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Thermal bubble powered microactuators

Liwei Lin, Albert P. Pisano

Abstract Thermal bubble powered micro mechanical actuators lp = moment of inertia of the actuator plate, m*

have been successfully demonstrated in working liquids. Iveam = moment of inertia of a suspended beam structure,
Micro mechanical plates which function as the mechanical m*

actuators are 70 x 60 x 2 pm® in size. They have been fabricated ] - = current density, Amp m*

by surface-micromachining technology and suspended 2 ym k, = thermal conductivity of silicon nitride,

above the substrate by the supports of cantilever beams. watt m~'°C™!

Micro thermal bubbles which are generated by heavily ko = thermal conductivity of silicon dioxide,

phosphorus doped polysilicon line resistive heaters have

et e e T

watt m~'°C™!

been used to lift 'the mechanical qlatcs in a commlla!:-le k.+o = oxide and nitride combined thermal conductivity,
manner. The typical current required to generate a single, watt m~!°C™!
sp.hencz'a] t.her:'nal bubble as the actujafmn. source on top of the k, = thermal conductivity of polysilicon, watt m ~*°C™"
micro line resistors (60 x 2 x 0.3 um’ in size) is 8.4 mA (8o m k = thermal conductivity of silicon substrate,
_ Watt) in FC 43 liquid (an inert, dielectrical fluid available . watt m=1°C"! v i

from the 3M company). The thermal bubbles have been L -1 :ln i the smieta b
demonstrated to actuate the mechanical plate perpendicularly to = length of the micro eater,‘m
the substrate with a maximum elevation distance of 140 pm and Loam = length of a suspended cantilever beam, m
a maximum actuation force of 2 pN. This new actuation Ly = length of the actuator plate, m )
mechanism is expected to find applications for micro fluidic 14 = pressure of the liquid surrounding the micro
deviceS. bubble, N m e

). = pressure of the vapor inside the micro bubble,

Nm™?

Nomenclature ; : .

R = resistance of the micro line heater, ohm
¢ = specific heat of polysilicon, watt m-'°C! r = radius of the micro bubble, m
D = diameter of a thermal bubble without actuator Tap = the contact circle radius of the bubble and actuator

plate on top, m plate, m R
E, = Young’s Modulus of polysilicon, Nm™* T = temperature along the micro line heater, °C
E, = thermal conductive shape factor Tssmax = steady state maximum temperature on the micro
ol = bubble force to lift up the actuator plate, N line heater, °C
Fuuspie = bubble force acting perpendicular to the actuator T, = ambient (bulk) temperature, °C
plate, N T, = reference temperature in heat equation, °C

Fihermo = thermocapillary force, N t, = thickness of the gap between actuator plate and
h = thickness of the actuator plate, m ground, m

t, = thickness of silicon nitride, m

2 = thickness of silicon dioxide, m
Liwei Lin* Albert P. Pisano w = width of the micro line heater, m .
Department of Mechanical Engineering, x = coordinate along the length of the micro line
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m? second ~'°C~!
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Pp = density of polysilicon, kgm ™~

gy = the surface tension of the liquid, Nm™'

0, = deflection angle at the center of the actuator plate,
degree

& = polysilicon temperature resistivity coefficient, °C ™"
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Introduction

Micro devices driven by different mechanisms in air have been
successfully demonstrated. These actuation mechanisms include
thermal actuation [1], electrostatic force [2, 3], magnetic force
[4] and many others. The same mechanisms which have
functioned well in air face difficulties in driving micro fluidic
devices due to the high drag imposed by fluid viscosity. Although
several driving mechanisms in liquid have already been
demonstrated, they have drawbacks. Piezoelectric pumps (s, 6]
and electrohydrodynamic pumps [7] require high driving
voltages (from tens to hundreds of volts) to overcome drag due
to fluid viscosity effect. Ultrasonic lamb wave devices [8],
although requiring only a small input source (a few volts),
generate low output forces.

