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Transient bubble formation experiments are investigated on polysilicon micro-resi
having dimensions of 95mm in length, 10mm or 5mm in width, and 0.5mm in thickness.
Micro resisters act as both resistive heating sources and temperature transducers s
taneously to measure the transient temperature responses beneath the thermal b
The micro bubble nucleation processes can be classified into three groups depend
the levels of the input current. When the input current level is low, no bubble is nucle
In the middle range of the input current, a single spherical bubble is nucleated wi
waiting period up to 2 sec while the wall temperature can drop up to 8°C dependin
the magnitude of the input current. After the formation of a thermal bubble, the res
temperature rises and reaches a steady state eventually. The bubble growth rate is
proportional to the square root of time that is similar to the heat diffusion control
model as proposed in the macro scale boiling experiments. In the group of high
current, a single bubble is nucleated immediately after the current is applied. A first-o
model is proposed to characterize the transient bubble nucleation behavior in the m
scale and compared with experimental measurements.@DOI: 10.1115/1.1445136#
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1 Introduction
Device miniaturization has been the technology driver in b

semiconductor and microelectromechanical system~MEMS! re-
search. As a result, heat dissipation has become a major pro
in integrated circuit~IC! industry due to the fact that more micro
electronic devices are densely placed in an extremely tiny a
Because boiling heat transfer is the most effective way for h
removal, several research have been proposed to use the
change phenomenon as the heat dissipation mechanism for s
conductor chips@1,2#. On the other hand, boiling phenomenon h
also been applied as the driving mechanism in various ME
devices, such as thermal bubbles for ink-jet printers@3#, bubble
powered microactuators@4#, and bubble powered pumping effec
@5#. The possible applications for micro-bubble powered devi
are abundant and the potential of using the phase change pr
to solve the heat dissipation problem in IC industry is enormo
Therefore, it is important to investigate the fundamental mec
nisms of bubble nucleation in the micro-scale.

Among the demonstrated devices using thermal bubbles,
can be classified into two groups according the devices structu
In the case of open environment, there is ink-jet printer head@3#.
In the case of close environment, there are micro-thermal bu
pumps @6,7# and micro-thermal bubble valves@8#. In order to
make better bubble-powered micro-devices, it is important
study micro-bubble formation in both open environment and
side microchannels, including the transient bubble formation
havior. Previously, Lin et al. investigated the bubble formati
mechanisms on polysilicon micro resistor in open environment@5#
and inside microchannels@9#. Yang @10# reported an overview of
boiling on microstructures. Although these reports contribu
various aspects of bubble formation by using micro resisters, n
of them discussed the transient behavior of micro-bubble for
tion that plays an important role in the design and the operatio
micro-bubble-based devices. In macro-scale, the bubble nu
ation process has been studied from many aspects, such as
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mate boiling temperature limit@11#, nucleation from trapped ga
@12#, bubble growth@13#, and the local temperature fluctuation
the heating surface@14#. This paper concentrates on the transie
temperature fluctuation during bubble formation and bub
growth on a polysilicon micro-resistor. Both mathematical mod
and experimental results are established for the characterizatio
transient bubble formation in the micro-scale.

2 Experiments
A Petri dish containing the testing chip and experimental liqu

is placed on the observation chuck of a probe station as show
Fig. 1. The bulk liquid temperature is measured before and a
each experiment by a thermal couple, and is found to be wit
1°C of variation. The microscope is connected to a CCD cam
to capture images during the transient bubble formation exp
ments. HP4145 semiconductor parameter analyzer is used a
power source and signal recording system. Polysilicon mic
resisters are fabricated by using the MCNC MUMPs service@15#
and they work as resistive heaters. The cross sectional view o
device is shown in Fig. 2~a! with silicon nitride as the insulation
material and gold as the metal contact. The typical dimension
the polysilicon resistive heater is 95mm in length, 5mm, or 10
mm in width and 0.5mm in thickness. There are two pairs o
electrical contact pads for measuring current and voltage simu
neously to monitor the resistance changes of the polysilicon m
resister as shown in Fig. 2~b!. When a current is applied to th
resistive heater, the voltage change at the central portion, 2.5mm
away from both ends of the resister, is recorded. The tempera
coefficient of resistance of polysilicon is characterized
1.2* 1023/K by measuring the resistance changes with respec
environmental temperature changes. The transient temperatur
sponse of the resister is calculated based on this coefficient.
noted that this coefficient is experimentally characterized a
valid when temperature is less than 300°C that is within the te
perature range of this work. Second-order effects may need t
considered when the operation temperature is high. A fabrica
device is shown in Fig. 2~c! where gold pads have the shinin
bright color.
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3 A Lumped Heat Transfer Model
A lumped heat transfer model is developed to investigate

