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Transient Analysis of Collector Current
Collapse in Multifinger HBT's
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Abstract—The authors report for the first time a time-domain By
. . L oo . - . ermal Shunt
analysis of thermal instability in multifinger heterojunction bipo- l___—_—u_[-—'__u—?__l
lar transistors (HBT's). This is based on a transient quasi-

three-dimensional (3-D) electrothermal model that selfconsis- Heat 2 3 a 2
tently solves the thermal and electrical equations. This model sources _W

is designed to evaluate the thermal time constant of GaAs- 1 2 ) 3 4
based power HBT’s employing emitter thermal shunt and emitter # Finger

ballast resistance. GaAs Substrate

Index Terms—Current collapse, electrothermal model, HBT,
transient analysis. Fig. 1. Simulated structure showing location of nonlinear heat sources and
placement of thermal shunt.
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OR high-efficiency high-power microwave applications T ™ 0) — L
from S to K« band, the GaAs-based heterojunction bipo- X N

lar transistor (HBT) is a promising alternative to the field effect

transistor. However, a combination of poor GaAs thermal Y -~

conductivity and positive electrothermal feedback within the

device results in a thermal limitation in HBT’s that can occur

well before the onset of electrical limitations, especially in SY AY

multifinger designs. This thermal limitation involves a current /! I

collapse phenomenon [1] that limits the dc operating range of d \ T

large-area devices. The sudden decrease of current gain is a L T'(,j) @)

combination of nonlinear thermal effects and localized high

collector current density effects. Although neither a simplag. 2. The ADI method.

electrical nor thermal study can explain this effect, several

groups have studied the current collapse phenomenon usiigere 7' is temperaturef is thermal conductivity (W/m

analytical calculations [2], [3]. Unfortunately, these models dp), ¢ is the heat generation term (Wi p is density

not consider the time constant for the onset of current collapgeg/m?) and ¢ is specific heat (J/kgK). Equation (1) is a

nor do they predict the thermal time constant of structurggrabolic equation which is solved with a two-dimensional

having a thermal shunt. However, such analysis is useful in tfie D) finite-difference method (assuming uniform temperature

study of devices operating under pulsed-power conditions. Ristribution in the third dimension). The simulated structure is

this reason we have developed a quasi-three-dimensional (3g@picted in Fig. 1.

nonlinear electrothermal model that computes the temperaturernis cross section is meshed using squares &f 1 im?.

distribution in multifinger HBT's in the time domain. We observed that smaller squares increased substantially com-
puting time while giving approximately the same results.
Il. THERMAL MODEL To simplify the resulting system of equations and enhance

The transient temperature distribution is calculated in twepnvergence, we use the alternative direction implicit (ADI)
dimensions from the general heat flow equation with adaptetethod to compute the temperature distribution in the structure

boundary conditions [4] for a given time increment. The ADI formalism is depicted
oT graphically in Fig. 2. The time incrementz is divided into
Ve(k-VI)+¢" = Pegr (1) two equal parts. When (1) is expressed using a finite-difference

) ) o . . o decomposition and the second spatial derivativ#s/dx? and
Mimz{'r;sgfr'gte;iﬁigiggé% 5, 1998. This work was supported by the Frenghtr /5, 2 are expressed af*+2¢, we obtain implicit linear
F. Dhondt and P. A. Rolland are with IEM, 59652 Villeneuve d'AscqreIatlons for7t+t24/2 and T*+2¢ that depend on just three

Cedex, France. erms atZ® and Tt+2t/2) respectively. This simplification
J. Barrette is with the Air Force Research Laboratory, Wright- Pattersor“ ffi | | h h h

AFB. OH 45433 USA. allows us to efficiently solve the characteristic matrices wit
Publisher Item Identifier S 1051-8207(98)05600-1. a Gauss elimination procedure.

