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Heat and Fluid Flow in an Optical Switch Bubble

John J. Uebbing, Stephan Hengstler, Member, IEEE, Dale Schroeder, Shalini Venkatesh, Member, IEEE, and
Rick Haven

Abstract—The Agilent all-optical bubble switch uses bubbles in
an organic fluid index matched to a silica planar lightwave circuit.
The bubble is created and sustained by heaters that are deposited
on an attached silicon substrate. Testing of the bubble shows how
heater power and ambient pressure affect bubble shape, size, and
optical reflection characteristics. Heat and fluid flow in the bubble
were modeled in 2D and 3D using the homogeneous bubble model
in the Flow3D modeling software. Fluid condensing on the trench
wall causes a dimple on the bubble and hence nonoptimum op-
tical reflection. To aid understanding, the bubble, silica walls, and
heaters were also modeled as a thermal resistance network. Be-
cause the pressure drop across the bubble wall is fixed, the bubble
size is determined by P ... /AT;, where P . is the heater power
and AT, is the temperature difference between the bubble and
the substrate. Heating the trench walls beyond the bubble temper-
ature with heaters located underneath the trench wall will dry out
the trench wall and give a stable optical reflection. As AT; ap-
proaches zero, a bubble is sustained without any heater power and
with zero fluid flow. This “static” bubble provides for a very stable
optical reflection. [1453]

Index Terms—Bubbles, fluidics, optical switches, microactua-
tors, microelectromechanical devices, resistance heating.

I. INTRODUCTION

HE Agilent Optical Bubble Switch was developed for use
Tas a optical cross connect for deployment at the nodes
of all-optical switched telecom networks. As light reflectors, it
uses vapor bubbles confined to trenches in a waveguide array. In
contrast to the inkjet bubble, the optical switch bubble is on con-
tinuously during operation. Continuous operation means that the
fluid flow is continuous, heaters dissipate power continuously,
and inertia effects are only noticeable during turn on and turn
off. The objective of the work presented here was to

1) understand the basic energy and material flow in the
bubble;
2) characterize the optical reflection properties of the bubble
and their dependence on other bubble properties;
3) find means to obtain a stable optical reflection.
The paper is organized as follows. In Section II, we begin with
a system description of the Optical Bubble Switch and its prin-
ciple of operation. Section III discusses the heat flow patterns
within the switching cell. The following section introduces the
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useful concept of bubble thermal transconductance. Details on
fluid dynamics modeling with the Flow3D finite difference soft-
ware package are given in Section V. In Section VI, we present
one of the main results of our research—the discovery of a thin
liquid film on the reflecting bubble wall. Section VII explains
the dependence of reflected signal power on bubble shape and
size followed by a brief excursion into bubble instability. Sub-
sequently, Section IX describes drywall operation, which elimi-
nates the liquid film on the reflecting sidewall. A switch bubble
may also be sustained at zero heater power as the derivation
in Section X reveals. Finally, in Section XI, we summarize the
main results of our research.

II. DESCRIPTION OF THE BUBBLE SWITCH

A. Layout

Fig. 1 shows a top view of a switching cell in Agilent’s
Optical Switch. The input optical signals travel in an array of
waveguides fabricated on a fused silica substrate. 15-pm-wide
trenches for containing the switching bubbles are etched into
the resulting planar lightwave circuit (PLC) at the cross points.
The attached silicon substrate called the matrix controller chip
(MCC) has a 32 x 32 array of small side or center heaters
located beneath each cross point. The resistive heaters are made
of tantalum aluminum alloy and their 0.08 pm thick active
heating area measures 6 x 40 pm. Without a bubble present
in the trench, the light can travel unimpeded from “IN” to
“DROP” port and from “ADD” to “OUT” port.

Fig. 2 shows a cross-sectional view of the trench, the bubble,
and the side heater elements. The material stack consists of a sil-
icon substrate at the bottom, a silicon dioxide passivation layer
containing the resistive side heaters, a 5-pm fluid-filled gap, and
the silica substrate with trench and waveguides on top. Conduc-
tive gold pillows are located above each side heater resistor to
spread the heat more uniformly.

