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Optimum Design for a Thermally Stable Multifinger
Power Transistor

Chih-Hao Liao, Chien-Ping Ledellow, IEEE N. L. Wang, and B. Lin

Abstract—The thermal stability of multifinger bipolar transis- has been realized that the uniform layout traditionally used for
tors has been analyzed theoretically. Coupled equations are solvedthe fingers is not ideal for thermal stability. Instead, the use of
to study the onset of instability and its dependence on the distri- a nonuniform distribution in the ballasting resistors [11], the

butions of ballasting resistors. Analytical expressions were derived - ) . . .
for the emitter ballasting distribution for optimum stable opera- emitter finger sizes [12] and the spacing [13], [14] between fin-

tion. Compared to conventional methods with uniform ballasting, 9ers has been proposed to improve the thermal stability. But the
the optimized design can significantly increase the stable operating remaining question is: what are the optimum distributions for

current of the transistor. An absolutely stable operating condition  the ballasting resistors? A nonoptimized design can easily over
gaillséo derived. At this condition, the device never becomes un- correct the problem and even make the problem worse.

' In this paper, we solve the basic coupled current—voltage
(I-V) equations. We found that there is an ideal distribution
for the ballasting resistors. Significant improvement in thermal
stability can be obtained when the ideal distributions are
used. Simple analytical formulas for the ideal distributions of
. INTRODUCTION the emitter ballasting resistors to achieve the highest stable

IPOLAR transistors are useful for power amplificationsoPeration current are derived. With the ideal distribution, we
B With the advances in fiber communications, wirelesgave also found an optimum emitter ballasting resistance for
and satellite communications, there is a strong demand on @Rsolutely thermal stable operation condition where the device
power transistors in microwave and millimeter frequencieB€ver becomes unstable. Base on the above results; a design
GaAs-based heterojunction bipolar transistors (HBTs), becad$gcedure for multifinger transistors is developed.
of their high-speed performance, have become the dominant
devices used in these applications [1]. The transistors, when | peaL EMITTER BALLASTING RESISTANCEDISTRIBUTION:
used for power applications, often have multiple fingers to NONUNIFORM BALLASTING RESISTORS
spread out the current and the dissipated heat. However

because of the heat generated and the uneven heat distributiolf? @ Multifinger transistor, the fingers are thermally coupled,

the transistors can become unstable at high powers serio¥ ch results in a nonuniform temperature distribution with the
limiting the power handling capability of the transistors. Wheﬂngers near the.center hotter than the fingers on _the sides even
this happens, thermal runaway is observed for Si BJTs apgfore the transistors become unstable. To examine the thermal

current collapse is observed for GaAs-based HBTs [2]-[5]. be_havior of thos_e fingers, we first use a threg-finger configu-_
To prevent the thermal instability of multifinger transistorgi@tion for analysis because the coupled equations can be easily

ballasting resistors are often used. The voltage drop across thg¥ed and it can illustrate the nonuniform temperature distri-

resistors compensates the built-in voltage change due to téttion for multiple fingers. The behavior of transistors with

perature rise caused by self-heating and as a result the therfiynber of fingers greatgr than three will be dls'cussed later. Liu

stability is improved. Many papers have devoted to the thernfzh@l-have sol\_/ed_ atv_vo-flnger problem [15], butitcan not refl_e_ct

modeling of transistors and the design of ballasting resistc;rée uneven distribution of _current and temperature of multifin-

[6]-[10]. In real device implementation, each finger of the trarA€rs due to thermal coupling. o

sistor is connected in series to a ballasting resistor, which can' "€ coupled/-V" equations for the three identical fingers

be either a part of the transistor made from epilayers or an d¢1en self-heated are [2]

ternal thin-film resistor. The fingers and the ballasting resis-

tors connected to the fingers are usually identical to one an- I =1, exp {L Vot é-(Tn —Ty) — Relgfl]}

other. However, because of the nonuniform heat dissipation, it Ty '

