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Optimum Design for a Thermally Stable Multifinger
Power Transistor With Temperature-Dependent
Thermal Conductivity

Chih-Hao Liao and Chien-Ping LeEellow, IEEE

Abstract—The thermal stability of multifinger bipolar tran-  thermal modeling of transistors and the design of ballasting
sistors has been analyzed theoretically. Coupled equations areresistors [6]—[10].
solved to study the onset of instability and its dependence on the In our previous paper [11], we developed a design proce-
distributions of ballasting resistors. We extended our previous d to det ine th | ’ f th itter ballasti ist
work on the multiple-finger transistor thermal stability from the ure to determine the values o . € emitter ballasling resistors
simple coupled thermal-electrical feedback equation to the more Needed for thermal stable operation from a set of thermal-elec-
accurate I-V equation and taking the temperature dependence trical feedback equations. In this work, we extend our model
of the thermal conductivity into consideration. Transistors with  to a more accurate one and take into account the temperature
three-fingers and N-fingers have been analyzed. Two design ganendence of thermal conductivity. Two practical design pro-

procedures, uniform current design and uniform temperature d based if t and unif i i
design, of the best ballasting resistor distribution for optimum cedures based on uniiorm current and uniform temperature are

thermal stability operation were developed. Using these design described.
flows, we can design the best ballasting resistor needed for thermal  In the calculation presented below, we use the same device
stable operation under the specified current level or specified parameters as in the previous work. They Aye= 6 x 10~2°
junction temperature. A, R, = 800 °C/W, R.o + R,/ = 0.9 Q. Those numbers are
Index Terms—Ballasting resistor, coupling current-voltage experimentally determined from a3 40 InGaP/GaAs HBT.
(I-V') equations, heterojunction bipolar transistor, multifinger  The current gairs is assumed to be independent of temperature,
transistor, temperature dependent thermal conductivity, thermal \, ich is a valid assumption for InGaP transistors. The coupling
effect. . . .
thermal resistances are obtained by solving the heat flow equa-
tion with proper boundary conditions. The chip dimension used
I. INTRODUCTION is 1000x 1000.m? and the thickness is 1Qfm. The finger size

5 : . i
IPOLAR transistors are useful for power amplifications'.S ‘? XI Ato é‘m ar|1_d thtﬁ spaclmg pettween féngeis(;s?;gtﬁi:.c'l;\t;\?
With the advances in fiber communications, wirelesg2'cUiated coupling thermal resistances &g¢ = o1

J— (o] 1
and satellite communications, there is a strong demand on RC? — 23'.7 C/W' And the coIIect.or voItagbfc Is taken to
power transistors in microwave and millimeter frequencie e 6 V in the simulation. For the transistor considered above, the

GaAs-based heterojunction bipolar transistors (HBTS), becagé)eﬁol_utely stable condition based on the previous design proce-
of their high-speed performance, have become the domin&H{® ISRe13, opt = 4.67 2 @NA Rep jacar = 4.93 2.

devices used in these applications [1]. The transistors, when
used for power applications, often have multiple fingers to !l TEMPERATUREDEPENDENTTHERMAL CONDUCTIVITY

spread out the current and the dissipated heat. Howeverrhe effect of temperature dependent thermal conductivity
because of the heat generated and the uneven heat distributign affect the thermal stability significantly. When the thermal

the transistors can become unstable at high powers seriousdyiductivity is a function of temperature, the steady state heat
limit the power handling capability of the transistors. Wheflow equation becomes

this happens, thermal runaway is observed for Si BJTs and

current collapse is observed for GaAs based HBTs [2]-[5]. V [k (T)VT] = 0. (1)

To prevent the thermal instability of multifinger transistors,

ballasting resistors are often used. The voltage drop acrgsfis equation can be solved by the Kirchoff transform through
these resistors compensates the build-in voltage change defning a linearized temperatutgz, v, z) as

to temperature rise caused by self-heating and as a result the

thermal stability is improved. Many papers have devoted to the 1 T(w,y,2)
U(.’IZ’, Y, Z) = TA + /

k(1) -dT. (2)

kthO T
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So the solutions of/(z, ¥, =) are linear functions of currents. 0.65 T—————— T
For the three-finger case

U =T4+ V. (Redy + Rl + Rea D)

Uy =Ta + V. (Rerdy + Rylo + Ry I3) _§
Us =T + Ve (RoLy + Rz + RyI3). (3) =1
Once the temperature dependence of the thermal conductivity %
is known, we can solve for the actual junction temperature 3
T(x,y, z) using (2) and (3). Here, we use the temperature
dependence form given in ref. [12] 0.25
oy “000 001 002 003 004 005
k1) = ko ) @ e )
A