A powerful driving mechanism in liquid environment can be
easily generated by nucleating thermal bubbles [9]. The printer
manufacturers (as exemplified by Hewlett-Packard and Canon)
have already demonstrated one usage of the powerful thermal
micro bubbles by ejecting ink droplets for printing [10].
Although the pressure generated by the nucleating of micro
bubbles has been estimated to be 10 atm [11], to the best
knowledge of the authors, this pressure has not been previously
used to directly actuate a micro mechanical structure in
a-direction normal to the substrate. Motion parallel to the
substrate has been demonstrated by researchers recently at
Sandia National Laboratories [12].

This paper presents the novel usage of the micro thermal
bubbles for direct mechanical actuation. It is the first time that
the micro bubbles have been used to mechanically lift micro
mechanical structures in working liquids. Both the nucleation of
the micro thermal bubbles and the controllability of the micro
mechanical actuators have been demonstrated. The electro-
thermal model of the line resistive heater, the mechanical model
of the actuators and the pressure and force model of the thermal
bubbles are presented.

2
Design and fabrication

2.1

Design

The thermal bubble powered actuator consists two parts as

illustrated in Fig. 1, a micro line resistor and a mechanically

liftable actuator plate. The polysilicon micro line resistor is

placed underneath the actuator plate and functions as a micro

resistive heater to generate micro bubbles. The actuator plate is

suspended above the substrate by a cantilever beam and is free to

move perpendicularly. By passing a sufficient power through the

micro line resistor via the two driving pads, a micro bubble can

be generated and used to mechanically lift the actuator plate.
The dimensions of the micro line resistor are 60 um long,

2 um wide and 0.3 pm thick. These values been chosen

Micro Bubble Driving pad

Cantilever beam
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Fig. 1. Schematic diagram of a bubble powered microactuator. The
actuator plate is drawn as transparent to show the micro bubble and
heater underneath it.

Si substrate

Fig. 2. Fabrication process for the bubble powered microactuator

emperically based on the previous design experience [13]. The
actuator plate has the dimension of 60 x 70 x 2 pm® in order to
fully cover the micro bubble generated during the normal
operation. The separation distance between heater and plate has
been determined by the thickness of the sacrificial PSG layer
(2 pm for a standard surface-micromachining process [3).) The
only structure that has design variations in this paper is the
cantilever beam which has width ranging from 2 to 10 pm and
length ranging from 200 to 400 pum. Both the cantilever beams
and the actuator plates have the same thickness of 2 pm.

2.2

Micromachining processes

The cross section view shown in Fig. 2 illustrates the process
sequence. Wet oxidation of silicon wafers is first performed to
create a 0.55 um thick silicon dioxide layer. A LPCVD
silicon-rich, low-stress nitride deposition of 0.45 pm thick is
followed. Both the silicon dioxide layer and the silicon nitride
layer serve as the thermal barrier layers underneath the micro
line resistive heater. Both the line resistive heaters and the
contact pads are made of LPCVD insitu phosphorus-doped
polysilicon of 0.3 pum thick which is deposited and plasma etched
on top of the silicon nitride layer. A 2 um thick of LPCVD
phosphosilicate glass (PSG) is deposited on top of the line
resistive heaters to create the suspension spacing for the actuator
plates and cantilever beams. Dimples which have been designed
to reduce the sticking problem in the final releasing process are
defined. They have the sizes of 2 x 2 pm? and 1 pm deep into the
PSG layer by a timed, 5:1 BHF wet etch. The anchors of the
cantilever beams are defined in the same PSG layer and plasma
etched down to the first polysilicon layer. A 2 pm thick LPCVD




Fig. 3. SEM microphoto of a fabricated microactuator. The actuator
plate, micro line resistor, driving pads and two dimples can be seen in
the photo :

polysilicon is deposited to form the structures of cantilever
beams and actuator plates by a CCl, plasma etch. Finally,
sacrificial PSG is removed in 10:1 HF for 90 mins and the whole
wafer is rinsed in DI water and dried out under an IR lamp.
Figure 3 shows the SEM microphoto of the fabricated device
including the actuator plate, two dimples, two driving pads, and
a portion of the cantilever beam.