thermal responses of the micro resister theoretically. This mod
graphically shown in Fig. 3 with the following assumptions. Firs
the polysilicon micro resister has a uniform temperature along
length of the resister. This assumption is based on a previous w
@17# that line shape polysilicon micro-resister has relatively u
form temperature distribution away from the boundaries. Sin
the model is only built on the central portion of the resister
between the two voltage detecting points, the temperature di
bution is assumed to be uniform. Second, the heat loss through
two ends of the micro-resister are neglected because the c
section areas of the two ends of the micro-resister are comp
tively much smaller than the areas along the micro resister. Th
the temperature distribution across the silicon nitride layer und
neath the polysilicon resister is linear. This assumption is base
the fact that the width of the micro-heater is much larger than
thickness of nitride layer. Therefore, the temperature chang
approximated as linear within the portion of nitride layer that
underneath the polysilicon resister. Fourth, the substrate warm

Fig. 1 Schematic drawing of the micro boiling experiment

Fig. 2 Schematic diagrams of the polysilicon micro resister:
„a… cross-sectional view; „b… top view; and „c… photograph of a
fabricated polysilicon micro resister.
376 Õ Vol. 124, APRIL 2002
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effect is an important parameter to be characterized, and the
con substrate is assumed to have a uniform temperature ofTs to
simplify the analysis. However, non-uniform temperature distrib
tion is expected at regions close to the polysilicon micro-resis
An experimentally determined factor,F, is used to adjust possible
errors coming from this assumption. This factor is defined as
extension factor to the thickness of the nitride layer to accomm
date the region of non-uniform temperature. Intuitively, this fac
will be determined by the thermal conductivity of nitride, silico
and their geometrical relationships. In this work, this number
experimentally characterized by comparing the analytical pre
tion with the measured wall temperature. Fifth, heat conduction
liquid is modeled by semi-infinite thermal conduction and bo
heat convection and radiation are neglected@17#. Sixth, it is as-
sumed that the bottom surface of the Petri dish is at room t
perature, since it is in contact with a big brass chuck that is a g
heat sink. A lumped, one-dimensional heat transfer model is
tablished graphically as shown in Fig. 3. According to the tra
sient thermal conduction equation, the transient temperature
slab with temperature fixed at two sides is modeled by@18#

Ty5T11~T22T1!
y

l

1
2

p (
1

`
T2 cosnp2T1

n
sin

npy

l
e2an2p2t/ l 2, (1)

Fig. 3 Schematic drawing of the lumped heat transfer model.
The electric analogy is drawn on the right.
Transactions of the ASME
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whereT1,2 are temperatures at two sides of a slab,y is the coor-
dinate along the slab thickness,l is the slab thickness, anda is the
thermal diffusivity of the slab. Taking derivative with respect toy
and multiplying with material conductivityK, one can obtain the
heat flux as

K
]Ty

]y
5KF ~T22T1!

l
1

2

l (l

`

~T2 cosnp2T1!

3cos
npy

l
e2an2p2t/ l 2G . (2)

For first-order approximation, only the first term in the summat
is considered in the above equation. Based on the above ass
tions and energy balance, the heat transfer equations of poly
con and silicon can be derived as

rpcp

dTp

dt
52

Kn

yp

~Tp2Ts!

Fyn
2S 2

w
1

1

yp
DKl

~Tp2Tl !

Apa l t

1
I 2R0@11j~Tp2T0!#

wlyp
(3)

rscs

dTs

dt
5

wl

WL

Kn

ys

~Tp2Ts!

Fyn
2

Kl

ys

~Ts2Tl !

