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1 Introduction mate boiling temperature lim[tLl1], nucleation from trapped gas

12], bubble growth{ 13], and the local temperature fluctuation at
e heating surfacEl4]. This paper concentrates on the transient

Femperature fluctuation during bubble formation and bubble

in int ted cireuitlC) industry due to the fact that " &IIBWth on a polysilicon micro-resistor. Both mathematical models
in integrated circui(IC) industry due to the fact that more MICTO-ang experimental results are established for the characterization of

electronic devices are densely placed in an extremely tiny ar¢&insient bubble formation in the micro-scale
Because boiling heat transfer is the most effective way for heat '

removal, several research have been proposed to use the phase
change phenomenon as the heat dissipation mechanism for segni- .
conductor chip$l,2]. On the other hand, boiling phenomenon h:gn Experiments
also been applied as the driving mechanism in various MEMS A Petri dish containing the testing chip and experimental liquid
devices, such as thermal bubbles for ink-jet prin{@k bubble is placed on the observation chuck of a probe station as shown in
powered microactuatofg], and bubble powered pumping effectsFig. 1. The bulk liquid temperature is measured before and after
[5]. The possible applications for micro-bubble powered devic@ach experiment by a thermal couple, and is found to be within
are abundant and the potential of using the phase change prodé$s of variation. The microscope is connected to a CCD camera
to solve the heat dissipation problem in IC industry is enormout§ capture images during the transient bubble formation experi-
Therefore, it is important to investigate the fundamental mechgents. HP4145 semiconductor parameter analyzer is used as the
nisms of bubble nucleation in the micro-scale. power source and signal recording system. Polysilicon micro-
Among the demonstrated devices using thermal bubbles, tH@pisters are fabricated by using the MCNC MUMPs ser{/ica
can be classified into two groups according the devices structur@gd they work as resistive heaters. The cross sectional view of the
In the case of open environment, there is ink-jet printer H&ad device is shown in Fig. @) with silicon nitride as the insulation
In the case of close environment, there are micro-thermal bublfgterial and gold as the metal contact. The typical dimension of
pumps[6,7] and micro-thermal bubble valvg$]. In order to the polysilicon resistive heater is 9am in length, 5um, or 10
make better bubble-powered micro-devices, it is important #M in width and 0.5um in thickness. There are two pairs of
study micro-bubble formation in both open environment and iftlectrical contact pads for measuring current and voltage simulta-
side microchannels, including the transient bubble formation bBeoUsly to monitor the resistance changes of the polysilicon micro
havior. Previously, Lin et al. investigated the bubble formatiofESiSter as shown in Fig.(. When a current is applied to the
mechanisms on polysilicon micro resistor in open environrfight "esistive heater, the voltage change at the central portionu@.5
and inside microchannel8]. Yang[10] reported an overview of 2Way f_rom both en_ds of the resister, is reco_rded. The temperature
boiling on microstructures. Although these reports contribute‘ff"af“f'c'_egnt of resistance of polysilicon is characterized as
various aspects of bubble formation by using micro resisters, nok& 10 */K by measuring the resistance changes with respect to
of them discussed the transient behavior of micro-bubble form@0vironmental temperature changes. The transient temperature re-
tion that plays an important role in the design and the operation $#0nse of the resister is calculated based on this coefficient. It is
micro-bubble-based devices. In macro-scale, the bubble nucioted that this coefficient is experimentally characterized and

ation process has been studied from many aspects, such as Yflid when temperature is less than 300°C that is within the tem-
perature range of this work. Second-order effects may need to be

Contributed by the Heat Transfer Division for publication in tf@JBNAL OF considered when the operation temperature is high. A fabricated

HEAT TRANSFER Manuscript received by the Heat Transfer Division April 26, 2001,d'5fvice is shown in Fig. &) where gold pads have the shining
revision received October 18, 2001. Associate Editor: G. P. Peterson. bright color.

