attenuation levels. For visualization purpose, 4 of the 16 possible
configurations showing the reflected Gaussian intensity volume areillustrated in Fig. 2.
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Fig. 2. Visualized Gaussian intensity volumereflected fromthecircular digital V OA asviewed from aperspective angledifferent fromthat
inFig. 1. (a) Stationary or the 0000 configuration. All mirrorsareat “on” state. Attenuationis0%. (b) The 1000 configuration wherethe
1% bit is actuated or at “off” state. Attenuation is2%/16 =50%. (c) The 1100 configuration where both the 1% and the 2™ bit are at “off”
state. Attenuation is(2°+2%)/16 = 75%. (d) The 1110 configuration whereonly the 4" hitisat “on” state. Attenuation is(2°+2%+2%)/16 =
87.5%

3. FABRICATION

The fabrication begins with a 15 um frontside, 2 um buried oxide (BOX), and 250 um backside SOI wafer, which is first
oxidized by 1 um. Photoresist is spincoated on the backside and photolithographically patterned. Exposed oxideisetchedin
BHF solution. The pattern on the backside oxideistransferred to the backside handle layer by DRIE. A patterned backside
view isrendered in Fig. 3a. A circular block at the center of each chip is designed to cover the openings from the frontside
mirror pattern. It provides protection to the buried oxide by minimizing the fragilethinfilm areathat is accessible from both
thefrontside and the backside. Itispossibleto fabricate several height steps on the frontside device layer with multiple mask
and successive DRIE using the delay-mask process introduced by researchersincluding Bourouina™®. A similar processis
used that creates 2 height differences to reduce the suspension beam thicknessto 5 pm while maintaining wall barriersto be
15 pm between adjacent electrodes. Spacers separating the device chip and the el ectrode chip are therefore not needed. The
fabrication continues by growing thin 200 nm oxide on the processed wafer. Photoresist is spincoated on the frontside and
photolithographically patterned with alignment to existing backside marks. After immersing the wafer in BHF to patternthe
frontside oxide, photoresist is stripped in acetone. The wafer is then dried, spincoated a new layer of photoresist, and
patterned photolithographically for the 3" time with alignment preferable to the frontside marks.

After the 1% DRIE at 5 um depth, the photoresist is stripped by oxygen plasma, leaving behind apartially patterned frontside
devicelayer and an oxide mask. When the 2" DRIE iscompleted for the rest of the 10 um depth, the mirrors and the chips

Chip outline Mirror ridge
supporting
structures

Mirror
handle

Chip release
openings
Device
layer
@ access

Fig. 3. (@) Thepattern on the backside of the SOI wafer. The chip outline can already be seen. The chip dimension iswithin4.6x4.6 mm?
(b) Two height steps on the frontside with adelay mask process gives more flexibl e suspensions and thinner mirrorswith lessweight and
inertiawhile maintaining a frame height for the chip.
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areready for release, for which we custom built aHF vapor phase etching system similar to the setup described by Anguitaet
a.”®. The corresponding frontside appearance of the wafer isrendered in Fig. 3b.

The chipsare released based on the process proposed by Overstolz*°. Thewafer isplaced in contact with aheated chuck with
frontside facing down over abeaker of 50% HF solution. The embedded oxide will be under-etched anhydrously to release
themirrors. Thewafer isthen flipped to have the backside facing down until all protection blocks are dropped by the gravity
effect as illustrated in Fig. 4a. Afterwards the wafer is reversed for the last time until al chips are released. The grid
structures on the frontside of the wafer provide safety nets to prevent the chips from falling into the HF solution. Slight
tapping might be necessary to detach the chips from the wafer, which can be lifted to separate from the chip asillustrated in
Fig. 4b. Toprevent excessiveliquid condensation and stiction during the vapor phase HF release, the wafer temperature must
be elevated between 30°C to 34°C to etch directly exposed oxide at about 4 umv/hr. We also fabricate using the same process
8-bit and 16-bit deviceswith 12 and 24 mirror sectors, respectively. Before assembly, 700 A gold isdeposited onthechipsas
reflective material with 100 A titanium as the intermediate adhesive layer.