3
Theoretical modeling

3.1
Micro line resistor electrothermal model

A lumped, one dimensional electrothermal model can be
derived for the micro line resistor by the law of energy
conservation [9]. The second order partial differential heat
equation is derived as:

g=%%§+e(1’—ﬂ) (1)
%, 0

in which T is the temperature along the micro line heater, ¢

is time, a, is the thermal diffusivity of polysilicon. Both ¢ and T,
are parameters that are functions of heater dimensions and
thermal properties of the insulation layers. These variables are
expressed as:

o= i (2)
&Py

e k’”'ﬂ-Fl fzpoﬁ:p
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T= e+ =————, (4)
koz(t,+ t)e  kye koe
Where kn+o is the combined thermal conductivity of silicon
dioxide layer and silicon nitride layer underneath the micro line

'kn+a=

FC 43 liquid
1

Actuator plate (polysilicon)

Silicon substrate

Fig. 4. Cross section view of the isothermal lines for a 2 um wide micro
line resistor under the actuator plate and immersed in FC 43

resistor. It can be expressed as:

knko(t:+1,)

Koty +knt, )

An excessive flux shape factor, F,, is used in the equations
to account for the excessive heat conduction losses to the
substrate and to the environment. This factor is defined as
the total heat flux out of the micro line resistor per unit length
divided by the heat flux going directly under the resistor width
only.

_total heat flux per unit length ©)
- Wkn+n(r" Tx)
t,+

F,

No analytical solution can be found in this case and a finite
element analysis is performed to simulate this number. An
electrostatic finite element solver {14] is used in this case

based on-the fact that the electrostatic-field is analogy to the -

thermal field. The simulation result is shown in Fig. 4 where
isothermal lines are plotted around the cross section of the
micro resistor. It is noticed that most heat transfer occurred in
a small confined region under the actuator plate and the highest
temperature is at the micro line resistor. The excessive flux
shape factor, F,, is simulated to be 1.64 in this case.

The maximum temperature occurs at the middle point for the
micro line resistor underneath the actuator plate. It can be
expressed as:

cosh(\,f’e i)

This equation gives important information about the bubble
formation temperature on the micro line resistors.

T(x)samlx= Tr'“(Tr— Tﬂ:‘)

3.2

Cantilever beam and actuator plate mechanical response

It is assumed that the total bubble force, Fqp, acts as a
concentrated force at the center of the actuator plate as seen in
Fig. 5. By applying beam theory with variable cross section areas
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Fig. 5. Schematic force diagram of a micro bubble acting underneath the
actuator plate

[15], the deflection, d4p, and the rotation, 6,,, at the center of the
actuator plate are derived:

— Li’em + -Lbum Lap Zme
6¢F—Fap[( zEpr{.m )( 3 +Lap)

LlulmLap Lap
+(25’Imﬂ){Li..m+Lap}+(3£ I»):I ®
_ Ltclm +2LbeamLa L:p
Oep=F. "’[( o ) t (25,1.,)] (9)

where Lyeam is the length of the Cantilever beam, L, is the half
length of the actuator plate and Iveam, Iop are the moment of
inertia of the beam and the actuator plate respectively. The
deflection of the actuator plate is measured under a microscope
such that the force of the micro bubble can be calculated
according to Eq. (8). The rotation of the actuator can be derived
subsequently by using Eq. (9).

A side force due to thermocapillary effects can be caused by
large deflections as seen in Fig. 5. Due to the rotation of the plate,
the micro bubble is pushed away from the center to the edge and
a restoring force caused by thermocapillary effect is induced.
This termocapillary force can be expressed as:

Fﬂumo == Fap tan 9@ e

(10)

This force is the result of the strong temperature differences in
a small region and is called the Marangoni effect [16, 9], the
thermocapillary force induced by gradients of surface tension in
the liquid.
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Micro bubble pressure response

The pressure created by a stand along micro bubble in a pool
of liquid is illustrated in Fig. 6. The vapor pressure inside
this spherical bubble is equal to the liquid pressure outside
the bubble plus the interfacial surface tension according

to the Young-Laplace equation [17]:

Pv=Pe+20;' (1)
where p, and p, are vapor and liquid pressures respectively, r is
the radius of a spherical micro bubble and g, is the surface
tension of the liquid.