Index Terms—Ballasting resistor, coupling current—voltage
(I-V) equations, heterojunction bipolar transistor (HBT), multi-
finger transistor, thermal effect.

q
. . . . L =lexpq — [Va+ ¢ (T2 — Ta) — Rez2 2]
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of the center fingerV, is the applied base-emitter voltageis 0.05-
the emitter junction build-in potential change per unit temper-

ature rise, and’4 is the ambient temperature or the heat sink 0.04
temperature that is 300 K in our simulatioi.;3 and R, are

the emitter resistances of the side fingers and the center finger,

o f1
+ f2 ]
X f3

respectively. We need to keep in mind that th&sé&s consist of f(_f 0.0

three parts: the intrinsic emitter resistai.g, the ballasting re- o

sistanceR;,;, and the contribution from the base resistafigg3 g 0.021 i
(Bisthe current gain). Here we have assumed a symmetric struc- O

o

o

-
1

ture wherel, is the same for the two side fingers. Notice that
the ideality factor in thd—V equations is set to unity for sim-
plicity. The junction temperature rises for the three fingers are
related to the power consumption of each finger by

Ty =T+ V. (R1 + Re1 s + Reols)
Ty =Ts + V. (Rerly + Relo + R I3)
T3 =T4 + V. (Reoli + Ralo + Rids). (2

o f1
+ f2 ]

Here,R, is the thermal resistance of each finger @&k are the 0.04- < s

coupling thermal resistances between these identical fingers.
is the collector voltage.

Because the current of all fingers must be the same under the
stable operation condition, we can obtain a relationship between
R.13 and R, from (1) and (2) by setting the current of all fin-
gers identical, i.ed; = I, = I3 = . Thatis

Current (A)
S 8

o

o

-
1

Reyideat =Re13 + ¢ - Ve (Rey — Rea)
=R.3+ AR@Q,ideal- (3) 0.00*

This relationship gives the ideal emitter ballasting resistor Vbe (V)
distribution of a three-identical-finger transistor. In order to
get the stable operation condition, the difference between the ()
emitter resistances of the center finger and the side fingér"@-fl-1 Simu'ationdfesu'ttﬁOIathree'tﬁ”ge”ffa”SiﬁtO”"?{l?i n Res :t?’f 29 "
SHOUI DA 14 = - Vi(Jes — Fi). This s the necessary (3cT0ves 206 ) i femperes o fncton of ot curent (2 e
condition for achieving identical currents in all three fingers.

Otherwise, the current of each finger is decided by the tott%l
effect of the positive feedback term aff”s and the negative each finger has a totdt. of 3 {2 or a ballasting resistor of 2.1

feedback term offt.’s, and th_e _currents_ of the_ f|r?ger_s W.'" . Fig. 1(a) and (b) show the calculatédl” curves and the
never be the same. The basic idea of ideal distribution is to ! .
ﬁemperature of each finger as a function of total current. There

ggjlg”r;] a rg;?;gfgé I:)c:at\(/:vct)atrp:et?lseatge:t]:r ?ﬂdlgfn;r: dthtﬁremgfgg totally four sets of solutions for (1). Three sets of solutions

-oupling . . . 9 ~_—are shown in the figure. The solution wifl > I is not shown

fingers. Let us first show the simulation result of a three-finger Co . .
ecause the behavior is identical to the case With- I3 due

transistor with each finger having the following parameter&:) the layout symmetry. The first set shows that the currents in

I, = 6x1072° A, Ry = 800°C/W, R0 + R,/3 = 0.9 Q, )
6 = 1 mV/°C. Those numbers are experimentally determinetge fingers are nearly the same before they reach the unstable

o point. At the unstable point, the currents in the side fingers

erort: gir?ﬁ:gr:ngaﬁ ﬁ;’:fo:_'\?V}Ehbzf;tt'_r}%éhgur::gﬁtsur;i‘é drops while that of the center finger continue to increase. The

g ge ' 't ga tfemperatures also start to deviate from each other after the
assumed to be independent of temperature, which is a valid