Device miniaturization has been the technology driver in bo
semiconductor and microelectromechanical syst&f&MS) re-
search. As a result, heat dissipation has become a major prob

Journal of Heat Transfer Copyright © 2002 by ASME APRIL 2002, Vol. 124 | 375



1)
CCD
camera
Yp
Microscope AN vk
n
Petri Dish Computer
Testing Chip
Probe A
Yg

Brass Chuck

M

HP4145 Analyzer

Fig. 1 Schematic drawing of the micro boiling experiment

3 A Lumped Heat Transfer Model

A lumped heat transfer model is developed to investigate the

Petri Dish

T

R= ot
(2yp + W)lKl

drT,
NP - ppepVy e+ PRoll+ET, ~Ty)]

thermal responses of the micro resister theoretically. This model is
graphically shown in Fig. 3 with the following assumptions. First,

the polysilicon micro resister has a uniform temperature along the —PsCsVsiiT—s
length of the resister. This assumption is based on a previous work dt
[17] that line shape polysilicon micro-resister has relatively uni- g = X—

form temperature distribution away from the boundaries. Since R= g

the model is only built on the central portion of the resister in nla,t

X . L _Z 7
between the two voltage detecting points, the temperature distri- WLK g [1+2exp( 5]

bution is assumed to be uniform. Second, the heat loss through the T, Ve
two ends of the micro-resister are neglected because the cross
section areas of the two ends of the micro-resister are compara-

tively much smaller than the areas along the micro resister. Thirg? . ; y
R I - lect | d th ht.

the temperature distribution across the silicon nitride layer under-c SeCTC analogy Is drawn on the g

neath the polysilicon resister is linear. This assumption is based on

the fact that the width of the micro-heater is much larger than the

g. 3 Schematic drawing of the lumped heat transfer model.

thickness of nitride layer. Therefore, the temperature changeeiffect is an important parameter to be characterized, and the sili-
approximated as linear within the portion of nitride layer that igon substrate is assumed to have a uniform temperatuifes td
underneath the polysilicon resister. Fourth, the substrate warmigignplify the analysis. However, non-uniform temperature distribu-

Gold, 0.5@

Silicon Nitridg\/f = Fdeiienn. g
~
0.6um SSilicon, 500m

(b) (c)

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.
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tion is expected at regions close to the polysilicon micro-resister.
An experimentally determined factd¥, is used to adjust possible
errors coming from this assumption. This factor is defined as the
extension factor to the thickness of the nitride layer to accommo-
date the region of non-uniform temperature. Intuitively, this factor
will be determined by the thermal conductivity of nitride, silicon,
and their geometrical relationships. In this work, this number is
experimentally characterized by comparing the analytical predic-
tion with the measured wall temperature. Fifth, heat conduction in
liquid is modeled by semi-infinite thermal conduction and both
heat convection and radiation are negledtéd]. Sixth, it is as-
sumed that the bottom surface of the Petri dish is at room tem-
perature, since it is in contact with a big brass chuck that is a good
heat sink. A lumped, one-dimensional heat transfer model is es-
tablished graphically as shown in Fig. 3. According to the tran-
sient thermal conduction equation, the transient temperature of a
slab with temperature fixed at two sides is modeled 18}

y
T=TiH(T-To ]

N 32 T, cosnm—T; Sinn7ry o an?a2u12 "
T n I ’
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Table 1