To analyze the bubble pressure underneath the actuator plate
as seen in Fig. 7, a first order model is constructed. The bubble

(")

Fig. 6. Schematic diagram of a micro bubble in liquid
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Fig. 7. Top and Side view of a micro bubble underneath the actuator
plate

SIDE VIEW

actuation force is expressed by extending the Young-Laplace

equation:

i
Fa= (m )(T-'-Tap)
where J,, is the measured deflection, t, is the thickness of
original gap between actuator plate and the ground, o, is the
surface tension of the surrounding liquid, and re, is the radius of
the contact circle between the bubble and the plate as seen in
Fig.7.

Unfortunately, the contact radius, 74, is not observable for the
current micro actuators which use a 2 ym thick opaque
polysilicon actuator plate. Two measurable quantities are used
to estimate rqy. For a given value of input power, the bubble
diameter, D, is measured without the actuator plate on top.
Then, for the same input power, the deflection of the actuator
plate, dap is measured. The total bubble area in each case is
assumed to be the same. This preliminary estimation is based on
the assumption that under a fixed input power, the micro line
resistor gives the same evaporation rate both before and after the
thermal bubble is squeezed by the actuator plate. Since an
equilibrium state is reached during the experiments, the
condensation rate of the vapor thermal bubbles can be assumed
to be about the same. According to a first order approximation
[18], the condensation process is directly proportional to the
total surface area of the micro bubble such that the total area of
a micro bubble is equal to the total area of a squeezed bubble
under the actuator plate:

(12)

zp==z(mz,,)+—-t_"“5“;+‘ ) (2nrap)

(13)
Where D is the measured micro bubble diameter without
actuator plate on top and ., is the measured deflection of
actuator plate under the same input current. The value of r,

under different input currents is derived by measuring D and
6“? .




Table 1. Experimental data fﬂll: micro bubble diameter and input current.

Current (mA) 53 55 57 59 61 63
Diameter ( +2 pm) 34 45 55 64 72 76
4

Experiments and discussions

4.1

Experiment setup

All the experiments are observed under a probe station equipped
with a TV camera to record the results. Experimental data are
collected with the FC43 liquid deposited in a puddle of 5 mm
deep. Since the FC liquid has the property of high wettability, it
wets the 2 pm gap between the actuator plate and the substrate
without any problem.

Both DC and AC inputs have been used to generate micro
bubbles. AC input to the polysilicon line resistor results in that at -
frequencies lower than 5 Hz, the actuator plate responds to the
input but at double the input frequency due to the natural
rectification resistor heating performed on AC current. However,
as the frequencies increase, the range of the displacement
decreases, and when the frequency is larger than 100 Hz the
actuator behaves identically to the DC input.

Deionized water as well as ordinary water have been tested.
Micro bubbles have been nucleated in both liquids and have
actuated the actuator plates. However, during the ordinary water
experiments, the bubble forming mechanism seems to be the
combination of electrolysis and the phase changes. This
electrolysis reaction can be prevented if bonding wires are used
to input the power on a remote site and the micro line heaters is
protected under a layer of electrically insulated material.

4.2

Thermal and mechanical responses

It is observed that a current of 8.4 mA at a voltage of 10 volts is
required to initiate nucleation of the bubble and that the current
may later be reduced to control the bubble size and the
deflections of the actuator plate. By applying Eq. 1 and the
material properties, the corresponding maximum temperature

for this bubble nucleation current is calculated to be
approximately 257 °C, which is about 93% of the critical
temperature (294 °C) for the FC 43 liquid. This result is similar to
the results of previous bubble formation studies which were
made without the actuator plate on top of the heater [13].