. . . unstable point. The other sets of solutions, however, show that
assumption for InGaP transistors. With those numbers, we then P

. one or both of the side finger current is always much larger
solved the steady state heat flow equation [12], [13] than the center finger current in all the voltage range and the

V2T =0 (4) curves are separated from those of the first set of solution. In
other words, it is almost impossible to go into these situations

with proper boundary conditions to obtain the coupling the transistor is powered up from low voltages.
thermal resistance. The chip dimension used in simulation isNow we increase the emitter resistance of the center finger
1000x 1000pm? and the thickness is 1Q@m. The finger size to the ideal value oR.» ;4. = 3.26 £ calculated by (3), but
is 3x 40 yum? and the spacing between fingers is 4. The keep that of the side fingers afB In other words, the ballasting
calculated coupling thermal resistances Brg = 67.3°C/W resistor for the center finger is 2.85 while that for the side fin-
and R., = 23.7° C/W. And the collector voltag#’. is taken gersis 2.10. The/-V curves and the temperature distribution

be 6 V in the simulation. Let us first consider a case that
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; ; ; ) ; _ _ Fig. 3. Simulation results of a three-finger transistor with;; = R.» =
Fig.2. Simulation results of a three-finger transistor withs = 3, R.; = . ! :
Resiaear = 3.26 Q2 (2) I-V curves (“bend-over” marks the bend-over point3-4 Q (a) I-V curves and (b) the temperature as function of total current (2 is

“point 1" marks the first unstable point and “point 2" marks the second unstafaé center finger, f1 and f3 are the side fingers).

point) and (b) the temperature as function of total current (f2 is the center finger,
f1 and f3 are the side fingers).

reason that the thermal stability is improved by a proper com-
- bination of R.13/R.> is very simple. The cause of thermal in-
Fse;(;rgf otfhsocflit?:r?;vt?]:; Ele? 2_(? a_ndI(t?I)’]. Z\Illevgﬁz S:?;:a;thgtgability is originated from the discrepancies in current and in
. ? =12 =13 9 ge. te|t’nperature of the fingers. If we can make them very close to
However, other solutions give unstable results after the curren S .
) ; . . one another, the thermal stability will be improved.
exceeds certain value. There are two intersection points COrfe, - current levels of the intersection points are affected b
sponding to the onsets of two different unstable modes. Thefi[ﬁte value ofR If we increaseR. .« to 4% but keepR. » — y
one, “point 1" in Fig. 2(a), which occurs at a lower current, ig,~ "~ 2665" the cUIves becglr;e those showr? ierFig 4
the onset point when the currents in all fingers start to differ. T letagfirst uﬁstabie point moves up and the second point iS‘ Oth
zteai:r?::jo%ci);‘fnet} ff(;)r':[t Zanlg IFlg.lf}a),_c—(T)rreAslt%c(J)r:sthtZ t;;:grgﬁsirj of the simulation range. The device can go to a higher current
\ution with 7. — I e I ;xistslit_is Zlmost ir% ossible for g Pefore it becomes unstable. This is understandable because the
. L= "2 =3~ L . P . 'r]creased positive feedback provided by the higher emitter resis-
transistor to pass the first intersection point and remains statJ € ce compensates the negative feedback caused by the temper-
bgcause in practic;al situatipns any sr_ngll deviation from ideaéat]ure rise and therefore causing the transistor to become more
W|I|I:icau§?a;h2r§idev(lg)e ;Ohfoa\lll\lsm:ﬁénizgﬂg ddV curves and stable. However, if we over design the ballasting resistors, the
9. ) . . ; I%erformance of the device suffers. So an optimal desigi.of
the temperatures of the fingers of a transistor with unlforiS verv imoortant
ballasting atR. = 3.4 Q. It is worthwhile to point out y imp '
that although this value is higher than the combination of e E B R
R.3/R.o = 3/3.26 €, the thermal stability, as shown in : :;'S'\ngE'I\_"\'(T_PEERM/XLLAS?Zg\E OE?;ZTA%EE FOR
Fig. 3(a) and (b), is worse than that shown in Fig. 2(a) and