The trench wall has a slight tilt angle to it as a result of the
etching process used to form it. Initially, only a single center
heater was used. Later we used only the side heaters. The side
heaters allow operating at a lower heater temperature due to their
superior heat transfer characteristics. As will be discussed in this
paper, they tend to dry out the trench walls during operation.
Otherwise, the bubble properties with both heater types are very
similar. In this paper, most references will be to operation with
side heaters.

B. Switch Operation

The switch operates when a bubble is created in the trench.
To visualize the geometries involved, Fig. 3 shows a side view
of the long side of an actual bubble with center heater only
and Fig. 4 gives a top view photomicrograph of a bubble with

1057-7157/$20.00 © 2006 IEEE



UEBBING et al.: HEAT AND FLUID FLOW IN AN OPTICAL SWITCH BUBBLE

1529

N 7
N /
N /

A h s /
A N / /
\ \ , P

N \ \ Trerch , IN' Signal
\ , ,
/ /
/
/
7 \Opﬂcul
y Waveguide
Bubble
eflecting wall
Side Heater ‘
/\/Sde Heater
N
Optical
Bubble N / waveguide
\
\
; \
/ ; \Cemer Heu?er\\ N
/ DROP /Signal OUT, Signal N
/ / N N
s / \ N
/ / N N
/ \
/ \

Fig. 1. Top view of switching cell.
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Fig. 2. Cross-sectional view of side heater-type switching cell.

side heaters. In these small bubbles, the only reliable nucleation
process is homogeneous nucleation. This occurs when the liquid
reaches about 88% of its critical temperature [1].

When a bubble is present in the trench, light from the in-
coming waveguide or “IN” port is reflected by total internal re-

Fig. 3. Side view photomicrograph of a bubble with center heater.

flection at the trench wall-bubble vapor interface into the “OUT”
port. Light incident at the “ADD” port is reflected back and
hence blocked due to asymmetric trench centering across the
waveguide crossing. When the bubble collapses, the trench com-
pletely fills with index matching liquid and light may travel from
the “IN” port freely through the trench into the “DROP” port and
similarly from “ADD” to “OUT” port.
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Fig. 4. Top view photomicrograph of a bubble with side heaters.

Fig. 5. Device assembly of Agilent’s Bubble Switch.

The bubble is maintained by evaporating liquid from the re-
gion near the heater. The resultant vapor maintains a pressure
inside the bubble that is & /7,1, higher than that of the sur-
rounding liquid. ¢ is the surface tension of the fluid and 7,
is the cylindrical radius of the edge of the captured bubble. The
hot vapor in the bubble condenses on the walls of the bubble es-
tablishing a circulating flow of fluid. This is very similar to the
bubble flow patterns described by Chen et al. [2], referenced in
[3], and much like those shown in [4].

C. Device Assembly

Fig. 5 shows the device assembly of Agilent’s Bubble Switch.
The MCC substrate is mounted on a molybdenum base plate.
A solder ring seal connects MCC and PLC leaving the gap for
the fluid. The optical ports “IN,” “OUT,” “ADD,” and “DROP”
are accessible at the four faces of the diamond-shaped PLC. A
small pipe connects the base plate to an external fluid reservoir
called the hot tub. This hot tub can be filled with fluid using a
separate fill pipe. We usually fill it to 2/3 fluid and 1/3 vapor
space. This provides the volume necessary to expand and col-
lapse the switching bubbles. In our experiments, the hot tub
was filled with degassed 2-Fluorotoluene, which establishes an
excellent optical index match to the waveguide. A single fill
hole—a through hole in the MCC—allows fluid from the hot
tub to enter the device, more precisely the 5 um gap between
MCC and PLC. The hot tub supplies fluid to all 32 x 32 = 1024
switching cells of the bubble switch.

Thermo-electric coolers control the temperature of the base
plate and hot tub separately. Forcing a positive temperature dif-
ference between hot tub and device will expand the vapor space
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inside the hot tub and fill the device with fluid establishing con-
stant fluid pressure across all switching cells. In our experi-
ments, a difference of 10 K typically yields the best compromise
between heater power required to sustain a switch bubble and
bubble collapse time. The higher the fluid pressure is, the faster
the bubbles will collapse at the expense of increased heater
power for bubble operation.