1051-8207/98%$10.001 1998 IEEE



IEEE MICROWAVE AND GUIDED WAVE LETTERS, VOL. 8, NO. 8, AUGUST 1998 273

The boundary conditions for the sides and bottom of the ZONES
device incorporate a Dirichlet condition which approximates |+ o [ u v
continuous heat flow into a thermal mass. For the upper surface — |
we use a coupled convection and radiation condition. The heat 30 1
flow ¢ (W/m?) is expressed as

Total collector current
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where T, is ambient temperaturd,; is surface temperature,
h is the heat transfer coefficient (WHiK), and o is the
Stephan—Boltzmann constant (WAKt).
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Ill. ELECTRICAL MODEL

In (1), the termg””’ is computed at each time increment. g E——r— ' e
Assuming a unity length\z, we defineq” as Time (uS)

q"(¢, §) = (Vee — Re - (b, +icp)) X Je; j X Az/Ay (3) Fig. 3. Step response of collector current versus time for a four-finger HBT
without thermal shunty.. = 6 V, Ib = 2 mA.

where V.. is collector-emitter voltageip,, andic, the total
base and collector current for finger numberRe is emitter

ballast resistance, anft;_; is collector current density in cell fingers, and maximum junction temperature has decreased to

A S below 45C.

i, 7), which ted "

(i, 5), which is computed as In addition to the study of current collapse, we have used
Jei ;= p(Ib; j, Ti ) x by ;(Vie, T ). (4) this model to evaluate the influence of topology on the

thermal time constant in HBT's. We define the thermal time
To model base current density, and current gain3, an constant as the time it takes for device temperature to increase
analytical law of the formexp (qVi. /7 KT) is used to fit the from 10% to 90% of its equilibrium value for a step base
measured), versusV;. characteristics of our devices [5], andcurrent input. Fig. 6 shows the evolution of the thermal time
an empirical law foy3 as a function of temperature and currenéonstant versus the distance between fingers for a thermally
density was used. Current gain collapse due to the Kirk effegunted four-finger HBT. The base current step is 4.5 mA,
is modeled as a linear decrease in current gain as collecip the collector voltage is 3 V. As finger spacing is reduced,

current density surpasses a threshold value. thermal coupling is increased and temperature rises quickly.
For large finger separations, the time constant approaches
IV. RESULTS that of a single-finger device since the fingers are thermally

Our transient electrothermal model permits us to examifrPlated. Itis seen that the maximum value occurs for a finger
the phenomenon of current collapse in multifinger HBT'SPacing near 6Qum. This distance appears to be desirable

Fig. 3 shows the step response of total collector current ajfi Nigh-power pulsed applications, although the impact of
current in each finger for a four-finger structure similar t§19€r spacing on the electrical characteristics of the device
that of Fig. 1, although without thermal shunt or ballastinBeeds to be considered S!multaneously. We performed pul_sed
resistance. Applied collector voltage is 6 V, and the badagasurements on a four-finger thermally shunted HBT having
current step is 2 mA. In zone I, current and temperatufe301M finger separation. By varying the base current pulse
distributions are uniform among the fingers. In zone II, th&!dth and amplitude, we estimated the thermal time constant

central fingers conduct more and more current, whereas fHetlis device to be approximately 2@, which is in good
lateral fingers conduct less and less current. It is evident yRgreement with _the simulation result of 18. _

the central fingers are subject to strong thermal coupling. |n\We also S_tUd'ed the effect of thermal shunt_ thickness on
zones 11l and 1V, finger 2 begins to conduct the majority Jfe thermal time constant. For a four-finger device, as thermal

the base current, while the adjacent fingers become inactiy8UNt thickness is increased from 2 to/, the thermal time

The current density for finger 2 in zone IV is very |arge5:onstantincreasesIinearly from 4 to 28. This is an expected

which results in base widening (Kirk effect): this incurs a sharrﬁ,su“ sjnce the thermal capacity of the shunt increases linearly
decrease in current gain as base current is held constant. In ik thickness.
example, the establishing time of current collapse phenomenon
is about 20us.

Fig. 4 shows the temperature distribution in the structure at
16 us. At this point in the step response, the outside fingersin this letter we presented a time-domain analysis of the cur-
are nearly turned off, while the central fingers conduct most tént collapse phenomenon in multifinger HBT's. This model
the base current and are thus the hottest. The thermal runawamputes the thermal time constant and the time constant for
effect for this bias condition can be avoided by the addition oftae appearance of current collapse phenomenon. This model
thermal shunt, as seen in Fig. 5. For a thermal shunt thicknéss been used to optimize the topology of InGaP/GaAs HBT's
of 6 um, the maximum temperature is uniform among thdesigned for high-power pulsed amplifier applications.

V. CONCLUSION
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Fig. 4. Temperature distribution, four-finger HBT without thermal shift,
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Fig. 5. Temperature distribution, four-finger HBT with thermal shdnt, = 6 V, Ib = 2 mA, att = 16 uS.
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