(b). This is different from the traditional belief that a higher From the simulation results presented earlier, obviously there
emitter resistance always provides better thermal stability. Thrists an optimum value @t. 3 that the unstable point happens
distribution of the ballasting resistors is also important. Thet the infinite current level. Taking the derivative of (1) and (2)
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where

T{ :‘/c (Rt-[]{ + Rcl-lé + RCQIé)

Ty =Ve (R IT + Ry Iy + Ry 1)

Ty =V.(Reol] + Rery + R S) . (6)

We first substitutel; = I, = I} = I’ = oo into (5) and (6)

to calculate the bend-over currefpt,.q, which is the point that
the I-V curve starts to bend over. This point, which is tradi-
tionally considered as the onset point for the device to become
unstable, can be easily found by thél” equations by requiring

dI /dV, = co. The current at this point is

ks
1 . (7)
¢-Vo(Ry+ Re1 + Re2) — Re1s

And then, combining (5) and (6), we get (8), shown at the bottom
of the page, where

Ibend =

As shown in Fig. 2(a), the unstable point can be viewed as the
intercept point of twd—V curves, which are both the solutions

of (1). The slopes of thé—V curves at the unstable point are
not unique. We can use this requirement in (8) to solvexfor
The requirement demands are seen in (9), shown at the bottom
of the page. This is an eigenvalue problem, and the solutions
give conditions for the unstable points. The eigenvalues and the
eigenvectors are

AL =¢ V. (Ry + Ry + Re2) — Rexs

kT
Fig. 4. Simulation results of =V curves for a three-finger transistor with = [ = q
Reiz = 49, Rz = Reziagear = 4.26 Q (a) I-V curves and (b) the AL -V, (Rt + R + RCQ) — Reois
temperature as function of total current. (f2 is the center finger, f1 and f3 are I =1 — I
the side fingers). 1 72— -3
A2 =¢- Ve (Ry — Rea) — Reis
with respect td/,, and using the ideal emitter resistor distribu- L — kTT
tion shown in (3), we obtain 7% V. (R, — Re2) — Re1s
I =I-L (14+¢ -1/ - R.sI}) L=l L =0
1= kT4 L 1371 Az :(/) Ve (Rt - Rcl) - ReQ,ideal
kT
=1 (1+ ¢ T~ Rezucal)) ol o o
; qA , , d) . V;: (Rt - Rcl) - Re?,ideal
b=l G40 o feashy) ©) I =1, I = 21, (10)
¢ VeRy — Reyz — A ¢-VoRa ¢ VeReo I -1
d) -VeRa d) - VeRy — ReQ,ideal - A d) -VeRa Ié =1-1 (8)
¢ VeReo ¢-VoRa ¢-VeRy — Rez— A | | I3 -1
¢-VeRy — Reyz — A ¢-V.R ¢ VR
d) N V;:Rcl d) N V;’Rf - Re?,ideal - A d) N V;:Rcl =0 (9)
¢-VeReo ¢-V.Ra ¢-VoBRy — Reia — A



906 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 49, NO. 5, MAY 2002

One should note that the lowest unstable current solution is 0.10 r T ——r— T T
Ix1 = Iieng @and the corresponding eigenvectafis= 1, = I3. 0094 O f -
Since the slopes are the same, the currents of all fingers will keep oos] *+ ]
the same after this point. This is simply the bend-over point, not oo7l X f3 ]
really an unstable point. The other two solutions give the real