Parameter Value Parameter Value Parameter Value
Py 2320 Kg/m’ c 700 I/KgK K, 3.2 W/mK
K, 141 W/mK K, 0.136 W/mK Ya 0.6 um
w 10 pm ! 95 wm ¥p 0.5 um
Ro 300 Q 3 1.2E-3 /K o 5.9E-8 m’/s
T 294 K T, 300K P, 2320 Kg/m®
< 700 J/KgK K, 1.2 W/mK Vs 500 um
w 1cm L Icm Yg 1.8 mm
0y 5.1E-7 m%s E 6.4E5 J/Kg

whereT, , are temperatures at two sides of a shalis the coor- steeper as the magnitude of the input current increases and disap-
dinate along the slab thicknedss the slab thickness, andis the pears under high input power. For example, this phenomenon is
thermal diffusivity of the slab. Taking derivative with respectyto observed when the input current is less than 40 mA for tharh0

and multiplying with material conductivit, one can obtain the wide resisters and 15 mA for the /m wide resisters. Once a

heat flux as bubble is nucleated, the wall temperature increases and goes
" above the initial temperature before reaching a steady state. In the
f9_Ty —K (To—Ty) L2 2 T T final group where the input current is equal or higher than 40 mA,
ay I I 4 (To cosnm—T,) a bubble is formed as soon as the electrical current is applied.
There is no detectable temperature drop when the thermal bubble
nwy 2 22 is generated and the resister temperature continues to increase and

><COS|— e "7 (2) the bubble grows before a steady state is reached. In all three
groups, it is measured that the temperature of the silicon substrate
For first-order approximation, only the first term in the summatioRas also risen and gradually reaches a steady state temperature
is considered in the above equation. Based on the above assugfut 1 to 10°C higher than the room temperature depending on
tions and energy balance, the heat transfer equations of polysili-
con and silicon can be derived as

pCdTp* Ky (Tp—Ts) (2+1)K(TP—T,) S —
PPt y, Fyn Wy Jmart 200 Losumeree ] m
Yo Yn Yp mat r 404' 1 Group
12Ro[ 1+ &(T,—T [ ]
R ngil p—To)] @ _ ol ]
P e i 30mA 28mA  25mA ]
(AT WKy (Ty=T9) K (T T) Ky Tem T, g | NN\ -
Pt “WLYs  Fyn Vs Jmat  Ys Y g N &4 _}Group I
£ d
X142 e ”Z“Qt) @ © ]
exp — . = k|
The values used in the equations are listed in Table 1. These t r 22@ 2(4)A 18“[ ISZ;A
equations can be solved simultaneously to obtain the valugg of r ]
(polysilicon micro resister temperatyrand T (silicon substrate ol L L L
temperaturgwith respect to time. The liquid used in the experi- 0 2 Time (Sec)6 10

ments is IPA(Isopropyl Alcoho) [19].
Fig. 4 Measured wall temperature with respect to time on the

4 Results and Discussion polysilicon micro resister of 10  um wide

4.1 General Behavior of Micro-Boiling Phenomenon. 15 T T

The general behavior of micro-boiling phenomenon is recorded
based on the micro-resister with size of 18010 X O.5,um3 S L
under various constant input currents from 15 to 40 mA. The & | -
measured wall temperatures for the first 10 sec are shown in Fig.2 |
4 and the close look of relative temperature changes from Fig. 4& s |
are plotted in Fig. 5. As expected, the measured wall temperatures [
increases as the input current increases. It is found that bubblef [
formation characteristics with respect to input current levels can§ 0 m .

be classified into three groups. In group |, where the input current g |-, gt

is less than 22 mA, no bubble is nucleated and the temperature o& , [ % & 2mA
the polysilicon micro-resister remains nearly the same. Group |I [ 28mA
represents the middle range of input currents between 25 to 3C r *30mA 1
mA and is the most interesting group in terms of transient bubble -0 bt L 1 L
formation behavior. The wall temperature increases at the begin- 0
ning and drops ahead of the bubble formation when a blurry cloud
covers the polysilicon micro-resister as observed through the rngig. 5 Relative temperature changes for the transient micro
croscope. The slope of this temperature drop seems to becasbble formation on the 10  um wide polysilicon micro resister

Group III

- 1
=" F0mA ]