Fig.1. SimulationresultoAR.o. .. isafunctionofl,,.. for athree-finger
wherelk,,o is the thermal Conductivity aF, andbis a fitting transistor when the thermal conductivity is temperature dependent.
parameter whose value is 1.22. Using the relation of (4), the
actual junction temperatufE(x, ¥, ) can be obtained as wheres is the index of finger. The junction temperature for the
three fingers are given by (3) and (5). By setting all currents the
same, i.e.J; = I = I3 = I, and using the expression of (7),
a relationship betweeR. ;3 and R, can be obtained from (6),
(3), and (5) as
From now on, we have a very nonlinear relationship between

T="T, [1— (bT_l)

A

(U —"Ty)

—1/(b-1)
} (5)

temperature and current. This relationship will seriously affect R igeat = I Rups + P21 — 11y
the behavior of the thermal-electrical feedback equation, as we Y P I
wil see. _ N . _ ¢ (1 —T1)
The thermal-electrical feedback equation which our previous =Re13 + — 7
work is based upon is an approximation of a more accurate ex- R AR, 8
pression whose accuracy has been examined by Armtodd. = fte13 + Bfiea,ideal- (®)
[13]. Using a three-finger transistor as an example, the mare. .. .. . . : :
accurate coupled current—voltagh-Y') equations with self- O‘Fﬁls distribution is no longer a constant bu't is a function of t.he
- current or the temperature of all fingers. Fig. 1 shows the sim-
heating are )
ulated results o\ R.» ;4c.: VErsus the current per finger. As
r E B* the current increases, we need a highét.> ;4.q; t0 guarantee
n=I 7 (v, - =2 Ty — Resl identi in all fi is fact i
1 =450 €XP WO\ T4 + 7 1~ £te13dl identical currents in all fingers. This fact is also true for tkie

) finger case. It is interesting to point out that the linearized tem-

I = I, exp 1 <Va _ Ego + B T, — R6212>:| pera_ltureU h_asf an upper limit because thejl_Jnction temperature
| KT q T will go to infinity as U/ increases to a certain value. It happens

[ q Eo f* when the second term in the bracket of (5) is equal to unity. And

o <Va L+ =T Rel3l3>:| (6) because of (3), the currents of the fingers also have a theoretical

kTs L . .

- upper limit and the hottest finger, the center finger under normal

where the indices indicate the finger numbgs. andZ’s are Operation, decides the limit. That is

finger current and temperatur€, is the applied base-emitter T

voltage.E is the energy gap at O K arftt is a coefficient that Loy = A . 9)

measures the amount of energy gap shrinkage as temperature (b—1) - V(R + 2Rc1)

increasesR.13 and R.» are the emitter resistances of the side o

fingers and the center finger, respectively. Ahg is the junc- Substituting the parameters used before, we Havg = 243

tion temperature independent saturation current defined as mA. For theN-finger case, the upper limit becomes

(Ego — /3*TA)}
kT4 )

I3 =1, e€xp

Ty

v ()]

mC{l,2,..., N} \n=1

(10)

1 max —

I, =1, exp [

T, is the ambient temperature or the heat sink temperature that _ _ _
is 300 K in our simulation. The ideality factor is set to unity fowvhere K., is the thermal resistance matrix element. Because
simplicity. From the definition of the thermal-electrical feedof the existence of this upper limit, setting the current to infinity

back Coefﬁcieny), we can obtain an expression as [14] when deriving the eigenvalue equations in our previous work is

not valid, now. Even so, the basic idea of these equations is still

b= 9V, _ Ak L (7 correct. All the change we need to do is, instead of setting the
T | peoner,. 4 4 e current to infinity, setting the current to a specific current level.
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Fig. 2. Simulation result of:, ;.. is a function ofl, .. for a three-finger
transistor that the thermal conductivity is temperature dependent.
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I1l. UNIFORM CURRENT DESIGN

We can solve the optimum resistance needed for stable op-
eration under the specific current levél,.... This is so-called
uniform current design. Onck,,... is given, we can determine
the junction temperatutB, ;,cc, 15, spec, 13, spec Of €ach finger
from (3) and (5) andp,,.. is obtained by substituting,..
into (7). Then the ideal emitter ballasting resistance distribution
R opec aNAAR.2 ., Can be determined from (8). But a rea-
sonablel,,.. is determined by the highest junction temperature
that is7% spec in the three finger case. Fig. 2 shows the rela-
tionship betweerf’ ... and .. in our simulation. We can
see that the current level cannot exceed 26 mA if the junction
temperatures need to be kept below 500 K. Because of the tem-
perature dependence of the thermal conductivity, the derivatives
of temperatures respect to base-emitter voltage become

