Micromechanically based integrated optic modulators and switches
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ABSTRACT
The i of mi ined devices into i d optic systems offers the potential for both miniaturization
mdunplvvedpufmnameofmesesymms In this paper, an ek switch i vnlhanopucal gui
is described that is suitable for phase and intensity ion and thns ion or The
ical switch is i using surface micromachining techniques and consists of a ‘multilevel polyimide
platform, someregmofwhwhmnmpemiedZ 3umaboveﬂwmvegu1desmfxcemdotlmrean 15 pm above the
waveguide surface, The platform is free 0 move in the vertical direction Applmamnofvolmgebe!weendwpmfmnmd
substrate bnngs the plﬂform into intimate contact with the g
of this ique (o multiple mmesmcrcatemulubltdxslmmmmuusﬂy
envisioned.
LINTRODUCTION
Recemdevek:pmenmmmxcmmachnunghavebdwmmmhmﬂmgmwtypesofmmnmmu -5, In addition,
and devices onto a silicon wafer or wavegludc snbstlale is
cmntlyofgma!mm i for optical ication applicati [6-7), Some i
especially involve m&hes and for example, iplexi i of optical slgnals, optical beam
steering, and switch time delay [8 'i] To achieve these devices, it is
possible to use ials like ik ials, e.g. LINDO3, i and i hqundcrysuls
However, it would be also desirable to use passive i of passive opncs

applications are low loss, lower index of refraction, compatiblity wuh ﬁberoptu:s and the abllny to bc fabricated using
standard integrated cn'cmt materials, for example, Si, $iO7, and Si3Ng4. Thus, it is possible to imagine integrating optical

with the disad of passive i uﬂmﬂwwq«neddungeofmdexmumbe
induced externally. Therefore, we need some or other i ials in order to induce
modulation. Wemahzadmfncemwrmlachmngcanbensedmhxghpcrfmnmopmﬂdevw These devices are useful
for optical switches and Ouwr ion of a movable platform

and inclusion of electrodes to tunc as well as adjust the alignment. mnwv:bleplatfmnlcanbefabma(edonﬂnﬂun
film waveguide on quartz and Si wafasua] This paper discusses materials issues that involved in lelecung materials for
mmnls and

swmhesand and design tons which are being dcvelopedforsevualkmds organu:
ign and ion. Although these devices are being P 1!
falmcatwnwchmquccanbcnlsoapphedmodmdcvwes,faemmpk s on guide
2. DEVICE CONCEPT
I d optical 1 '—mtypwallybmdon ials systems exhibitil
mouslooptlcpmpemes Inthecaseofpnsswe guid systems other mmbeuuhzedwwhuve
These ly rely on surface elements that interact with a guided beam

typicall
through evanwcent effects or by spoiling the waveguiding action. Surface stabilized ferroelectric liquid crystals have been




used to d ide directional coupler (8] and mechanical rely on the use of surface elements that interact
devices. Mechamca!ly based devices have also been reporwd (9], The device reported herein is a microactuator based structure
used to spoil the optical waveguiding action. Operation is dependent on a moveable platform with a thick dielectric film that
makes contact with the waveguide surface.

Upon contact, light is coupled from the waveguide Fim  n>n
into the platform mounted dielectric film where it is [:]/_ n, o
either absorbed or scattered. To promote coupling, the

refractive index of the dielectric film must be greater ~ Light
than the waveguide effective refractive index (see
Figure 1). Another material issue is that high
dissipation in the film may be required to spoil the
waveguiding, and to reduce the worry about any light
coupled back into waveguide. In addition, the film
should be compatible with micromachining
techniques so that we can, for example, pattern the ~ Light
material using standard plasma etching. Thus, a
variety of material of polyimides and filled
polyimides were investigated. We looked into two
different types of materials; first, lower-loss materials