. X <C 0.06- .
unstable points where the slopes of #hé” curves of different = 0,051 ]
fingers are different and the currents of the fingers start to de- 5 ‘ ;
viate from one another. One can find that the three solutions % 0.04- ]
given earlier have the sequenta < In» < Ins. At the first O 0031 ]

real unstable point, which happend g, the/—V curves of the 0.02 ]
side fingers have opposite slopes and the center finger has zero 0.01

: L e ®8%
slope. This means that the currents of the two side fingers start 000te @ & @
to deviate from each other at this point and the current of the 126 127 1.28 129 130 131 132 133 134
center finger reaches its maximum value if the unstable oper- Vbe (V)

ation occurs. The currents of the three fingers are all different
after this point. One of the side fingers, not the center one, will
become the hottest and the other will become the coldest one. At
the second unstable point, which occurgat, the I-V curves

of the side fingers have the same slopes, while the center finger
has opposite slope to those of the side fingers. In other words, at
this point, the current of the center finger starts to deviate from
that of the side fingers, which have the same current. At this
point, there can be two unstable modes. In one mode, the center
finger becomes hot and the side fingers become cold and in the
other mode, the center finger becomes cold and the side fingers
become hot.

We would like to point out that the lowest unstable current, .
I\2, is actually higher than the bend-over current of fhé” o
curves. So even the-V curve of the transistor bends over into 000 005 010 015 020 025 030
the negative resistance region, the device stays stablelustil Total current (A)
is reached. Before this point, the currents of all the fingers are

. . . (b)
the same and there is no solution allowed for diffedenf, and

- ; ; ; ; {g.5. Simulation results of athree-finger transistorwitth s = Re13,0p: =
I3. Substituting those parameters used in simulation into (1/.673'2,1?62 = Boy suo = 4.93 0 () -V curves and (b) the temperature as

we obtain/y; = 11.0mA, Ino = 15.6 mA, andlxs = 22.7MA  function of total current (f2 is the center finger, f1 and 3 are the side fingers).
corresponding to “bend-over,” “point 1,” and “point 2” marked
in Fig. 2(a). .

Examining (10), we can see that if the denominators go & Pend-over condition, however, h&$s no-tena = 5.35 L.
zero, there are three relationships giving conditiongfer I, 19 5(2) and (b) shows the-V" curve and the temperature of

@

Temperature (K)

and I, to go to infinity. They are each finger in the absolutely stable condition._ Thg center finger
has a slightly higher temperature than the side fingers but the
Re13 no-bend =¢ - Vo (Ry + Rcl + Re2) (11) currents never differ. Although all the-V" curves have nega-
Rets,opt =6+ Vo (R, — Rea) (12) tive resistgnce as long d&.13 opt is_ small_er th_arRG,Q,no-bend, _
R —b-V.(R AR the equations do not allow solutions with different current in
e13.0pt2 =0 Ve (B = Rer) = ARes jacar the fingers. So, even thke-V curve turns over, the transistor is
=¢ - Vo (R — 2Re1 + Rea) . (13) stable because the currents in all the fingers are identical.

Equation (11) is the conventional absolutely stable condition.

At this condition, the bend-over point goes to infinity, and the

I-V curve never bends over. But as mentioned earlier, itismore  1V. N-FINGER TRANSISTOR THE GENERAL CASE
appropriate to consider (12) as the absolutely stable condition if

the ideal emitter ballasting resistor distribution of (3) is satis- Similarly, we can extend the previous discussion of the
fied. At this condition, the currents of all the fingers are iderfhree-finger case to th¥'-finger case. First, we label these fin-
tical in the whole operation voltage and current range. In oth@ers from left to right, as shown in Fig. 6. Then we can rewrite
words, the device will never become unstable even though €V current variables and th& temperature rising variables
bend-over happens. The condition of (13) only lets the secoft@ll fingers as one current vectband one temperature vector
unstable point to go to infinity and is not enough to stabilize thE. respectively, as