Apa l t
2

Kg

ys

Ts2Tl

yg

3F112* expS 2
p2agt

yg
2 D G . (4)

The values used in the equations are listed in Table 1. These
equations can be solved simultaneously to obtain the values oTp
~polysilicon micro resister temperature! and Ts ~silicon substrate
temperature! with respect to time. The liquid used in the expe
ments is IPA~Isopropyl Alcohol! @19#.

4 Results and Discussion

4.1 General Behavior of Micro-Boiling Phenomenon.
The general behavior of micro-boiling phenomenon is recor
based on the micro-resister with size of 1003 10 3 0.5mm3

under various constant input currents from 15 to 40 mA. T
measured wall temperatures for the first 10 sec are shown in
4 and the close look of relative temperature changes from Fi
are plotted in Fig. 5. As expected, the measured wall tempera
increases as the input current increases. It is found that bu
formation characteristics with respect to input current levels
be classified into three groups. In group I, where the input cur
is less than 22 mA, no bubble is nucleated and the temperatu
the polysilicon micro-resister remains nearly the same. Grou
represents the middle range of input currents between 25 to
mA and is the most interesting group in terms of transient bub
formation behavior. The wall temperature increases at the be
ning and drops ahead of the bubble formation when a blurry cl
covers the polysilicon micro-resister as observed through the
croscope. The slope of this temperature drop seems to bec
Transfer
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steeper as the magnitude of the input current increases and d
pears under high input power. For example, this phenomeno
observed when the input current is less than 40 mA for the 10mm
wide resisters and 15 mA for the 5mm wide resisters. Once a
bubble is nucleated, the wall temperature increases and
above the initial temperature before reaching a steady state. In
final group where the input current is equal or higher than 40 m
a bubble is formed as soon as the electrical current is app
There is no detectable temperature drop when the thermal bu
is generated and the resister temperature continues to increas
the bubble grows before a steady state is reached. In all t
groups, it is measured that the temperature of the silicon subs
has also risen and gradually reaches a steady state tempe
about 1 to 10°C higher than the room temperature depending

Fig. 4 Measured wall temperature with respect to time on the
polysilicon micro resister of 10 mm wide

Fig. 5 Relative temperature changes for the transient micro
bubble formation on the 10 mm wide polysilicon micro resister
APRIL 2002, Vol. 124 Õ 377
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the level of the input power. It is noted that the dissolved air
bulk liquid may affect the experimental results but is not stud
in this work.

4.2 Comparison of Macro and Micro-Boiling Experiments.
Figure 6 illustrates the typical wall temperature of bubble nuc
ation processes for both macro@20# and micro-scale experiments
respectively. The macro-scale bubble nucleation experiments
generally conducted at pool boiling condition where the liquid
at the saturation state. The micro-scale bubble nucleation tes
the other hand, refers to bubble formation on micro-scale resis
heaters in a pool of cool liquid. For a typical macro-scale boili
process under a constant heating power as shown in Fig. 6~a! @20#,
formation of bubbles is observed in stage 1. The temperature
in stage 1 has been explained as the evaporation of a micro
liquid between the bubble and the heating wall. When the mic
layer evaporates and dries out, the boiling process moves to s
2, where the bubble continues to grow. The wall temperature r
in this stage because of the blockage of the heat flux from the
to the liquid due to the existence of the bubble. When the bub
grows to a certain size and starts to lift off the wall as shown
stage 3, cool liquid is sucked to the wall to cause a quench
effect. The cool liquid is then heated up gradually in stage 4 to
original temperature, where a new bubble is nucleated and
process repeats itself continuously.

Group II in Fig. 4 and 5 of the bubble nucleation experiments
the micro scale, is discussed and compared with macro sc
boiling experiments due to similarities. One may identify thr
stages of wall temperature responses on transient bubble fo
tion. In stage 1, the wall temperature jumps right after an elec
current is applied and moves up gradually as the substrate
perature rises. The period of this stage is shorter than 0.1 se