T eyt i T

;a.wv.,zi,.
20mA 18tnA
22mA

4 6
Time (sec)
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the 10 um wide resister and becomes shorter if the input current
level is increased. It is believed that liquid is superheated locally
in this stage until naturally generated disturbance induces the
evaporation process and moves the micro-boiling process to stage
2. According to the homogeneous bubble nucleation thg2wy;
1 there is a nucleus radius under thermodynamic equilibrium. Once
the initial bubble nucleus radius is larger than the critical value,
the bubble will tend to grow. Otherwise, it will shrink. High cur-
rent inputs generate high temperature that implies smaller equilib-
rium nucleus radius. Therefore, the probability that the bubble
embryos are larger than the critical size is increased and a large
single spherical bubble is induced. This can be the reason causing
the temperature profile transits from stage 2 into stage 3. More-
Time (msec) Ref.[14] over, high current inputs seem to speed up the evaporation process
(a) that causes the wall temperature to drop faster as shown in Fig. 5.
As soon as a bubble emerges, the wall temperature increases as
shown in stage 3, in which a spherical bubble grows and covers
1 Vo @ the whole polysilicon micro resister. The wall temperature in-
g creases in this stage because the vapor bubble is blocking the heat
5 3 dissipation process. The nucleated micro-bubble continues to
grow slowly and sticks to the polysilicon micro-resister due to
Marangoni effecf17] and the wall temperature gradually reaches
equilibrium.

Wall Temperature

4.3 Thermal Conduction. According to Egs.(3) and (4),
one can estimate the time constants of the polysilicon micro-
resister and silicon substrate by the following expressions:

Wall Temperature

ubble Incipient Point

1 K, I%Roé
Ury~ ( n 0 ) (5)
PpCpYp \ F¥n wi
Time (sec)
(b) g 1 W|Kn n Kg 6
ST pcys \WLFy,  yg ©)
. . . . . PsCsYs Yn yg
Fig. 6 Comparison of bubble nucleation in macro and micro ) » ) )
scales: (a) typical wall temperature history in macro scale boil- where 7, and 75 are time constants of polysilicon micro-resister
ing experiments; and  (b) typical wall temperature history in mi- and silicon substrate, respectively. Substituting values in Table 1
cro scale boiling on a polysilicon micro resister. into the above equations, one can find thatis in the order of

microseconds, ane is in the order of milliseconds. It implies
that in the early stage of the heating process, the temperature of
the level of the input power. It is noted that the dissolved air ipolysilicon micro resister is not affected by the silicon substrate
bulk liquid may affect the experimental results but is not studiesfarming effect and can be estimated by E). When the opera-
in this work. tion period is longer than milliseconds, the substrate warming
effect has to be considered.
A modification factor,F, is introduced as a measure of the
@ffective thickness of nitride layer, and this factor accounts mod-

. . . 'eling errors coming from the simplifications of the model and its
respectively. The macro-scale bubble nucleation experiments §le i de is determined by experiments. Figure 7 shows the mea-

generally conducted at pool boiling condition where the liquid i, req temperature of the polysilicon micro resister as well as the
at the saturation state. The micro-scale bubble nucleation test, Rdictions from various values Bt It can be observed that when
the other hand, refers to bubble formation on micro-scale resistives o al to 1.47, a good match is achieved. This value is then
heaters in a pool of cool liquid. For a typical macro-scale boilingge i further simulation. Figure 8 shows the simulated tempera-
tures of the 1Qum wide polysilicon micro-resister and the silicon
'Qkbstrate under an input current of 28 mA. As the result shown in

n Si . JIa¥fy 8, the polysilicon micro-resister temperature rises quickly and
liquid between the bubble and the heating wall. When the micrps,hes 95°C in less than 1 millisecond. This result explains the

layer evaporates and dries out, the boiling process moves to st t P ; ;
- ' > emperature responses in Fig. 4 after an input current is ap-
2, where the bubble continues to grow. The wall temperature “Ei P P g P P