D. Optical Performance

The design of Agilent’s Bubble Switch was mainly driven by
meeting a set of optical performance specifications, which are
summarized in Table I in the Appendix. These specifications re-
flect what was considered a compelling and competitive product
for the optical switching market. However, during design and
characterization of the switch we encountered difficulties in si-
multaneously meeting the insertion loss and stability require-
ments of 8.5 dB and 0.5 dB, respectively. Note that insertion
loss is defined as the loss in optical power caused by inserting the
optical switch into the signal path. More specifically, depending
on the heater power applied, a switching cell would either attain
an insertion loss below 7 dB with a stability of 5 dB or achieve a
stability of 0.25 dB at an insertion loss above 10 dB. Above all,
this dilemma triggered the research and investigation presented
in the sections to follow.

III. BUBBLE ENERGETICS

A. Basic Heat Flow Patterns and Thermal Resistances

Fig. 6 shows a thermal profile of a device with side heaters.
This data was obtained from a two-dimensional Flow3D model.
The computer model, which is more extensively discussed in
Section V, uses the homogeneous bubble model. This model
assumes that the bubble temperature and pressure are uniform
throughout the bubble. More accurate modeling and [6] have
shown this to be a good assumption. Most of the heat flows di-
rectly down into the silicon substrate. The evaporating meniscus
uses from 2% to 3% of the total heater power to generate the
vapor that maintains the bubble. When the heater is located di-
rectly underneath the walls of the trench, a fair amount of the
heat travels up the sides of the trench wall. This heat can have a
significant influence on the optical properties of the bubble as it
may dry out the wall at the waveguide location. In this example,
the trench wall is hotter than the bubble in the lower or dry re-
gion of the wall.

B. Evaporation and Condensation

Evaporative flux in the bubble is modeled in Flow3D® as a
function of temperature and pressure jumps at the interface ac-
cording to the expression

M [ PP
h=Cy/ L 1
" 2R ( /T \/71,> ’ @

where Tj;, denotes the liquid temperature and P;** the satura-
tion pressure of the liquid at its temperature. 73, and P, refer to
the vapor temperature and pressure. M is the molecular weight
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Fig. 6. Bubble thermal profile with side heaters. Distances are in gm, temper-
atures are in K above T,,.

and R is the gas constant. C' is called the net accommodation
coefficient. For perfect molecular accommodation, C' equals 2.
Simulations with different accommodation coefficients show
that the resulting evaporative flux is not very sensitive to the
value of C'. The reason is that the limit to the rate of evaporation
is determined more by the rate at which heat can be supplied
by thermal conduction through the liquid rather than by the
rate as determined by (1). The liquid surface temperature 7j;,
and the corresponding P;** adjust to accommodate the thermal
conduction rate. C was set to 2 in all the device models. 7§ and
the corresponding P;** vary along the surface of the bubble.
They take on high values in the evaporative area near the heater
and low values in the upper condensing areas. Flow3D does
use the above model to calculate vaporization and condensation
along an isothermal bubble.

C. Heat Transfer to the Bubble

The simplest way to model heat transfer from the liquid to
the bubble is to use a heat transfer coefficient. This coefficient
can be worked out from (1) using tabulated fluid properties
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and measured pressure and temperature values. It is about 1.5
MW/(m?K) in Agilent’s bubble-switching cell. As Prosperetti
and Plesset [6] have shown, the bubble can be modeled as having
a uniform pressure and temperature. The bubble acts as a heat
pipe, and for simplicity the heat/mass transfer from liquid to
vapor and vapor to liquid can be modeled by assuming perfect
conduction inside the bubble, with heat transfer limited by the
heat transfer coefficient and thermal conduction in the liquid.
In the dry areas of the bubble wall, heat transfer can occur by
gas phase conduction. Under normal operating conditions, this
heating is small compared to the effects of vapor condensa-
tion. At very high heater powers and low hot tub temperatures,
there is no liquid near the heater and the walls become dry due
to vapor phase conduction. This regime is called the “Super
Bubble.” This regime is not a useful mode of operation because
of poor heater life and long bubble collapse times.