Fig. 6 Comparison of bubble nucleation in macro and micro
scales: „a… typical wall temperature history in macro scale boil-
ing experiments; and „b… typical wall temperature history in mi-
cro scale boiling on a polysilicon micro resister.
378 Õ Vol. 124, APRIL 2002
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the 10mm wide resister and becomes shorter if the input curr
level is increased. It is believed that liquid is superheated loc
in this stage until naturally generated disturbance induces
evaporation process and moves the micro-boiling process to s
2. According to the homogeneous bubble nucleation theory@20#,
there is a nucleus radius under thermodynamic equilibrium. O
the initial bubble nucleus radius is larger than the critical val
the bubble will tend to grow. Otherwise, it will shrink. High cu
rent inputs generate high temperature that implies smaller equ
rium nucleus radius. Therefore, the probability that the bub
embryos are larger than the critical size is increased and a l
single spherical bubble is induced. This can be the reason cau
the temperature profile transits from stage 2 into stage 3. Mo
over, high current inputs seem to speed up the evaporation pro
that causes the wall temperature to drop faster as shown in Fi
As soon as a bubble emerges, the wall temperature increas
shown in stage 3, in which a spherical bubble grows and cov
the whole polysilicon micro resister. The wall temperature
creases in this stage because the vapor bubble is blocking the
dissipation process. The nucleated micro-bubble continues
grow slowly and sticks to the polysilicon micro-resister due
Marangoni effect@17# and the wall temperature gradually reach
equilibrium.

4.3 Thermal Conduction. According to Eqs.~3! and ~4!,
one can estimate the time constants of the polysilicon mic
resister and silicon substrate by the following expressions:

1/tp;
1

rpcpyp
S Kn

Fyn
2

I 2R0j

wl D (5)

1/ts;
1

rscsys
S wlKn

WLFyn
1

Kg

yg
D (6)

wheretp and ts are time constants of polysilicon micro-resist
and silicon substrate, respectively. Substituting values in Tab
into the above equations, one can find thattp is in the order of
microseconds, andts is in the order of milliseconds. It implies
that in the early stage of the heating process, the temperatu
polysilicon micro resister is not affected by the silicon substr
warming effect and can be estimated by Eq.~3!. When the opera-
tion period is longer than milliseconds, the substrate warm
effect has to be considered.

A modification factor,F, is introduced as a measure of th
effective thickness of nitride layer, and this factor accounts m
eling errors coming from the simplifications of the model and
magnitude is determined by experiments. Figure 7 shows the m
sured temperature of the polysilicon micro resister as well as
predictions from various values ofF. It can be observed that whe
F is equal to 1.47, a good match is achieved. This value is t
used in further simulation. Figure 8 shows the simulated temp
tures of the 10mm wide polysilicon micro-resister and the silico
substrate under an input current of 28 mA. As the result show
Fig. 8, the polysilicon micro-resister temperature rises quickly a
reaches 95°C in less than 1 millisecond. This result explains
fast temperature responses in Fig. 4 after an input current is
plied. Comparatively, it takes a longer time to create a small te
perature change on the silicon substrate. In the same figure
temperature rise for the silicon substrate is not observable u
0.5 second later when the temperature rise of 1°C is predic
This substrate warming effect explains qualitatively the slow te
perature rise on the polysilicon micro resister before a steady s
is reached as shown in Fig. 4 and 5. However, the heat conduc
model only predicts the increase but not the drop of tempera
with respect to time. Other heat dissipation mechanisms mus
considered to characterize the wall temperature drops as obse

4.4 Thermal Convection. The critical Rayleigh number for
the onset of natural convection is calculated to investigate the
of thermal convection in this time dependent micro-boilin
experiment
Transactions of the ASME
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nK
, (7)

whereq is the heat flux to liquid,g is gravity, b is the volume
expansion coefficient,n is dynamic viscosity, andK is thermal
conductivity. The model developed in the previous section is u
to estimate the heat flux to liquid and other variables. The ca
lated Rayleigh number is found at least one order of magnit
smaller than the reported critical Rayleigh number@21# when the
time period is less than two seconds. Therefore, natural con
tion is not considered in the mathematical model of Eq.~3! and
~4! in the initial stage of bubble formation.