(Du Pont PI-2555, PI-2611), Second, higher-loss
materials such as photosensitive polyimide(Du Pont
PI1-2721), Probimide 348(Ciba-Geigy), PI-2555(Du Figure 1. Device concept of attenuator/switch
Pont) loaded with 10 % carbon black, and PI-2555(Du

Pont) loaded with 10 % ferro black.
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3. WAVEGUIDE FABRICATION

The optical waveguides are fabricated using an ion exchange process. A borosilicate glass, BK 7, is used as the substrate
material due to its excellent optical properties. To generate a ide, the glass are i in a 0.25 molar %
silver nitrate melt buffered with sodium nitrate. For single mode waveguides, a diffusion temperature of approximately 325
°C and an immersion time of 10 minutes is satisfactory. In the as diffused state the substrates will not guide; therefore the
waveguide is further annealed an additional 30 minutes at a temperature of 500 °C. The annealing step promotes further
diffusion and helps to dissipate any metallic agglomeration. The resulting waveguides are of excellent quality with
attenuations of only 0.1 to 0.2 dB/cm at 632.8 nanometers.

4. MATERIALS TESTING

As a test vehicle for the fabrication of a waveguide on
io BK 7 glass a simple channel
guide was d and d by using a lift-off
process to define the waveguide edges. Figure 2 is a
photomicrograph of the fabricated channel waveguides. In
order to test light transmission as a function of film type for
several kinds of polyimides, we prepared two different
classes of materials. First, lower loss materials, Du Pont
polyimides PI-2555 and PI-2611, were used as received.
These materials are slightly yellowish and transparent (note
that they are not low loss in the sense of waveguide
materials, but they have low loss in comparison to the other
materials tested here). Second, higher loss materials such as
Du Pont pholosensmve polylmlde PI-2721, Ciba-Geigy
ve p bimide-348, PI-2555 loaded
with carbon black, and PI- 2555 loaded with ferro black, were
investigated. These latter four materials are translucent or Figure 2. P of waveguide on i
opaque black. BK-7 glass substrate




We prepared two thin films from each of these
materials. One had a length of 2.5 mm and the other
had a length of 7.5 mm. Both had a thickness of 3
um. The i light can be dasa
function of incident light intensity with films both in
contact and out of contact with the waveguide surface.
Our experimental apparatus to accomplish this is
shown in Figure 3. Figure 4 shows the experimental

of the microa on the guide.
In Figure 4, P-coupling prism, M-mirror, WG-
waveguide, S-substrate, DET-detector, L-lens, MP-
movable platform, and EL-electrode. A He-Ne laser
(A=632.8 nm) of 300mW output power was used as
the incident light source. The incident laser beam is
coupled to the waveguide through a A/2 plate filter,
so that the incident light intensity reaching the
waveguide can be varied. The platform on the top of
this waveguide can be electrostatically drawn down to
the waveguide surface, thus modifying the waveguide
transmission characteristics. For these film studies,
the thin films of various materials were used in place
of the platform to evaluate their attenuation
characteristics prior to platform fabrication.

Figure 5 shows experimental data for lower loss
materials. The y-axis is the measured output power of
the transmitted light in mW as a function of the input
power in mW. The various lower loss materials are
plotted together on the same scale; the slope of the
data is inversely related to the attenuation
characteristics (small slope = large attenuation). A PI-
2611 sample which is 2.5 mm in length shows
almost no attenuation in this test. If we increase the
length of the PI-2611 sample from 2.5 mm to 7.5
mm, we find that the attenuation greatly increases.
Examining the PI-2555 samples, both the 2.5 mm
and 7.5 mm lengths are highly attenuating. Figure 6
shows experimental data for the higher loss materials.
Note that the y-axis ranges from 0 to 30 mW whereas
x-axis still ranges from 0 to 300 mW; thus, these
attenuations will be larger than for the lower loss
materials. Examining these data, the attenuation of
the PI-2721 is the least, followed by Ciba-Geigy
Probimide-348 and the filled PI-2555 and PI-2611
materials.