D. Thermal Impedance and Mutual Impedance

For purposes of a more intuitive, but less detailed under-
standing of the heat flow, we also used the simpler thermal
resistance model shown in Fig. 7. The figure shows a close-up
of the region near the side heater. This model gives a picture
of the heat flow in the vapor, fluid, and solid. For example,
the wall is heated both by heat flowing up the wall and by
vapor condensing on the wet part of the wall. Actual thermal
resistance values for a fixed bubble shape can be extracted from
finite difference simulations. The most important use of this
model lies in providing a framework for considering heater to
bubble thermal transconductance.

IV. APPROXIMATE HEAT AND VAPOR FLOW, NORMALIZATION
BY AT}

As discussed in the previous section, the bubble itself can be
modeled as a region of uniform temperature with heat and vapor
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flowing into and out of it. Using the thermal resistance network
model, the bubble temperature is given by

Pres
Ty = Tous + T h(9> (2)
or
P
F)u) §) = $7 (3)
bul ( ) Thuh - Tﬁuh

where I'},41,(s) denotes the mutual thermal transconductance be-
tween bubble and heater, Ti,y,h is the bubble temperature, Ty,
the substrate temperature, and P,. the heater power. I',,1(s)
can vary by 50% as a function of bubble size and shape.

We can also express the heater to bubble thermal transcon-
ductance as

PI‘G‘,S

rbub(S) = A_Tt

“
and alternatively refer to it as the normalized heater power. In
this equation

ATt = Thuh - T@uh (5)

and

A1115 =Ty +T5 —Tiu, (6)

where T} denotes the hot tub temperature and 7, is defined as
the change in temperature required to produce a vapor pressure
change sufficient to overcome the pressure difference between
the inside and the outside of the bubble. Surface tension o acting
over the cylindrical radius of the bubble edge causes this pres-
sure difference. By using the Clausius—Clapeyron equation, we
may approximate 7, by

20 RT?

bub

Ty =2 ———222
7 pbubhfthr

(N
Here, pp.p refers to the bubble pressure, hys, is the enthalpy
of evaporation, and W}, the trench width. AT} is also the dif-
ference between the actual substrate temperature and the min-
imum substrate temperature that will support a static bubble (see
Section X). The factor of 2 is used because the bubble radius is
one half the trench width. This normalized heater power exper-
imentally tracks bubble size and specific features in the optical
reflection signal versus heater power curve. These features are
discussed in more detail in Section VII.

V. FINITE DIFFERENCE COMPUTER FLUID DYNAMICS

As mentioned previously, we modeled the bubble using the
Flow3D finite difference software package. The trenches etched
in fused silica were modeled as fused quartz. The fluid, namely
2-Fluorotoluene, itself required twelve different parameters to
specify it properly. These are listed in Table III in the Appendix.
The homogeneous bubble model, e.g., uniform pressure and
temperature inside the bubble, enabled us to model the bubble
to our satisfaction. One of the numerical issues is modeling of
the contact line, where liquid, vapor, and solid interface meet. A
number of authors [5], [7] have devoted a lot of attention to the
fine details of very thin liquid films in these transition regions.
Flow3D simply balances forces and fluxes in such boundary
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cells. Flow3D produces the shape of the bubble surface near the
contact line that agrees with our experimental observations. An
example of an observed and a simulated bubble are shown in
Figs. 3 and 11, respectively.

A. 2D and 3D Simulations

During operation, fluid evaporates from a zone near the heater
and condenses on the sides and top of the bubble. The con-
densing fluid flows alongside the shorter trench walls back to the
evaporation zone. In the 2D model, we assume that fluid flows in
from the sides at the bottom and flows out at the top of the trench,
which is appropriately modeled by constant pressure boundary
conditions. In reality these flows are accommodated by signifi-
cant, but low pressure drop, flows in the third dimension. Very
misleading results are obtained if an area is blocked in the 2D
model that actually carries fluid flow in the 3D world. 3D mod-
eling is computationally very intensive but does handle the end
effects correctly. Under the boundary conditions as mentioned
above, 2D models give results in close agreement with equiv-
alent 3D models. In the remainder, we will refer to Flow3D®
simulation results at some length.