4.5 Evaporation. According to the simulation result pre
sented in Fig. 8, the heating speed in this work is fast in the o
of 107 K/s. Moreover, a blurry cloud is observed around the mic
resister before the bubble formation. It indicates the film boili
of liquid after the liquid is heated into the metastable state@20#
and condensed where the vapor meets with cool liquid. T
evaporation of liquid may be considered as the primary reaso
temperature drop before a micro bubble is nucleated in the m

Fig. 7 Simulated initial temperatures of the 10 mm wide micro
resister by using various F values as compared with experi-
mental measurements

Fig. 8 Simulated results of temperature on polysilicon micro
resister of 10 mm wide and silicon substrate versus time under
an input current of 28 mA
Journal of Heat Transfer
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bubble nucleation process. The heat flux of evaporation is m
eled as an equivalent heat transfer coefficient and the temper
difference between the polysilicon micro resister and bulk liqu

hevp~Tp2Tl !5
r lE

~w12yp!l

dV

dt
, (8)

where hevp is the equivalent heat transfer coefficient during t
evaporation stage,Tp is the polysilicon micro resister temperatur
Tl is the bulk liquid temperature,E is the latent heat of liquid, and
(w12yp) l is the heating area. In order to determine the value
hevp, the model is compared with experimental data from Fig.
It is found that the wall temperature drops at a higher rate at
beginning and at a lower rate when approaching the bubble inc
ent point. Therefore, the equivalent heat transfer coefficien
proposed as

hevp5hmax@12e~2t2t init /t!#, (9)

wheret is time, t init is the time when resister temperature starts
drop, andt is an evaporation time constant depending on the le
of input power. Therefore, the governing equation of micro
sister of Eq.~3! can be modified in the second stage of bubb
formation as

rpcp

dTp

dt
52

Kn

yp

~Tp2Ts!

Fyn
2S 2

w
1

1

yp
Dhevp~Tp2Tl !

1
I 2R0@11j~Tp2T0!#

wlyp
. (10)

The two parameters in Eq.~9! are found experimentally as show
in Fig. 9 by means of curve fitting. It is found thathmax is 7
3105 W/m2°C, and 1/t is 0.4, 0.6, and 0.8 for input current leve
at 25, 28, and 30 mA, respectively. This equivalent heat tran
coefficient is at least two orders of magnitude higher than
natural convection heat transfer coefficient from the macro-sc
heat transfer models. Therefore, this result further supports
previous assumption that heat convection only plays a minor
in this stage. The calculated evaporation time constants sug
that higher input current corresponds to smaller time constant
higher evaporation rate. Because the heat flux calculated by
heat evaporation term is much larger than the thermal conduc
term, the heat dissipation process in this stage is mainly attribu
to liquid evaporation. By substituting these numbers into Eq.~8!,
wherer l is 770 kg/m3 andE is 640 kJ/kg, the rate of evaporatio
volume is calculated in the order of 10 nl/sec. In most cases,

Fig. 9 Comparison of experimental and simulated wall tem-
peratures before the nucleation of a micro-bubble. The equiva-
lent heat transfer coefficient is found to be 10 5 WÕm2°C
APRIL 2002, Vol. 124 Õ 379
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temperature drop lasts longer than one second and more tha
nanoliter of liquid has gone through the evaporation-condensa
process to cause the observed temperature drop.

4.6 Bubble Growth Rate. It is observed that the bubbl
formation in Group II of Fig. 4 is randomly scattered along t
temperature drop curve in stage 2 of the micro bubble forma
process. The possible reason of the transition into a sphe
bubble may be the instability of vapor-liquid interface that is a
tated by local fluctuation in combination with the readiness
enough metastable state of liquid that can overcome the cool
uid to form a spherical bubble. When a bubble is formed, the w
temperature rises in a manner similar to the second stage in
macro-scaled boiling process. It is believed that the heat diss
tion path from the polysilicon micro resister surface to liquid
partially blocked by the vapor bubble on top. Therefore, tempe
ture rises with the increase of bubble size to reach a new equ
rium temperature.