For the electrode wafer, a shallow tub is needed for spacing to allow vertical displacement of the ridge structure when a
mirror is tilted. A quartz wafer is photolithographically patterned and immersed in BHF to etch 10 pm-deep tubs as
illustrated in Fig. 4c. After duminumis deposited and patterned as electrodes, the quartz wafer is diced.

An alignment setup with along working distance microscopeisbuilt to assemble the quartz el ectrode chip to thedevice chip,
which is held in place to a rotation chuck by slight vacuum suction. The quartz chip is clamped by a pair of tweezers
mounted to aXYZ table. Electrode wiresarevisually aligned asillustrated in Fig. 4d viathe transparent quartz chipsto the
electrode routing tunnels on the device chip. The horizontal clearance between an electrode wire and each side of arouting
tunnel is15 um. Once acceptable alignment isreached, the quartz chipis pressed against the device chip to ensureno relative
motion. A tiny droplet of UV glue can be applied at the cornerswhere thetwo chipsoverlap. Dueto the capillary action, the
gluewill run through the gap into the filling area. The cliff where the 15 um-high frontside device layer meets the backside
handle layer platform interface can also be a glue stop to temporarily prevent excessive glue from running into the mirror
cavity. Once UV light isshined to curethe glue, conductive adhesive can be applied toi) electrically connect thedevice layer
access corners (see Fig. 3a) to the grounding wirepads asillustrated in Fig. 4e and ii) adhere the assembled chip to a PCB,
which isthen cured in a 100°C oven for about an hour before wirebonding.

Grid structures as

(e) Apply conductive chip safety nets

adhesive for device
layer grounding

(b chip ¥
release

/
/

/(0) 10 ur%1
N

Electrode
routing tunnels

(d) Quartz electrode
chip alignment
and assembly

Apply UV
glueto this
filling area Glue stop
Fig. 4. lllustration of the chip release and assembly. (@) Protection blocks are dropped after releasing the mirros. (b) The wafer can be
lifted to leave detached chipson the chuck. (c) Shallow tubsarefabricated on the quartz el ectrode. (d) Electrodewiresarevisualy aigned
to ensure no contact with the routing tunnels. (e) Tiny droplet of UV gluerunsinto thefillingarea. UV lightisshinedto curetheglue. (f)
Conductive adhesive is applied to electrically connect the device layer access corners to the grounding wirepads.
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SEM picture of a 16-bit deviceisshown in Fig. 5. Several of the 24 mirror-bridge-handle components can be clearly seen.
Stiction is not as severe as the 1% generation VVOA with rectangular mirrors and parallel suspension possibly because the V-
shape beams help reduce planar motion. A dropped protection block of an 8-bit deviceisshownin Fig. 6a. The backsideis
etched by DRIE for 250 um and some slight over-etching at the silicon-oxide interfaceis observed. Apparently some oxide
areas do not have full protection from both the frontside and backside, which makes the crack on the oxide film easier to
propagate and damages the thin frontside beams. It isnecessary to fine-tunethe DRIE parameter to achieve amoredesirable
outcome and increase the yield.

-

Fig. 5. SEM picture of a 16-bit device with 24 mirror sectors. Gap between adjacent mirror sector is 2 pm. The suspension beams are
interdigitated to maximize the length.

J60x  IMT samis i
[rorr— a 225t k.

Fig. 6. (8) SEM picture of adropped protection block from an 8/bit device. (b) Over-etch is observed at the Si-oxide interface.

224  Proc. of SPIE Vol. 5455

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 07 Jun 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



4. MEASUREMENT

The mirror flatness of the pre-assembled chips with metallic coatings is measured using the WYKO white light
interferometer. A 4™ bit mirror sector of a4-bit device has4 cornersasshowninFig. 1. A vertical scan using the phase-shift
interferometry (PSI) modeisshowninFig. 7a. Theprofilewithalarger height differenceisshowninFig. 7b withavaueat
23.34nm. A 1% bit mirror sector has 8 corners. Itsvertical scanisshowninFig. 8a. Theheight variationis97.17 nm shown
inFig. 8b. Flatness measurement for the 2™ bit mirror sector also with 8 cornersfrom a4-bit deviceisalsotaken. Theheight
variations along the two orthogonal profilesare also about 100 nm. It appearsthat the flatness of amirror sector with fewer
corners is higher than that with more corners, where more stress concentration causes larger degree of mirror bending.