4.2 Comparison of Macro and Micro-Boiling Experiments.
Figure 6 illustrates the typical wall temperature of bubble nucl
ation processes for both madr@0] and micro-scale experiments

o d. Comparatively, it takes a longer time to create a small tem-

in this stage because of th_e blockage of the heat flux from the w rature change on the silicon substrate. In the same figure, the
to the liquid due to the existence of the bubble. When the bubllg., oot re rise for the silicon substrate is not observable until

grows to a certain size and starts to lift off the wall as shown I 5 'seconq Jater when the temperature rise of 1°C is predicted.
stage 3, cool liquid is sucked to the wall to cause a quenchiRg,;

S ; s substrate warming effect explains qualitatively the slow tem-
effect. The cool liquid is then heated up gradually in stage 4 to thg, a4 re rise on the polysilicon micro resister before a steady state
original temperature, where a new bubble is nucleated and t

s itsolf " | eached as shown in Fig. 4 and 5. However, the heat conduction
pr(é:ess rltlapegs 'je é:%n 'fmﬁlous )gbl oat . ‘model only predicts the increase but not the drop of temperature
roup Il in Fig. 4 and 5 of the bubble nucleation experiments 'féiﬂ: respect to time. Other heat dissipation mechanisms must be

the micro scale, is discussed and compared with macro scajedqijered to characterize the wall temperature drops as observed.
boiling experiments due to similarities. One may identify three

stages of wall temperature responses on transient bubble forma4.4 Thermal Convection. The critical Rayleigh number for
tion. In stage 1, the wall temperature jumps right after an electrice onset of natural convection is calculated to investigate the role
current is applied and moves up gradually as the substrate tesh-thermal convection in this time dependent micro-boiling
perature rises. The period of this stage is shorter than 0.1 sec éaperiment
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Electric Current (mA) Fig. 9 Comparison of experimental and simulated wall tem-
peratures before the nucleation of a micro-bubble. The equiva-
Fig. 7 Simulated initial temperatures of the 10 pm wide micro lent heat transfer coefficient is found to be 10  ® W/m?2°C

resister by using various F values as compared with experi-
mental measurements

bubble nucleation process. The heat flux of evaporation is mod-

2mwgBgat? eled as an equivalent heat transfer coefficient and the temperature
RQZT, (7)  difference between the polysilicon micro resister and bulk liquid.
whereq is the heat flux to liquidg is gravity, 8 is the volume _ pE dV
expansion coefficienty is dynamic viscosity, and is thermal N To=T1) = (W+2 dt’ ®)
\ yp)l dt

conductivity. The model developed in the previous section is used ) . . .
to estimate the heat flux to liquid and other variables. The calcifhereéheyp is the equivalent heat transfer coefficient during the
lated Rayleigh number is found at least one order of magnitu§¥aporation stagd,, is the polysilicon micro resister temperature,
smaller than the reported critical Rayleigh numft] when the T, is the bu_lk liquid temperaturd is the latent heat_of liquid, and
time period is less than two seconds. Therefore, natural convéll‘f’fr 2yp)l is the heating area. In order to determine the value of
tion is not considered in the mathematical model of E).and Nevp: the model is compared with experimental data from Fig. 5.
(4) in the initial stage of bubble formation. It |s_f0L_|nd that the wall temperature drops ata higher rate at t_h_e
beginning and at a lower rate when approaching the bubble incipi-
4.5 Evaporation. According to the simulation result pre-ent point. Therefore, the equivalent heat transfer coefficient is
sented in Fig. 8, the heating speed in this work is fast in the ordgfoposed as
of 10 K/s. Moreover, a blurry cloud is observed around the micro (—t—t In)
resister before the bubble formation. It indicates the film boiling Pevp=Nmal 1€ ], ©)
of liquid after the liquid is heated into the metastable S{@ \ynheret is time, t;y; is the time when resister temperature starts to
and condensed where the vapor meets with cool liquid. Thigop andris an evaporation time constant depending on the level
evaporation of liquid may be considered as the primary reason &finnut power. Therefore, the governing equation of micro re-
temperature drop before a micro bubble is nucleated in the micRier of Eq.(3) can be modified in the second stage of bubble
formation as