device.
T
Forthe transistor considered earlier, the absolutely stable con- I=(L LI I3 -+ Iy In)
dition is Re1z.opr = 4.67 Q@ and Rezjgear = 4.93 Q. The T=(Ty Th Ts --- Tx_y Tn)"
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0.04
Z
< 0.03
Fig. 6. Schematic diagram of a-finger transistor chip. :’
=
. . , . : 0 0.024
The emitter resistances of the finger are written as a diagonal 5
matrix Re, which is &) 001
R, :dlag( R Rex Rez ... Re,N—l Ry )
Rel 0 0 t T 0 0.004 T T T T T T T T T
0 R 0 : 126 126 127 128 129 130
€ .
| 0 0 R : Vbe (V)
: ' : Fig. 7. Simulation results af—VI-V" curves for a five-finger transistor with
Re1 =39, Rezza = Re ideat = 3.38 2/3.46€2/3.38¢2 (fl is the first finger,
Ren—1 0 f2 is the second finger, f3 is the third finger, f4 is the fourth finger, and f5 is the
| O el e e 0 R.n | fifth finger). The arrows mark the unstable points.

where diagv) means a diagonal matrix with vecteas its diag- _ _ . . . o

onal element. We can also define the thermal resistance matfi&e, Re iaeal iS the ideal emitter ballasting resistor distribu-
R. asin (14), shown at the bottom of the page. H&g,, isthe tion vector, andAR. ;qea1 is the emitter resistor difference
thermal resistance of theth finger, andR......, is the coupling Vvector. Taking the derivative of (15) and (16) with respedto
thermal resistance between theh and then-th fingers. Then, and using the relationship of the ideal emitter resistor distribu-
the coupled/—V equations for arV-identical-finger transistor tion in (17), the bend-over current can be obtained by requiring

with self-heating become dl/dV, = o as
kT4
_ q =
I=I,exp {m [Va +¢- (T - TA) - ReI]} Tpend = N 4 (18)
(15) ¢ . Vc E Rcln - Rel3
n=1
T -7y =VRL (16)  and the eigenvalue equation becomes

Follow the same procedure as the three-finger case; the ideal

. . . L . X det [d) -VeRe — dLCLg (Re,ideal) —A- II] =0 (19)
emitter ballasting resistor distribution &f-fingers can be ob-

tained as where A has the same meaning as that defined in I8)is
R, the identity matrix, andlet(A) is the determinant of matrix
Reé A. From (19), we can obtai®v solutions forA. One is the
Rgg bend-over solution and the othé&f — 1 solutions are the un-
Re ideal = . stable points. Because only the real positive solutions have phys-
: ical meanings, the number of the unstable points is less than or
Re v equal toV — 1. Using a five-identical-finger transistor as an ex-
Ren ample and assuming the same chip dimension, finger size, and
Rein finger spacing as before, we can see that/thHé curves, shown
Ron in Fig. 7, have four unstable points under the ideal emitter bal-
N Rean N lasting resistor distribution, anfl.; = 3 €. This is consistent
=Rei+¢-Ve Z : —¢- Ve Z Rein \ith the theoretical prediction of — 1 unstable points. If we
n=1 Ron 1 n=1 use the emitter resistor difference vecthR.. jqea1 defined in
Ran’ (17), then by requirings = 0 as1 — ~o, (19) becomes
:Rel + A]~:{e,ideal- (17) det [(/) ) ‘/CRC - dLag (ARe,ideal) - RelII] =0. (20)
Rcll Rc12 Rc13 R Rcl,N—l RclN
Reor R Reos . Ronv Reon
Rea R.30 Reas oo R v Rean
R. = . : (14)
Rey—11 Ren—12 Ren—13 ... Rev—in—1 Renvon

Rent oo Renvs ... Rewnoa R.vn
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This is the absolutely stable condition. The value of the10] G. B. Gao, M. S. Unlu, H. Morkoc, and D. L. Blackburn, “Emitter
optimum emitter ballasting resistance can be obtained by ballasting resistor design for the current handling capability of Al-