T spec b
A

b
1>, spec
A

b
T spec

T3 =Ve (Reol} + Ry I + RiI3) <3T—p> - (11)

A
Combining (11) with the derivative of (6) respect ¥§ and
using the requirement that the solutions of the current deriva-
tives are not unique, the eigenvalue equation becomes (12), as
shown at the bottom of the next page, where

(ohm)
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R
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Fig. 3. Simulation result aR.13, ;.. iS a function of,,,. . for a three-finger
transistor when the thermal conductivity is temperature dependent.
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Fig. 4. Simulation result of a three-finger transistor wifR.;; =
Rets, spec =443 Q, Reo = Reo, spee. = 4.77 Q underl,,.. = 25 mA. (a)
I-V curves (the arrow marks the unstable point) and (b) the temperature as

function of total current. (f2 is the center finger, f1 and f3 are the side fingers.)
The temperature dependence of thermal conductivity is taking into account.

three-finger transistor. We can find thét, ; is negative if/; ..
is below 6.34 mA. That means the transistor is unconditional

There are three solutions fdk..3 as before. Fig. 3 shows stable under this current level. If we skf.. = 25 mA and

the simulation results of the second largest solutior?pfs,

use (8) and (12) to determin&.s spec and Rei3 spec, the

namely, Re1s spec, @S a function of the current per finger/—V and I-I" curves are shown in Fig. 4(a) and (b) with
if the currents of all fingers are identical for the mentione®.;3 spec = 4.43 © and Rez spec = 4.77 Q. Before the
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the opportunity to become the hot finger. This is quit different
from the traditional brief. Fig. 5(a) and (b) show thel" and
I-T curves forl;,.. = 50 mA. Although the current can be
stable before 50 mA is reached, the temperatures of all fingers
exceed 800 K at this high current level. It is not reasonable
to operate a device at such a high temperature because of the
device operation or reliability considerations.

We list the formulas of the general-finger case as follows.
Oncel;,.. is given

Current (A)

_1 —1/(b—1)
C=1) ) Rpee NCE)

g E & & '
;E—zv—ﬁ [] ® @ T : |
0.02 = o —

T T T T T T T T
142 143 144 145 146 147 148 149 A

Vbe (V) HereLpe. is the current vector that satisfigs = I, = - -+ =
@) In = Ispee, Tspec IS the junction temperature vector, aRd
is the thermal resistance matrix. The ideal emitter ballasting re-

1100 , el
sistor distribution (8) becomes
1000+ ( )
Pspec - (T -1
9007 Respec = Re1 + —2— ISPGC
S ¢ spec
2 8004 =R.1 + ARe spoc- (14)
§ 700+ . . . . . o
8. Here R spec IS the ideal emitter ballasting resistor distribution
£ 600+ vector andAR. s, is the emitter resistor difference vector
ﬁ underl,,... And then, the eigenvalue equation (12) becomes
500 . '/ :
ol M % N det[Bspe. Ve diag(8) R —diag(A— ARq spec) — Re IT] = 0
0.050 0.075 0.100 0.125 0.150 0.175 0.200 (15)
Total current (A)
®) where
Fig. 5. Simulation result of a three-finger transistor wifR.;s = T b kT 1
Rets.opec = 9.19, Res = Res. spec = 9.80 Q underlpee = 50 mA. = < Spec) = fpee 7
(a) I-V curves and (b) the temperature as function of total current. (f2 is the Ta q Ispec

center finger, f1 and f3 are the side fingers.) The temperature dependence of

thermal conductivity is taking into account. det(A) is the determinant of matriX, diag(v) means a diag-
onal matrix with vectow as its diagonal elements, afilis the

unstable point is reached, the currents of all fingers are rouglfigntity matrix. Now, we have a modified version for the design

equal but not exactly the same. It is mainly because of tRgocedure of the ballasting resistors for &Rfinger transistor

current dependent nature of (8). So the ballasting resistorWgfien the temperature dependent thermal conductivity is consid-

the center finger cannot cancel the excess thermal coupl@igd. We conclude as follows.

resistance between the side finger and the center finger in alll) The thermal resistance matiik. is determined by mea-

current range. We can find that the unstable point, as shown in  surement using test structures or by a three-dimensional

Fig. 4(a) marked by an arrow, is just at 25 mA as we specified.  (3-D) simulation.