dT, Ky (T,—-To (2 1)
4 pppr——y—pF—yn— —+y—p he\,p(Tp—T|)

w
1 N 12Ro[ 1+ &(T,— To)]
wly,

_ The two parameters in E¢Q) are found experimentally as shown
— in Fig. 9 by means of curve fitting. It is found that,, is 7
1°C Temperature Rise X 10° W/m?°C, and 1fis 0.4, 0.6, and 0.8 for input current levels
at 25, 28, and 30 mA, respectively. This equivalent heat transfer
coefficient is at least two orders of magnitude higher than the
natural convection heat transfer coefficient from the macro-scale
heat transfer models. Therefore, this result further supports the
previous assumption that heat convection only plays a minor role
in this stage. The calculated evaporation time constants suggest
T TR RN W AR RARETIT MERUTT e that higher input current corresponds to smaller time constant and
10°  10° 00001 0001 001 Ol 1 10 higher evaporation rate. Because the heat flux calculated by the
Time(sec) heat evaporation term is much larger than the thermal conduction
term, the heat dissipation process in this stage is mainly attributed
Fig. 8 Simulated results of temperature on polysilicon micro to liquid evaporation. By substituting these numbers into (B4,
resister of 10 um wide and silicon substrate versus time under wherep, is 770 kg/nt andE is 640 kJ/kg, the rate of evaporation
an input current of 28 mA volume is calculated in the order of 10 nl/sec. In most cases, the

100 ptereF =P To T P TI—FPI T T T— T T

Micro Resister
80

(10)

60

Temperature (°C)

40 -

Silicon Substrate
90 FrmT T TTT oo s msmmsmeemmeemmoome oo e m T -
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3 b Fig. 11 Schematic drawing of the heat transfer mechanism in
20T ) - 7 bubble growth model
Diameter = 58*t ““um ]
0 IS S NS 0 0 N T U [ S I S T T T T I U O N T Y B W AT S O O O A A S A i
0 0.5 1 L5 2 2.5 3 35 4 angle is adopted from a previous repid@®] as 30 deg. Third, it is
Time (sec) further assumed that the bottom of the bubble is in thermal equi-
librium with the substraténo heat transferto simplify the prob-
Fig. 10 Bubble size growth rateona5  um micro resister com- lem. In reality, a thin liquid film and thermal gradient with mag-
pared with the heat diffusion controlled bubble growth mode nitudes may exist depending on the temperature profile of the

substrate surrounding the micro heater and a three-dimensional
analysis is necessary to model this effect. Fourth, the heat conduc-

tion between the bubble/liquid interfaces is assumed as a constant
temperature drop lasts longer than one second and more thamd@t source to an infinite field because the bubble temperature is
nanoliter of liquid has gone through the evaporation-condensatigls ;med staying at the saturation point. By the above assumptions
process to cause the observed temperature drop. and energy balance of micro-resister with heat generation of Joule

4.6 Bubble Growth Rate. It is observed that the bubble N€ating, heat dissipation .o.f the substrate, liquid, and bubble

formation in Group Il of Fig. 4 is randomly scattered along th&owth, Eq.(1) can be modified as
temperature drop curve in stage 2 of the micro bubble formation dT K, (T,— Ty
process. The possible reason of the transition into a spherical P___T1- P °
bubble may be the instability of vapor-liquid interface that is agi-