A 2D Flow3D simulation of the liquid velocity field with
center heater is shown in Fig. 8. Surprisingly, it reveals the ex-
istence of two evaporation-condensation vortices at the top of
the bubble that are symmetric to the bubble vertical axis. Vapor
condenses at the very top of the bubble and fluid evaporates at
the top of the bubble in proximity to the trench walls.

The authors strongly regret that an equivalent graph of Fig. 6
for the center heater configuration and of Fig. 8 for the side
heater configuration could not be recreated since their Flow3D
license had expired.

VI. FLUID ON THE TRENCH WALL

The single most important outcome of our research is the dis-
covery of a dimple in the bubble shape. The qualitative model
of the bubble shape drawn in Fig. 9 illustrates the dimple and its
reflective properties as the bubble height varies. It provided the
explanation for the mysterious decrease in reflected light power
with increasing bubble height, which is given in Section VII in
more detail. Figs. 8, 10, and 11 show the dimple on the surface
of the bubble. It is very difficult to observe the dimple visually,
but it can be seen under certain lighting conditions and inferred
from optical loss measurements.

A. Capillarity

The dimple is caused by capillarity. What happens is that the
condensing fluid piles up on the wall of the bubble. It tries to
escape through the thin film of liquid on the wall of the trench.
To push liquid through such a thin layer requires a significant
pressure difference. Simulations have shown 3000 Pa of pres-
sure difference between the center and edge of the dimple. The
high pressure in the center of the bubble wall causes the bubble
to form a dimple. The extent of dimple formation is governed
by the capillarity number, defined as
3w

Ca = =75 x 1078

®)

g
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where  denotes the kinematic viscosity, 7 the condensing mass
flux density, and ¢ is the surface tension. A sixth-order, non-
linear differential equation described by DasGupta et al. [5] and

Fig. 10. Lubrication model of dimples, Ca = 75 x 105,

by Homsy and Ajaev [7] can be solved to obtain the shape of
the vapor-liquid interface. This equation balances viscous and
surface tension forces. We numerically integrated the lubrica-
tion model equation without approximating the curvature by the
second derivative of the fluid thickness. Fig. 10 shows a series of
numeric solutions of the dimple shape for different bubble sizes
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Fig. 11. 3D view of the dimple model.
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under conditions of constant condensing flux density. Fig. 8
shows the fluid flow in a 2D device model.

B. Sensitivity to Waveguide Wall Angle

The fluid build-up on the walls is quite noticeable in the re-
flected optical signal. The acceptance angle for the reflected
light into the optical waveguides is fairly low since the wave-
guide has an optical numerical aperture (NA) of only 0.055.
This means that if the silica reflecting wall of the bubble is not
perfectly vertical, the light will not be fully reflected into the
waveguide of the “OUT” port resulting in optical power loss.
Fig. 12 quantifies this effect as the calculated reflected signal
power loss increases with trench wall tilt angle, which directly
translates into reflection losses for tilted bubble walls.

From Fig. 10, we see that as the power into the bubble and
hence the bubble size varies, the reflecting wall of the bubble at
the waveguide location will change angle. Thus, we expect the
optical power loss to change with bubble size; different dimple
geometries will cause varying amounts of light to escape the
waveguide structure. Fig. 13 provides experimental confirma-
tion. It shows two experimental sets of normalized optical signal
power vs. heater power curves—one representing the light re-
flected back into the waveguide and the other the light that is
being reflected upwards from the waveguide. Clearly, as a result
of the dimple moving across the waveguide location, the back-
reflected light attains a minimum (‘“Valley”) when the up-re-
flected light takes on a maximum.

The correlation between the bubble model of Fig. 9 and the
“blow curves,” which we call plots of normalized reflected op-
tical signal power versus heater power, of Fig. 13 is our best
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experimental evidence for the dimple in the bubble wall. The
thickness of the fluid layer at the dimple’s center is in the order
of 1 pm. It is very difficult to observe the dimple without using
an interferometric microscope.