At this current level, the temperature is near but below 500 K 2) We specify the highest or the center finger junction tem-

that is still in a reasonable range. When the unstable point is  peraturel e, spec from device operation or reliability

reached, there are two unstable modes. One is that the center considerations and solve for the corresponding specific

finger starts to dominate most of the current. The other is  current levell,,.. from (13).

that one of the side fingers dominates. It seems like those two3) The ideal emitter ballasting resistor distribution under

unstable points described under linear temperature model inour  I;,.. can be obtained by (14). Even when this distribution

previous work merge together. In other words, every finger has is satisfied, the currents of all fingers will not be exactly

d)spec‘/thel - A1 - Rel3 d)spec‘/cRclel d)spec%Rchl
d)spec‘/cRcleQ d)spec‘/theQ - AQ - Rel3 - AR@Q,spec (bspec‘/cRcleQ =0. (12)
¢sp€cV;:Rc293 ¢sp€cV;:Rc193 ¢sp€cV;:Rt93 - A3 - R€13
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identical because of the temperature dependence nataceording to (5), the ideal emitter ballasting resistor distribution
of the ideal distribution in (14). under uniform temperature condition can be obtained as
4) Then, by solving the eigenvalue equation of (15), the

second largest real positive solution is the optimum value 1 (P2 — p1)T
. . . R . =— | R 4+ = T
of the emitter ballasting resistané®; ;.. for stable op- €2, ideal I el3 I
eration up untill,,... is reached. This value is the smallest 7
resistor needed for the stable operation. = I_l (Re13 + ARe2, ideat)
2
IV. UNIFORM TEMPERATURE DESIGN _Autdatde ,
: . . o Apa + 24, ‘
Besides requiring uniform current distribution, we can re- " '
quire the temperature of all fingers identical, too. As shown in + (¢2 — )T ] (17)
Figs. 4(b) and 5(b), the center finger will be hotter than the side (A2 + 240)(U = Ta)

fingers when approaching the unstable point under the require- o S
ment that the currents of all fingers must be the same at tiifnilar to (8), this ideal distribution is temperature or current de-
point. If we increase the value of the ballasting resistor of tiendent. So, we need to set a specific temperature [Eygl,,

center finger, the current and temperature of this finger will déistead of setting a specific current level as the last section.
crease. There will be a certain value for the ballasting resistbe following argument is very similar to the last section. Once
of the center finger that will result in identical temperature ofspec IS given, we can get
all fingers. Because the temperature difference is small, the in-
crement of the ballasting resistor is minor. We can expect that T, T, —(-1)
. . _ pec

the behavior of the curves will not change too much under the Uspee = Ta = b_1 1- < T, ) ] (18)
uniform temperature design. But we still need a procedure to de- 4
cide the distribution of the ballasting resistors under temperature )
consideration. Here, as the last section, we take the temperaﬁlﬂg then we can Pbtalﬁ = Dispee: 12 = Taspee, andl; =
dependence of the thermal conductivity into account to gendpspec DY SUDSHIUtNGU = Uspe. into (16) andRez igear =
alize our discussion. First, we rewrite (3) as Hez, spec) AR, ideat = DRea, spec, DY sUbsitutingy = U, .

into (17). Based on earlier results the eigenvalue (12) becomes
(19), shown at the bottom of the next page, where

I = A1 AU+ Aq AU + A AU,

Iy = A AU + Ap AUy + A AU3 - 12, spec b = g Eln L1, spec A = klopee 1
I spec ISO I spec
Is = Awy AUy + Au Al + Ap AU (16) Lep ¢ 1 T e
* I T. 1
¢2 — E i ﬁln 2, spec A2 — k spec
where q q Iso q IQ, spec
b
Ts ec ﬂ* k -[3 spec kTs ec 1
AU, =U; —T. 9:< L ) =0 Dl g = TP T
4 TA ¢3 q q Iso s q I3, spec
Ay
Ao 1 There are also three solutions f&t.,3 and we only need the
= largest real positive solution &s . If we set
Au | V(B = Ra)(RZ + R,Rey — 2R second 13, pec
& (B = Reo)(By + FuFen = 285y) Typee = 500 K, Rets, spec = 4.75 Q and Ren, spee = 515 Q,
Acz the I-V and I-T" curves are shown in Fig. 6(a) and (b). The
R2—R% total current of the unstable point is 80 mA comparing to 75
Ré R mA of I,,.. = 25 mA for the identical current case. Although
to T2 ) the total current under uniform temperature consideration is
R. R — RiRa about 6.5% larger than that under uniform current considera-
R — RyRe; tion, the ballasting resistances are about 7.5% larger. It seems

that the uniform current design is better. But because that the
Then, setting the temperature of all fingers identical, that idifference is small and the uniform temperature design is more
Ty =T, =T5 =T, which alsoresults i/; = U, = Uz = U straightforward, we think these two designs are both useful.