C__ —_—
Pep7qt Yp  F¥n

tated by local fluctuation in combination with the readiness of _ _

enough metastable state of liquid that can overcome the cool lig- _ Aevdlevd Tp— T1) + Apphps(Tp — Tsad

uid to form a spherical bubble. When a bubble is formed, the wall lep

temperature rises in a manner similar to the second stage in the 12Ro[1+ &(T,—To)]

macro-scaled boiling process. It is believed that the heat dissipa- P (11)
tion path from the polysilicon micro resister surface to liquid is wlyp

partially blocked by the vapor bubble on top. Therefore, tempera- Acp=l(W+2yp)—App;  App=D(W+2y,)sing
ture rises with the increase of bubble size to reach a new equilib-
rium temperature. Neyp=Nimap[ 1 — €'t/ 7],
As described in a previous repd@0], thermal bubble growth where A,,, and Ay, are areas of the micro resister that are not

can mainly (_:IaSS|f|ed into two modes in macro-scale_ k.)l.Jbble nUCI(?'vered by the bubblé,, is the equivalent heat transfer coeffi-
ation experiments. _The first mod(_a occurs at the initial stage Glent of evaporation experimentally determined previously, is
bub_ble_grpwth_ that is hydrodynaml_cally controlled and dpmmat e equivalent heat transfer coefficient of the bubflg, is the

t_)y liquid inertia and the bubble size increases proportionally Lturation temperature of the liqui is the diameter of the
time, Det. The second mode occurs at the later stage of bub bble, andd is the contact angle of the bubble with the heater

growth that is heat diffusion controlled. The bubble grows at g +is"2 00 roximated as 30 deg from the picture in a previous work
slower rate than in the hydrodynamically controlled mode and 52]. The variation of this angle can affect the magnitude the

proportional to the square root of timB<t'% The experimental p e growth rate and this number is used for a first-order ap-

data on a Sum wide micro-resister is extracted by moving the, , imation. The equivalent heat transfer coefficient of the bubble
start point of time to the time when a bubble S nucleated.. ThE derived from the energy balance of the heat transferred into the
bubble diameter is measured from the captured images taking\§ihe from the micro resister with the heat dissipation out of the
top of the micro-resister by the CCD camera, and graphed aloggype by evaporation and heat conduction to the liquid as illus-
with time by circular markers as shown in Fig. 10. Itis found thaf5i0 in Fig. 11:
the bubble diameteB), can be represented Bs= 2CtY?, whereC T
is a constant andis time. The close match between the markers dD (Tearm T
and the curve indicates that the bubble growth rate on the micro  Apphpn(Tp— Tsad = PoE ot +K|\/: Agn  (12)
resister at this stage is dominated by heat diffusiol ag/. (t=typ)

This relation between bubble size and time is further applied to wD?(1+ cosb)
extend the mathematical model to the bubble growth stage. Some Asph:f,
assumptions are made and graphically presented in Fig. 11. First,
the bubble is spherical with a uniform temperature at the saturaherep, is the vapor density is the latent heat of the liquidy,
tion point. Although the temperature at the bottom portion of this the time when the bubble is formed, aAd,, is the interface
bubble is expected to be higher than the top portion, this assunapea of the bubble and the liquid. In this stage, the evaporation and
tion is made to simplify the analysis. Second, it is assumed thaindensation processes are competing with each other. If the di-
the bottom of the bubble is in contact with the substrate as showmeter of the bubble increases with time, extra energy is supplied
in Fig. 11 due to a strong local Marangoni effect and the contaitt the bubble for the extra evaporation. Otherwise, the bubble
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groups, Group Il has very interesting transition phenomena that
are classified into three stages with respect to time and are inves-
. tigated extensively in this paper. Mathematical models are estab-
lished to estimate the resister temperature during the micro boiling
process. It is found that this heat conduction based model is ca-
pable of predicting the resister temperature in the first stage of the
boiling heat transfer. The time constant for the resister tempera-
ture is calculated in the microsecond range and in the millisecond
range for the silicon substrate. The evaporation of liquid is iden-
tified as the key mechanism that causes the resister temperature to
drop before the bubble nucleation in the second stage. Based on
the experimental measurements and a simplified, first-order
model, an equivalent heat transfer coefficient for the second stage
is found to be in order of ¥ 10° W/m?°C, and the evaporation
time constants are found as, 2.5, 1.67, and 1.25 sec for the input
current levels of 25, 28, and 30 mA, respectively on auh®wide
micro-resister. The incipient point of micro-bubble formation is
found randomly distributed during this wall temperature drop pe-
riod with a trend of earlier occurrence in higher input current. This
is probably due to the instability of vapor-liquid interface in the
stage of strong evaporation process. Higher electrical current will
generate bubbles in shorter time at a higher temperature. After a
spherical bubble is found, the bubble growth rate is found propor-
tional to the square root of time on bothu®n and 10um wide of