As described in a previous report@20#, thermal bubble growth
can mainly classified into two modes in macro-scale bubble nu
ation experiments. The first mode occurs at the initial stage
bubble growth that is hydrodynamically controlled and domina
by liquid inertia and the bubble size increases proportionally
time, D}t. The second mode occurs at the later stage of bub
growth that is heat diffusion controlled. The bubble grows a
slower rate than in the hydrodynamically controlled mode and
proportional to the square root of time,D}t1/2. The experimental
data on a 5mm wide micro-resister is extracted by moving th
start point of time to the time when a bubble is nucleated. T
bubble diameter is measured from the captured images takin
top of the micro-resister by the CCD camera, and graphed a
with time by circular markers as shown in Fig. 10. It is found th
the bubble diameter,D, can be represented asD52Ct1/2, whereC
is a constant andt is time. The close match between the marke
and the curve indicates that the bubble growth rate on the m
resister at this stage is dominated by heat diffusion asD}t1/2.

This relation between bubble size and time is further applied
extend the mathematical model to the bubble growth stage. S
assumptions are made and graphically presented in Fig. 11. F
the bubble is spherical with a uniform temperature at the sat
tion point. Although the temperature at the bottom portion of
bubble is expected to be higher than the top portion, this assu
tion is made to simplify the analysis. Second, it is assumed
the bottom of the bubble is in contact with the substrate as sh
in Fig. 11 due to a strong local Marangoni effect and the con

Fig. 10 Bubble size growth rate on a 5 mm micro resister com-
pared with the heat diffusion controlled bubble growth mode
380 Õ Vol. 124, APRIL 2002
n 10
tion

e
ion
ical
i-
of
liq-
all
the

ipa-
is
ra-
ilib-

le-
of

ed
to
ble
a
is

e
he
on

ong
at

rs
icro

to
me
irst,
ra-

he
mp-
hat
wn

act

angle is adopted from a previous report@22# as 30 deg. Third, it is
further assumed that the bottom of the bubble is in thermal e
librium with the substrate~no heat transfer! to simplify the prob-
lem. In reality, a thin liquid film and thermal gradient with mag
nitudes may exist depending on the temperature profile of
substrate surrounding the micro heater and a three-dimens
analysis is necessary to model this effect. Fourth, the heat con
tion between the bubble/liquid interfaces is assumed as a con
heat source to an infinite field because the bubble temperatu
assumed staying at the saturation point. By the above assump
and energy balance of micro-resister with heat generation of J
heating, heat dissipation of the substrate, liquid, and bub
growth, Eq.~1! can be modified as

rpcp

dTp

dt
52

Kn

yp

~Tp2Ts!

Fyn

2
Aevphevp~Tp2Tl !1Abbhbb~Tp2Tsat!

wlyp

1
I 2R0@11j~Tp2T0!#

wlyp
(11)

Aevp5 l ~w12yp!2Abb ; Abb5D~w12yp!sinu

hevp5hmax@12e~2t2t init /t!#,

where Aevp and Abb are areas of the micro resister that are n
covered by the bubble,hevp is the equivalent heat transfer coeffi
cient of evaporation experimentally determined previously,hbb is
the equivalent heat transfer coefficient of the bubble,Tsat is the
saturation temperature of the liquid,D is the diameter of the
bubble, andu is the contact angle of the bubble with the hea
that is approximated as 30 deg from the picture in a previous w
@22#. The variation of this angle can affect the magnitude t
bubble growth rate and this number is used for a first-order
proximation. The equivalent heat transfer coefficient of the bub
is derived from the energy balance of the heat transferred into
bubble from the micro resister with the heat dissipation out of
bubble by evaporation and heat conduction to the liquid as ill
trated in Fig. 11:

Abbhbb~Tp2Tsat!5FrvE
dD

dt
1Kl

~Tsat2Tl !

Aa~ t2tbb!
GAsph (12)

Asph5
pD2~11cosu!

2
,

whererv is the vapor density,E is the latent heat of the liquid,tbb
is the time when the bubble is formed, andAsph is the interface
area of the bubble and the liquid. In this stage, the evaporation
condensation processes are competing with each other. If th
ameter of the bubble increases with time, extra energy is supp
to the bubble for the extra evaporation. Otherwise, the bub

Fig. 11 Schematic drawing of the heat transfer mechanism in
bubble growth model
Transactions of the ASME
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shrinks due to extra condensation. By substituting the areasAbb
and Asph into Eq. ~12!, the equivalent heat transfer coefficient
derived as

hbb5FrvE
dD

dt
1Kl

~Tsat2Tl !

Aa~ t2tbb!
G pD~11cosu!