. ¢1- Vo0 — Ay — Reas ¢1 - VeR0 1 - Voo
- Ty Vel 0 r- (</)2 CVeR 0 — A2) - AR@Q, spec — B3 Ty Vel 0 =0. (19)
3 - VeReob ¢3- VeReaf ¢3 - Vo0 — Az — Reys

=
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0.045 T+ —Fq where
0.040+ * e 1
0.035- r=7—Lpe
o f1 1, spec
00304 4+
< ool x 3 Following the procedure as before, the eigenvalue equation (19)
e becomes:
o 0.020-
8 0.015+ A det[diag(r - ¢)(V. R0 — diag(A)) — diag(ARe spec)
0.010 @
L ¥ 4’.&‘#&@(% ) —R,II=0 (23)
i @
0.005 f%f ﬁ?ﬁ ; &
0.000 — T where
127 128 129 130 131 132 133 134
Vbe (V) A = Fspee IL
q spec
(@) g

Temperature (K)

Fig. 6. Simulation result of a three-finger transistor wifR. s

T T — T T
0.03 0.06 0.09 0.12

The optimum value of the emitter ballasting resistafge ,pe.

for stable operation up té;,.. can be solved by (23). The de-
sign procedure of the ballasting resistors for/éffinger tran-
sistor with temperature-dependent thermal conductivity under
uniform temperature consideration is similar to that of last sec-
tion. We list it as follows.

1) The thermal resistance mati. is determined by mea-
surement using test structures or by a 3-D simulation.

2) We specify the highest junction temperatdig.. from
device operation or reliability consideration and solve the
corresponding specific current levle. from (18) and
(20).

3) The ideal emitter ballasting resistor distribution under
Total current (A) Tspec CanN be obtained from (21) and (22).
) 4) Then, by solving the eigenvalue equation of (23), the

second largest real positive solution is the optimum value
of the emitter ballasting resistané®; ... for stable op-

Rets,spee =475 Q, Res = Rea, spee = 5.15 Q underT,,.. = 500 K. (a)

I-V curves and (b) the temperature as function of total current (f2 is the center
finger, f1 and 3 are the side fingers.) The temperature dependence of thermal
conductivity is taking into account.

eration up untill’s... is reached. This value is the smallest
resistor needed for the stable operation.

) ) ] V. CONCLUSION
Finally, we derive the formulas of the generétinger case

as follows. ONCcq’, .. is given,Us .. is obtained from (18) and We extended our previous work on the multiple-finger tran-

sistor thermal stability from the simple thermal-electrical feed-
back equation to the more accurdteV equation and taking
the temperature dependence of the thermal conductivity into ac-
count. Transistors with three fingers an@fingers have been
analyzed. Two design flows, uniform current design, and uni-
form temperature design, of the best ballasting resistor distri-
bution for optimum thermal stability operation were developed.
U,pec IS the linearized temperature vector that satisfigs=  Using these design flows, we can design the best ballasting re-
Uy = -+ = Uy = Uspe.. From (7), the thermal-electrical sistor needed for thermal stability operation under the specified
feedback coeff|C|ent vector is current level or the specified junction temperature.

pr_ k(1
(p q q ISO spec
cations,” inCurrent Trends in Heterojunction Bipolar Transistohd. F.
Then, the ideal emitter ballasting resistor distribution (17) be-  Chang, Ed. Singapore: World Scientific, 1996.
comes [2] R. H. Winkler, “Thermal properties of high power transistortfEE
Trans. Electron Devicewol. ED-14, pp. 260-264, May 1967.
[3] J. A. Higgins, “Thermal properties of power HBTSEEE Trans. Elec-
tron Devicesvol. 40, p. 2171, Dec. 1993.
[4] W.Liu, S.Nelson, D. Hill, and A. Khatibzadeh, “Current gain collapse in
microwave multi-finger heterojunction bipolar transistot&EE Trans.
Electron Devicesvol. 40, pp. 1917-1927, Nov. 1993.

Ispec = A(Uspec - TA) (20)
where

A= (VCRC)_
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