VII. BLOwW CURVES AND NORMALIZED HEATER POWER

Fig. 14 shows a series of blow curves, in which the signal
power has been normalized to its maximum value. The curves
were taken at a fixed hot tub temperature of 60°C and substrate
temperatures ranging from 10 to 60°C.

The physical causes for the shape of the blow curves in
Figs. 13 and 14 are best understood from the bubble model of
Fig. 9. As the heater power increases at a fixed fluid pressure,
the bubble grows in size. Hence, as the bubble grows, different
sections of the bubble wall move across the waveguide’s core
area. For small bubbles, most of the light is reflected upwards
and very little light is reflected from “IN” to “OUT” port. A
first maximum in reflected light called “Foothill” is attained
when the flat section above the dimple meets the waveguide.
Further increasing the bubble size results in a decrease in
reflected light because the bubble’s inward curvature reflects
a fraction of the incoming light downwards. The blow curve
shows a local maximum when the center of the dimple lines up
with the waveguide’s location. As discussed in Section VI, the
fraction of signal power reflected into the outgoing waveguide
decreases again while the section of inward curvature below the
center of the dimple moves across the waveguide. At some high
heater power the wall dries out, and the blow curve reaches a
plateau of maximum reflected optical power. This occurs for
the so-called “Super Bubble,” which completely fills the trench
and even extends into the gap between PLC and MCC.

The blow curves in Fig. 14 are very sensitive to substrate
temperature when the hot tub temperature remains fixed. This
is readily understood from the fact that the bubble size is very
sensitive to changes in fluid pressure at constant heater power.

In Fig. 15, we plotted the heater power P,.s required at major
features of the blow curve as a function of bubble to substrate
temperature difference AT;. The slope of the lines equals the
thermal transconductance I't,,,1,, which is obtained through (3),
for that particular feature or size of bubble. The features corre-
sponding to larger bubbles possess a larger ['},,1,, as one may
expect from the discussion in Section IV.

According to (7), T, was found to be 1.5°C for this particular
organic fluid, degassed 2-Fluorotoluene, at the given operating
temperatures. In theory, all bubbles with the same curvature, or
same T,, should be stable at zero power when ATy = 0 (see
static bubbles in Section X). Therefore, all curves in Fig. 15
should project to zero heater power at AT; = 0. However, only
the curve for a bubble with I'},,,;, = 2.5 mW/K indicates this
projection through the origin. The data presented in Fig. 15 is
known to have a measurement error in substrate temperature
of about 5°C. Clearly, this is not sufficient to have the curves
project to zero. Other fundamental causes of this discrepancy
are unknown at this point, and probably reflect the limitations
of the thermal transconductance model.

For most features of bubble operation—including “Hill,”
“Valley,” and the “Super Bubble”— this normalization to ATy,
which is defined in (5), does reveal the tradeoff between heater
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power and the difference in hot tub and substrate temperature.
The parameters that do not scale with this normalized heater
power are vapor and liquid flux and the bubble stiffness. Fluid
flux is proportional to heater power. The bubble has higher
stiffness at higher fluid pressures, making its shape less sensi-
tive to changes in heater power.

The benefit of normalizing the heater power to AT} is that
characterization data can be taken at one set of substrate and
hot tub temperatures and still allow us to predict operation at
different substrate and hot tub temperatures but with the same

temperature difference. We were able to verify this property in
several measurements.

VIII. BUBBLE INSTABILITY

The bubble tends to be sensitive to small perturbations. This
causes the reflected signal to vary in amplitude over time. The
major perturbations are most probably caused by contaminants
in the fluid. Particle contamination is either already present in
the MCC and PLC or introduced during the fluid fill process.
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extracted from a Flow3D bubble simulation.

Further process improvements are required to control and min-
imize such contamination.

The contaminants become concentrated in the evaporation
zone due to its high fluid flux. This concentration of contam-
inants cuts the rate of evaporation. Hence, the bubble shrinks
to accommodate the smaller evaporative flux. However, under-
standing the exact mechanisms of fluid contaminants and their
impact on bubble dynamics requires further research.