GaAs/GaAs power heterojunction bipolar transistod§EE Trans.

solving the eigenvalue equation of (20). There Arsolutions Electron. Devicesvol. 38, pp. 185-196, Feb. 1991.
of R.;. The largest real positive solution corresponds to the€l1l] R. P. Amold and D. S. Zoroglu, “A quantitative study of emitter bal-

no-bend-over condition and the second largest 6ig,,,: is

lasting,” IEEE Trans. Electron Devicesol. ED-21, pp. 385-391, July
1974.

the optimum stable condition, at which the first unstable poinf12] G.B. Gao, M. z. Wang, X. Gui, and H. Morkoc, “Thermal design studies
goes to infinity. So, we have established a design procedure to of high-power heterojunction bipolar transistori£EE Trans. Electron

determine the ideal values of the emitter ballasting resistors fqh]

Devicesvol. 36, pp. 854-863, May 1989.
W. Liu and B. Bayraktaroglu, “Theoretical calculations of temperature

N-finger transistors. The procedure is summarized below. and current profiles in multifinger heterojunction bipolar transistors,”

1)

2)

Multiple-finger transistors with nonuniform distribution of
ballasting resistors have been analyzed. Analytical formulas
the best ballasting resistor distribution for optimum thermal st

bility

method of using uniform ballasting resistors, the new schemnr
with optimized design can result in a significant increase in tt
stable device operating current. With the optimum ballasting r

; i ; _ Solid-State Electronvol. 36, p. 125, 1993.
Once the thermal resistance matfi in (14) is deter é14] K. Fukino, “Multi-Emitter Power Transistor Having Emitter Region Ar-

mined by measurement using test structures or by athree- " rangement for Achieving Substantially Uniform Emitter-Base Junction
dimensional (3-D) simulation, the ideal emitter ballasting _ Temperatures,” U.S. Patent 3704398, 1972. = _
resistor distribution can be obtained by (17). Only when'!™ {1t Thermal ceupin n 2 nger heteroipetn bpojer veres
this distribution is satisfied will the currents of all fingers

be exactly identical.

Then, by solving the eigenvalue equation of (20), the op-

timum value of the emitter ballasting resistangg ;.

for absolutely stable condltl_o_n IS dete_rmmed_ by ChO(_)Slr@nih-Hao Liao was born in Taoyuan, Taiwan, R.O.C., in 1974. He received
the second largest real positive solution. This value is th& B.S. degree in physics from National Taiwan University, Taipei, Taiwan, in
smallest resistor needed for the absolute stable operatid?P6. and is currently pursuing the Ph.D. degree in electronics engineering at

. . : National Chiao Tung University, Hsinchu, Taiwan.
There is no need for the transistor to have a h|gﬂﬂgr. His current research interests include modeling, characterization, and fabri-

The over design will degrade the device performancestion of HBTs.
However, if R.; is insufficient, the first unstable point
will not go to infinity, and unstable operation will occur.

V. CONCLUSION Chien-Ping Lee (M’'80—SM'94—F'00) received the
B.S. degree in physics from National Taiwan Univer-
sity, Taipei, Taiwan, R.O.C., in 1971, and the Ph.D
degree in applied physics from the California Insti-
tute of Technology, Pasadena, in 1978.

After graduation, he worked for Bell Laboratories
and then Rockwell International until 1987. While
at Rockwell, he was Department Manager in charge
of developing high-speed semiconductor devices.
He became a Professor at National Chiao-Tung
University (NCTU), in 1987. He was also appointed

operation were derived. Comparing to the convention:

sistor distribution, it is possible to achieve absolutely stable opkector of the Semiconductor Research Center and later the first Director of

eration, where the device never becomes unstable.
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the National Nano Device laboratory. Currently, he is the Director of the Nano
Science and Technology Center, NCTU. He is well recognized in the field of
semiconductor research and is an expert in compound semiconductor devices.
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