Figure 4. i imental of the

microactuator on the waveguide

Taking the slope of these lines as a quantitative measure of the attenuation, we can summarize the data we have
obtained in Figure 7. Here is shown on the x-axis the different types of materials and for each group the left hand bar
represents 2.5 mm length of film covering the waveguide, and the right hand bar represents the 7.5 mm length film
covering the waveguide. There are several results which can be immediately extracted from these data. First, the 2.5 mm
film always has less attenuation than the 7.5 mm film; i.e., the more film area in contact with waveguide, the larger the
attenuation losses. Second, the relative performance of these materials is assessed. We find that PI-2555 loaded with 10%
ferro black and PI-2555 loaded with 10% carbon black performed relatively well, whereas the other materials are relatively
poor in terms of their attenuation. The ferro black material, however, could not be plasma-patterned since the ferro black
dye used with not plasma etchable; however, the carbon black polyimide and PI-2555 could be plasma etched. Therefore,

either of these

Ily actuated platform attenuator.

are very good candidates for the
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Figure 5. Incident light versus guided output power for Figure 6. Incident light versus guided output power for
lower loss materials higher loss materials

Figure 7. The slope of transmission data for several kinds
02 |  of polyimides
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5. PLATFORM FABRICATION
5.1 Single L Surface Mi hined Platf
Surface mi hined movable are used as the waveguide spoiling element. Typical platform sizes are

squares ranging from 50-2000 pm on a side, suspended by four diagonally-oriented arms ranging from 50-2000 pm in
length. The structure is fabricated using surface micromachining techniques as shown in Figure 8. An oxidized silicon
wafer and an ion-exchanged BK-7 glass substrate are prepared as the starting material. An adhesion layer of chromium 200
A in thickness followed by a gold layer 3800 A in thickness is evaporated onto the wafer using an E-beam evaporator and
patterned into an electrode pattern for use in electrostatic plate positioning. The wafer and electrodes are then coated with an
insulating layer of polyimide (Du Pont PI-2555) deposited in one spin coat of 5000 rpm for 30 seconds, followed by a
prebake of 130 °C for 20 minutes in air and a final cure of 300 °C for one hour in air (Figure 8a). Layers of chromium (for
adhesion) and copper (as electroplating seed layer) are then ited as ibed above and to form anchors for the
arms of the movable plate, and additional copper (the sacrificial layer) is lated to a final thi of i

15 microns (Figure 8b). A second layer of polyimide (the structural material) with an after-cure thickness of approximately
7.5 microns is deposited. In order to pattem the polyimide, a hard metal mask of 200 A of chromium (as an adhesion layer)




Figure 8. Fabrication sequence of surface
B hined of

and 2500 A of gold is evap onto the polyimide and to
form the platforms using a solution of iodine and potassium iodide in
water as the gold etchant. The exposed polyimide is then etched in a
10% CF4 - 90% Oy plasma to form the gold-covered polyimide
platforms and expose the sacrificial layer (Figure 8c). Finally, the
copper sacrificial layer is removed using a ferric chloride etch at room
temperature to free the polyimide plates (Figure 8d). The plates
typically took 1 - 2 hours to release depending on their size.

2 Itilayer and Mol Surface Micromachin

Platforms

The structures are fabricated in a similar fashion to the
single-layer structures along with the modifications described in
Flgun 9. A borosilicate glass, BK-7, substrate prepared as described
in the section 3 is used as the starting material. An adhesion layer of
chromium 200 A in thickness followed by a gold layer 3800 A in
thickness is evaporated onto the wafer using an electron beam
evaporator and patterned into an electrode pattern for use in
electrostatic plate positioning. A copper layer approximately 3 pm
in thickness (the first sacrificial layer) is then evaporated on the wafer
using an electron beam evaporator and patterned to form anchors for
the arms of the movable plate. The thickness of this layer could be