Static displacements of the actuator plate are measured by
using an optical microscope with focus/defocus techniques at the
center of the actuator plate. A typical waiting time of 1 to 5 seconds
is needed before the micro bubble and the deflection stabilize after
increasing or decreasing the input power. As the micro bubble
grows, the rotation of the actuator plates pushes the micro
bubbles to the edges of the plates and the bubble eventually
escapes. The final deflections before the micro bubble departing
are recorded as the maximum deflections and the corresponding
forces are calculated according to Eq. (8). The departing angles are
then calculated by using Eq. (9) Which also reveals the
corresponding thermal capillary forces by applying Eq. (10).

All the results from 12 different bubble powered :
microactuators are summarized in Table 2 in an order of the
stiffness of the different cantilever beams. It is noticed that some
of the deflections are out of the linear region and for these cases
the corresponding forces and angles are not calculated. In
general, stiffer beams allow smaller maximum deflections,
smaller departing angles and smaller thermocapillary forces. The
maximum deflection from this set of devices is 140 um by the
400 X 2 X 2 beam and the maximum departing angle (in the
linear region) is 14 degrees by the 400 x 4 x 2 beam. The
maximum force generated by the micro bubble is 2 pN by the
200 X 20 X 2 beam and the maximum thermocapillary force is
0.224 pN by the 400 x 4 x 2 beam.
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Micro bubble pressure response

In order to estimate micro thermal bubble pressure responses,
both the thermal bubble sizes without the actuator plate and the
deflections of the actuator plates are recorded. The bubble
size versus input current is first measured as listed in Table 1.
They have been measured by using a micro heater of 60 x 2 x
0.3 pm’® in dimension without the actuator plate on top. The
deflection versus current for the series of 400 pm long beams
is then measured as shown in Fig. 8. There are two input current

Table 2. Experimental data for 12 different

Maximum Maximum Departing  Thermocapillary
deflection force angle force

(£1um) (um) (degree) (uN)

micro bubble powered actuators Structure Spring

types constant
3 uN

(k) (m)
400x2x2 140
400 x4 x2 71
300x2x2 75
400 x6x2 53
300x4x2 52
400 x 10x 2 35
200x2x%x2 55
300x10x2 14
200x4x2 23
200x6x2 16
300 x20x2 12
200x20x2 5

0.006 a b R

0.013 0.90 14.0 0.224
0.014 *A E22 3 X%

0.019 1.01 10.4 0.185
0.027 1.44 13.2 0.337
0.031 1L.11 6.88 0.134
0_040 E b *hn %%

0.069 0.97 3.50 0.059
0.080 1.85 8.26 0.268
0.121 1.93 175 0.059
0.138 1.66 3.06 0.089
0.402 2.01 1.81 0.064

*** nonlinear region
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Fig. 8. Experimental data of the actuator displacement versus input
current

regions without any records. For the input current under

5.3 mA, the bubble shrinks and disappears. For the input current
greater than 6.3 mA, the bubble size will uncontrollably increase
and drift to the outside edge of the actuator plate, from which the
bubble subsequently escapes.

The actuation forces can be calculated by using the beam
formula of Eq. (8). They are illustrated as the solid lines in Fig.
12. The symbols in Fig. 12 are calculated by using the bubble
pressure model of Eq. (12) and an experimental surface tension
value of 2.4 dynes/cm has been used as the result of best data fit.
The theoretical surface tension has not been derived since the
temperature field around the thermal bubble is out of the scope
of this paper. However, the average temperature around the
thermal bubble is expected to be near the boiling temperature of
the liquid. As expected, the experimental surface tension of 2.4
dynes/cm is much lower than the room temperature value, 16
dynes/cm, for FC 43 [1g].
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Three stages of actuation