We would expect the bubbles to be stable without the pres-
ence of contaminants. With contamination, the best reflection
stability is obtained by drying out the wall of the trench at the
waveguide location, which will be discussed in the following
section.

IX. DRYWALL OPERATION

Because of the large amount of fluid around the bubble, the
bubble temperature is very nearly at the average saturation tem-
perature corresponding to the bubble pressure. There is very
little superheat. This means that the trench wall will be wet with
condensing fluid at locations where the bubble is hotter than the
wall. On the other hand, if the waveguide temperature exceeds
the bubble temperature, then the wall at the waveguide will be
dry.

We call Ty,a1 — Thup the dryness margin, where T, denotes
the trench wall temperature at some location. Fig. 16 plots the
trench wall temperature as a function of z-height along with
the bubble temperature and the waveguide location. Under the

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 15, NO. 6, DECEMBER 2006

operating conditions here, we will have a dry waveguide. Fluid
condensation will occur right above the waveguide.

Experimentally, by looking at the reflected signal versus time,
and at the stability of the reflected optical signal, we were able
to determine whether the waveguide was drying out. In some
cases, we observed optimally dry waveguides. In other cases,
we could only achieve partially dry waveguides. The fluid gap
Woeap and the presence of contaminants mainly determine the
achievability of dry waveguides.

Furthermore, measurements of optical characteristics under
drywall operation confirmed that the optical performance spec-
ifications of Table I in the Appendix were met—especially in-
sertion loss and stability.

A. Bubble and Waveguide Differential Heating

Another method of keeping the waveguide mirror wall dry
is to cool the bubble. A long and/or deep trench will allow the
bubble to penetrate into the cooler region away from the heater.
As the heater power rises, the bubble expands into the cooler
regions. With a long, deep trench, the bubble never reaches the
ends of the trench and 7,4, = Wi, /2. Because 7,5, only gets
smaller as the trench narrows with depth, the bubble pressure
and temperature remain nearly constant. This region is called
the constant pressure or Cp region. When the bubble reaches the
ends of the trench, the pressure starts to rise and 7,1, decreases
as the bubble pushes into the corners of the trench. This region
is called the constant volume or Cv region. In this region, both
bubble and wall temperature continue to increase. Fig. 17 plots
bubble and wall temperature at the waveguide location as a func-
tion of side heater power. The transition from the Cp to the Cv
region occurs at 17.6 mW, at which the bubble hits the top of the
trench. For side heater powers greater than 12.4 mW, the wall
temperature exceeds the bubble temperature and a dry wave-
guide results. One realizes that if the waveguide mirror wall has
not dried out at the transition from Cp to Cv region, it will never
dry out. As the heater power is increased, the bubble tempera-
ture rises at about the same rate as the wall temperature. Hence,
the bubble will always remain hotter than the wall at the wave-
guide location.

Another interesting fact is that the condensing vapor heats
the trench wall. As the heater power is raised, the expanding
bubble will heat the wall where the fluid condenses. Thus,
increased waveguide mirror dryness is a result of a competition
between wall heating by conduction and condensation and
bubble cooling by expansion into cooler regions.

X. STATIC BUBBLES

It turns out that if the ambient fluid pressure is reduced by
more than Ap = ¢ /7,y below the vapor pressure at the given
substrate temperature, the bubble will maintain itself without
any power dissipation in the heater or any fluid flow in the de-
vice. This is the case when AT; < 0. However, if the pressure
difference exceeds 2¢/ Weap, the bubble will expand into the
gap between PLC and MCC and the device may lose all of its
fluid.