(n) af!cr

by ing, but this was not done for the
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latforms described here. The first structural layer is then deposited.
Du Pont PI-2555 is spin-cast in four coats of 2750 rpm for 90
seconds, with a soft bake of 130 °C for 20 minutes between coats.
Upon deposition of the four coats, the polyimide is cured at 300 °C
for 60 minutes in air, yielding an after-cure thickness of
approximately 12 um. This polyimide is patterned using 100%
oxygen plasma to form the first structural laycr The wafcr is then
d in a copper ing solution as described above and
the second sacrificial layer is deposited in a self-aligned manner.
Deposition is stopped when the second sacrificial layer reaches the
top of the first structural layer, yielding a sacrificial layer thickness of
12 um. A second polyimide layer (second structural layer) is
i to the first layer. A hard metal mask
of 200 A of chromium (as an adhesion layer) and 4000 A of gold is
evaporated onto the polyimide and patterned to form the platforms
using a solution of iodine and potassium iodide in water as the gold
etchant. The exposed polyimide is then etched in a 100% oxygen
plasma to form the gold-covered polyimide platforms and expose the
sacrificial layer. Finally, the copper sacrificial layer is removed using
a ferric chloride etch at room temperature to free the multilayer
platforms. These relatively small platforms typically took
approximately 1 hour to release. Scanning electron micrographs of
the fabricated structures are shown in Figure 10. Figure 10(a) is a top
view of the fabricated structure, which Figure 10(b) is an angular
view. The multilayer aspect of the platform is evident in the angular
view. The arms of the platform are suspended 15 pm above the
surface, which the lowest part of the platform is only 3 um above the
surface.

Figure 9. i ion of i platform ication. The sacrificial layer is shown in light shade while the bridge
material is shown in black. (a) after deposition of first sacrificial layer; (b) after deposition and patterning of first structural
material; (c) after selective deposition of second sacrificial layer; (d) after deposition and patterning of second structural material;

(e) after removal of sacrificial layer.




(a) (b)

Figure 10. Scanning electron mi hs of multilayer surface mi ined platform. (a) Top view; (b) side view. The upper
platform is approximately 400 km on a side, and is suspended by arms approximately 500 jm long, 40 im wide, and 12 um thick.
The lower platform is approximately 400 um long, 70 jm wide, and 12 pm thick, and is integrally attached to the upper platform.
The lower platform is suspended approximately 3 im above the surface, while the upper platform is suspended approximately 15
um above the surface.

In order to get good contact and light absorption structures, molded surface micromachined movable platforms were
fabricated. The structures are fabricated in a similar fashion to multilayer structures in the above. After depositing the first
sacrificial layer, it covers with cured-photoresist as a molding pattern (instead of polyimide) and ificial
layer.

. ELJ STATIC RESULT:

In single layer surface we have d the largest plate as much as three
hundred microns in the plane of the wafer, and 15 microns normal to the plane of the wafer. The qualitative electrostatic
actuation of these devices was also i i and ion was achieved. For example, for a 100 x 100 pm
square platform suspended 15 pm from the surface of the wafer, application of 50 V between the platform was sufficient to
attract the plate 15 pm down to the surface.

In surface mi hined ication of i y 65 volts between the platform and an
electrode laterally displaced on the surface was sufficient to laterally deflect the platform approximately 5 um. This structure
will be useful in ical ications currently under i igation where intimate contact between platform and
substrate is necessary with no intervening electrostatic electrodes shielding or otherwise interfering with the contact. Thus,
this process can be used to fabricate i bl several tens of microns above the
surface of the wafer. However, only small changes in transmitted light were observed upon actuation. Performance is much
less than expected from film studies. We are i igati i inati ieving good contact, and

processing residues between polyimide and waveguide.

7. COl TON!
In summary, we have devices for achieving IO modul. and switches on passive waveguide structures and
demonstrated the concept using polyimide and filled polyimide films. Also, the I for the mi brication of
and their ination with optical guil have been d.
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