Three stages of the actuation have been observed and illustrated
in Figs. 9 to 11. In Fig. 9, no power is applied to the heater and the
actuator plate remains at the original position. After applying
a current of 8.4 mA, a micro bubble forms. The diameter of the
very first bubble formed keeps growing in an unstable manner
but can be stablized by reducing the input current. The bubble
size can be stably controlled as shown in Fig. 10, where the
bubble lifts the actuator plate up to a height of 25 pm under an
input current of 5.9 mA. The bubble cannot be clearly seen
underneath the actuator plate which is made of by 2 um thick of
polysilicon but the lifting of the plate can be detected by
observing the color change of the plate and the deflection can be
measured by focus/refocus under the microscope. This scheme is
demonstrated in Fig. 10 where the focus is set at the center of the
actuator plate and the ground plane underneath is out of focus
and vague in the photograph. After further increasing the input
power, the bubble grows larger and is observed to drift to the

Fig. 9. Three stages of actuations: No input current

Fig.10. Input current is 5.9 mA and a bubble is formed under the plate

outside edge of the actuator plate. At the third stage, the first
bubble escapes from beneath the actuator plate and is pulled
back the center of the actuator plate due to two effects. One is the
strong Marangoni effect, which states the bubbles will move to
the hot liquid area due to the surface tension differences. The
other is the abrupt pressure drop on top of the plate during the
plate downward movement as the bubble escapes [18]. There are
two bubbles existing at this stage, one above and one below the
actuator plate at the same time. This transient stage has been
observed and shown in Fig. 11. The micro bubble attached to the
top of the actuator plate will gradually condense if the input
power-is lowered.

4.5
Limitation of the model

4.5.1

Mechanical response

The model of cantilever beam is established under the
assumption that micro bubble reacts as a concentrated force at




Fig. 11. The first bubble escapes and is lodged on top of the plate, while
a second bubble forms beneath the plate

1.2

|
05 5.5 6 6.5

Current(mA)

Fig. 12. Calculated actuation forces (beam theory and bubble pressure
theory) versus input current

the center of the plate. However, for large deflections, the
actuator plate rotates and pushes the micro bubble outward. Not
only does the value of Lo, change as the bubble moves away from
the center point of the actuator plate, but also the small
deflection beam theory is no longer valid.

4.5.2
Bubble pressure model
The bubble pressure model used the first order assumption that
the total micro bubble area remains unchanged before and
after the actuator plate sequeezes the micro bubble. This is
not exactly what happens in reality since the existence of the
actuator plate changes the heat transfer environment. Neverthe-
less, the current model provides first order information about
the bubble pressure and the surface tension.

A transparent actuator plate could be built for the next
generation of bubble actuators to measure the actual dimension

of the contact radius between the micro bubble and the actuator
plate. Furthermore, the temperature field surrounding the bubble
should be analyzed by a full three-dimensional model to further
understand the thermodynamic behavior of the thermal bubbles
and its actuation power to the micro mechanical structures.

5
Conclusions
Microelectromechanical actuators based on thermal bubble
actuation are demonstrated. This new class of microactuator
presents a novel usage of thermal bubbles to directly actuate
structures normal to the substrate and is expected to find
applications in micro fluid devices. A four mask surface
micromachining process is used,to fabricate heavily phosphorus
doped polysilicon line resistive heaters and cantilever-type
actuators on a same chip. The electrically non-conducting liquid,
Fluorinert FC 43 (a product of 3M company) as well as DI and
ordinary water have all been successfully used as the working
liquids. With a typical current of 8.4 mA for a 60 x 2 x 0.32 pm’
polysilicon resistor, thermal bubbles are generated in FC 43
liquid. These thermal bubbles are used as the actuation sources
to lift the cantilever microactuators with different beam
dimensions. A maximum vertical deflection of 140 um by
a 400 X 2 x 2 cantilever beam actuator and a maximum force of
2 uN by a 200 x 20 x 2 cantilever beam have been achieved.
The local thermocapillary forces can be measured by using
this microactuator. It is found that a maximum thermocapillary
force of 0.224 uN on a 400 X 4 X 2 beam actuator is induced by
the Marangoni effect during the experiments. The local surface
tension surround the resistive heater may also be measured
by this microactuator. The value for FC 43 liquid has been estim-
ated to be 2.4 dynes/cm by experimental best data fit.
Furthermore, three stages of actuations have been observed
including two micro bubbles exist on top and bottom of the
actuator plate at the same time.
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