This self-maintaining bubble with a stable, intermediate pres-
sure difference is called a static or metastable bubble. It pushes
into the corners of the trench. Fig. 18 shows a photo of such a
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Fig. 17. Bubble and wall temperature versus side heater power. The temperature data was obtained from a 2D simulation with Flow3D.
TABLE I
OPTICAL PERFORMANCE SPECIFICATIONS
% Parameter Symbol Specification Units
% optical passband (wideband) 1260-1360, nm
1480-1580
insertion loss IL 8.5 dB
uniformity U 2.6 dB
i wavelength flatness WE 0.2 dB
' e - stability 0.5 dB
- “""I-'ﬂj repeatability 0.05 dB
cad polarization dependent PDL 0.2 dB
loss
. . . . . . crosstalk XT -55 dB
Fig. 18. Side view photomicrograph of a static bubble. directivity D 55 aB
return loss RL 55 dB
differential group delay DGD 0.2 ps
bubble. The optical reflection from this bubble is very stable. maximum allowable optical 25 dBm
. P power
The radius of curvature everywhere is given by switching time 10 s

A
T > —. ©)
ag

This means that any minor defects in the silica mirror wall are
actually filled-in by fluid and hence the reflection properties are
excellent. Notice that in case of surface defects, a slightly wet
wall is better than a dry one for maximizing reflection.

The change in temperature, AT, between the hot tub and the
substrate required to maintain a static bubble follows directly
from the Clausius—Clapeyron relation

o Ap RThzuh
p o hpg

The higher the liquid ambient pressure, the smaller AT is.

The key to making a useful switch with a static bubble is to

find a method of turning it off. For instance, some kind of local
pressure pulse would be required.

AT (10)

XI. CONCLUSION

In this paper, we have shown how simple analytic models,
Flow3D finite difference modeling, and a number of exper-
imental observations have helped us to explain the behavior

of the opto-fluidic bubbles encountered in Agilent’s Optical
Switch.
In summary, our research on optical switch bubbles revealed
1) the value of simple thermal conductance modeling in elu-
cidating the basic bubble energetics;
2) the importance of bubble temperature in determining
bubble behavior;
3) the convenience of normalizing the heater power by the
difference between bubble and substrate temperature;
4) the consequence of the details of wall condensation in de-
termining the reflective properties of wet wall bubbles;
5) the significance of wall temperature minus bubble temper-
ature in determining whether the wall becomes dry;
6) the drywall operation of the optical switch to meet all op-
tical performance specifications;
7) the existence and potential value of very stable, static bub-
bles.

APPENDIX
See Tables I-II1.
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TABLE II
NOMENCLATURE

Symbol Quantity Units
Apubr: evaporating area of the bubble m?
C accommodation coefficient

Ca capillarity

Cp constant pressure region

Cy constant volume region

hp enthalpy of evaporation J/kg
m condensing vapor flux kg/(ssm®)
M molecular weight kg/kgmole
P vapor pressure of the fluid Pa
Phub vapor pressure inside the bubble Pa
Py vapor pressure inside the bubble Pa
P saturation pressure of the liquid Pa
Pres heater power w
R gas constant J/(kg'K)
Youb bubble radius of curvature m
Toub bubble temperature °C
Tc condensing surface temperature °C
Ty evaporating surface temperature °C
T hot tub temperature °C
Tiig liquid temperature °C
Ty vapor temperature inside the bubble °C
Toup substrate temperature °C
Towall trench wall temperature °C
Twe waveguide wall temperature °C
Ts equivalent temperature difference that generates °C

pressure to overcome surface tension
Wy trench width m
Weap gap width m
Ap difference in pressure across the bubble wall Pa
AT difference in temperature between hot tub and °C
substrate
AT; bubble to substrate temperature difference °C
T thermal transconductance W/K
Thup heater to bubble thermal transconductance W/K
v kinematic viscosity m?/s
[y} surface tension N/m
TABLE III
PHYSICAL PROPERTIES OF 2-FLUOROTOLUENE
Parameter Symbol Value Units

liquid density P 1001 kg/m®
liquid heat capacity cp 1540 (kg K)
liquid thermal conductivity K 108 W/K
liquid viscosity v 0.64-103 Pa-s
fluid-solid contact angle 0, 0 °
surface tension c 27.64-107 N/m
temperature coefficient of do -0.114-107 N/mK
surface tension ar

ratio of specific heats v 1.08

specific heat of vapor (at cy 944 J/(kg'K)
constant volume)

enthalpy of evaporation hy 321.4-10° J/kg
vapor pressure (at 25 °C) ¥4 3.25:10° Pa
accommodation coefficient C 2
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