. . i micro resisters. The bubble diameter growth rate condtarg
shrinks due to extra condensation. By substituting the a#e8S found as 29um/secl/2 in the case of sm wide micro-resister,

and Agyn into Eg. (12), the equivalent heat transfer coefficient is; 4 50um/sed’? in the case of 1qum wide micro-resister.
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Fig. 12 Comparison between experimental data and simula-
tionon a 10 um wide of micro-resister under constant electrical
current input. The constant of the bubble size growth rate is 50

pm/sec¥? in each current level.

derived as
h £ dD N (Tsar T1) wD(1+ cosh) Acknowledgment
bb™ | Pul="gp TR a(t—tpp) |2(W+2yp)sin6(T,—Tea) The authors would like to thank Dr. Chuan-Hsien Ku for dis-

(13) cussion and assistance on experimental equipments. The work is
._supported in part by an NSF CAREER aw&ECS-0096098and

According to the result obtained from Fig. 10, the bubble si a8.9.
growth rate is modeled by the thermal diffusion controlled bubbzé DARPAMTO/MEMS grant(F30602-98-2-0227

growth mode as Nomenclature

db  C (14) C = bubble diameter growth rate constant
at i’ ¢ = specific heat
= top D = diameter of spherical bubble
whereC is the bubble growth rate constant and is determined by E = latent heat
curve fitting with the experimental results as 29 andus/sec’? F = modification factor
for 5 wm and 10um wide resisters, respectively. Combining Eqs. g = gravity
(2), (11), (13), and(14), a first-order approximation model is de- h = heat transfer coefficient
veloped for this bubble growth stage. K = thermal conductivity
Figure 12 shows the simulation results based on the models of | = lengthq heat flux
Eqg. (10) and Eqg.(11) and experimental data. It is found that the R = electrical resistance

models match the experimental data well until the time reaches 5 T = temperature
sec when the models underestimate the experimental temperature. t = time

The deviation of the simulated temperature from the experimental w = width

data may be resulted from the decrease of the bubble growth rate, y = thickness

the simplifications of the model in various aspects such as t
contact angle, and the warming effect of the petri dish. For e
ample, the bubble growth rate decreases more than the mode pre- p = density

diction as shown in the later stage in Fig. 10 in reality. It causes ¢ = thermal coefficient of resistance
the over prediction of the cooling effect in the model such thatthe « = thermal diffusivity

simulated temperature is lower than the experimental data. B = thermal expansion coefficient

v = dynamic viscosity

T = time constant

sfeek Symbols

5 Conclusion

This paper investigates transient bubble formation on miCI%UbSC”ptS
strip resisters under various levels of constant electrical current 0 = reference temperature at 300 K

input. The transient temperature variations are classified into three bb = bubble
groups by the level of input currents. When the constant input evp = evaporation
current is lower than 25 mA, the wall temperature stays nearly g = Petri dish
constant and no bubble is nucleated. For the constant input current i = interface
between 25 to 30 mA, the wall temperature increases initially, | = liquid
quickly drops afterwards until a bubble is formed, and then in- n = silicon nitride
creases until reaching steady state. For the third group of high p = polysilicon
input current, the wall temperature rises sharply as soon as the s = silicon
current is applied and a bubble is formed. Among the three sat = saturation
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