For the suspension beam of an 8-bit device, the length and the cross section are approximately 345 pm and 6x5 pm?,
respectively. With proper device grounding, amirror of an 8-bit device can be successfully tilted at about 18 V. Hysteresisis
observed that the mirror flips back to the stationary state when the voltage drops below 5V. For a 16-bit device, the length
and the cross section of asuspension beam are about 157 um and 2x5 um?, respectively. Thetilting voltageishigher at about
28V and the restoring voltage isaso below 5 V.
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Fig. 7. (&) WYKO interferometric image of the 4" bit of a 4-hit device as viewed from the top. Effective magnificationis 10.3X. The
underlying ridge structure can be barely observed. The profileaongthe X -directionsisshownin (b). Total height variation is23.34 nm.
The profile along the Y -direction in (c) has atotal height variation of 17.78 nm.
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Fig. 8. (8) WYKO interferometric image of the 1% bit of a 4-bit device as viewed from the top. Effective magnification is 10.3X. The
profilealongthe X -directionsisshownin (b). Total height variation is97.17 nm, which correspondsto within the A/15 range. Theprofile
along the Y-directionin (c) has atota height variation of 44.56 nm.
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5. DISCUSSION

The DRIE parameters need to be fine-tuned to reduce the backside over-etch at the Si-oxide interface. We believe such
improvement would greatly enhancetheyield. For the chip release process, attention must be paid when designing the stripe
widths at the protection block and the chip release openings as shown in Fig. 3b. The mirrors must be the first group of
components to be released; otherwise the dropping protection block would pull aong the mirrors and fracture the fragile
suspension beams. Inaddition, for batch processing purposeit isrecommended to have the protection blocks dropped before
the chips are released. The overlapping area must be carefully designed to ensure a correct timing sequence.

At the lower left corner of Fig. 7a, the image of a suspension beam isalso captured. The beam width can be estimated with
higher magnification, but measurement on narrow structureis not recommended, especially when the narrow object could be
rounded from fabrication process. Taking the interferometric measurement on the topmost layer might not reflect the true
width of the beam.

The metallic reflective layer of the rectangular VOA in the previous work was coated also with gold but the adhesive layer
was chrome, which isknown to cause stress and noticeable mirror curvature difference before and after the coating. Titanium
is selected to be the replacement and shows good conformability.

Some mirrors are occasionally tilted even when no voltageis applied. Possible causeisresidual charge build up at the non-
conductive quartz surface. Proper grounding is therefore a primary requirement to operate the device in a satisfactory
manner. Continuation of voltage increase after tilting would cause the entire mirror-bridge-handle component to snap down
but no beam factureis observed. The cross-talk effect on atarget mirror is not noticeable when the same driving voltage is
applied to an adjacent electrode.

6. CONCLUSION

The4-hit, 8-bit, and 16-bit circular digital variable optical attenuator (V OA) are designed and successfully fabricated based
on the SOI technology, delay mask process, and the HF vapor phase etcher. Compared to the rectangular VOA in previous
work, each mirror sector isactuated at the handle and suspended at anarrow bridge structure. Thesefeaturesbring individual
mirror flatness of the 4-bit deviceto the A/15 range even after metallic reflective coatings. The current combination of 100 A
titanium intermediate adhesive layer and 700 A gold layer gives acceptably low curvature influence and reasonably good
reflectivity. Large electrode and itslong distance from the suspension pivot create an effective leverage which cause 2.8°
mirror tilting at below 18 V for a8-hit device and below 28 V for a16-bit device, respectively. Further characterizationswill
be conducted.
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