2~w12yp!sinu~Tp2Tsat!
.

(13)

According to the result obtained from Fig. 10, the bubble s
growth rate is modeled by the thermal diffusion controlled bub
growth mode as

dD

dt
5

C

At2tbb

, (14)

whereC is the bubble growth rate constant and is determined
curve fitting with the experimental results as 29 and 50mm/sec1/2

for 5 mm and 10mm wide resisters, respectively. Combining Eq
~2!, ~11!, ~13!, and~14!, a first-order approximation model is de
veloped for this bubble growth stage.

Figure 12 shows the simulation results based on the mode
Eq. ~10! and Eq.~11! and experimental data. It is found that th
models match the experimental data well until the time reache
sec when the models underestimate the experimental tempera
The deviation of the simulated temperature from the experime
data may be resulted from the decrease of the bubble growth
the simplifications of the model in various aspects such as
contact angle, and the warming effect of the petri dish. For
ample, the bubble growth rate decreases more than the mode
diction as shown in the later stage in Fig. 10 in reality. It cau
the over prediction of the cooling effect in the model such that
simulated temperature is lower than the experimental data.

5 Conclusion
This paper investigates transient bubble formation on mi

strip resisters under various levels of constant electrical cur
input. The transient temperature variations are classified into t
groups by the level of input currents. When the constant in
current is lower than 25 mA, the wall temperature stays nea
constant and no bubble is nucleated. For the constant input cu
between 25 to 30 mA, the wall temperature increases initia
quickly drops afterwards until a bubble is formed, and then
creases until reaching steady state. For the third group of h
input current, the wall temperature rises sharply as soon as
current is applied and a bubble is formed. Among the th

Fig. 12 Comparison between experimental data and simula-
tion on a 10 mm wide of micro-resister under constant electrical
current input. The constant of the bubble size growth rate is 50
mmÕsec1Õ2 in each current level.
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groups, Group II has very interesting transition phenomena
are classified into three stages with respect to time and are in
tigated extensively in this paper. Mathematical models are es
lished to estimate the resister temperature during the micro bo
process. It is found that this heat conduction based model is
pable of predicting the resister temperature in the first stage of
boiling heat transfer. The time constant for the resister temp
ture is calculated in the microsecond range and in the millisec
range for the silicon substrate. The evaporation of liquid is id
tified as the key mechanism that causes the resister temperatu
drop before the bubble nucleation in the second stage. Base
the experimental measurements and a simplified, first-or
model, an equivalent heat transfer coefficient for the second s
is found to be in order of 73105 W/m2°C, and the evaporation
time constants are found as, 2.5, 1.67, and 1.25 sec for the i
current levels of 25, 28, and 30 mA, respectively on a 10mm wide
micro-resister. The incipient point of micro-bubble formation
found randomly distributed during this wall temperature drop p
riod with a trend of earlier occurrence in higher input current. T
is probably due to the instability of vapor-liquid interface in th
stage of strong evaporation process. Higher electrical current
generate bubbles in shorter time at a higher temperature. Aft
spherical bubble is found, the bubble growth rate is found prop
tional to the square root of time on both 5mm and 10mm wide of
micro resisters. The bubble diameter growth rate constantC is
found as 29mm/sec1/2 in the case of 5mm wide micro-resister,
and 50mm/sec1/2 in the case of 10mm wide micro-resister.
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Nomenclature

C 5 bubble diameter growth rate constant
c 5 specific heat

D 5 diameter of spherical bubble
E 5 latent heat
F 5 modification factor
g 5 gravity
h 5 heat transfer coefficient
K 5 thermal conductivity
l 5 lengthq heat flux

R 5 electrical resistance
T 5 temperature
t 5 time

w 5 width
y 5 thickness

Greek Symbols

r 5 density
j 5 thermal coefficient of resistance
a 5 thermal diffusivity
b 5 thermal expansion coefficient
n 5 dynamic viscosity
t 5 time constant

Subscripts

0 5 reference temperature at 300 K
bb 5 bubble

evp 5 evaporation
g 5 Petri dish
i 5 interface
l 5 liquid
n 5 silicon nitride
p 5 polysilicon
s 5 silicon

sat 5 saturation
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