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ABSTRACT

We present 2 3-D electrothermal mode! based on the finite
difference method and applied to GaAs hetercjunction
bipolar transistors (HBTs). This non-linear mode]
computes the temperature distribution under static bias
conditions for multifinger HBTS, although it can be
- modified to simulate silicon bipolar devices. The model
takes into account emitter ballast resistance, thermal shunt
design and the non-linear temperature dependence of
substrate thermal conductivity. A simplified analytic
electrical model for the HBT can be modified to fit the
user’s device characteristics. We compute maximum
junction temperature and device thermal resistance for
three-dimensional HBT structures. We use this model to
optimize the thermal design of InGaP/GaAs HBTs
employing emitter ballast resistance and thermal shunt
and we compare the parallel topology to the distritarted (or
“fishbone") topology for power HBT wnit cells.

- INTRODUCTION

The GaAs-based heterojunction bipolar transistor
(HBT) is a promising alternative to the field-effect
transistor for power amplifier and mixed-mode
applications from L to Ku band. However, the combination
of poor GaAs thermal conductivity amd positive
electrothermal feedback within the device results in a
thermal limitation in HBTs which can occur well before
the onset of electrical limitations, especially in multifinger
designs. Of particular concern in power HBTs is the
current collapse phenomenon [1], which results from the
negative temperature coefficient of the base-emitter
junction. To minimize the impact of these thermal
constraints, it is desirable to employ thermal stabilization
techniques. Ballast resistors placed on the base [2] or
emitier [3] terminals can improve thermal stability, at the
expense of reduced microwave gain and efficiency. In
addition the thermal resistance of HBTs can be reduced
using a variety of techniques, including flip-chip
connection and the thermal shunt [4]. The goal of this
work is to model, for an arbitrary dc bias point, the thermal
resistance and junction temperature of multifinger HBTs
having a thermal shunt and/or emitter ballast resistance.
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Commercially available, three-dimensional thermal
models typically employ constant, independent power
sources for the active regions of the device. While this
technique may be useful for regarding heat transfer within
HBTs, it can not predict the maximum junction
temperature attained for a given static bias condition. In
addition, these models are ofien based onm the fnite
elements method, thus requiring substantial computing
power and long computation times for complex structures.
Therefore we developed a non-linear, finite-difference
model which takes mto account the electrothermal
interaction of temperature and current as well as high
current injection effects. We also developed an analytic
electrical model for the HBT which can be user-modified
to fit the user's device characteristics, and we took into
account the non-linear temperature dependence of GaAs
thermal . conductivity. This 3D electrothermal model
calculates the thermal resistance and temperature
distdbnﬁmforanarbiu‘arydcbiaspoint(basecmrentlbm'
base-emitter voltage V.., and collector-emitter voltage V).
Our model allows for the optimization of numerous
topology variables by studying their impact on device
thermal resistance. The simplified analytic electrical model
coupled with an efficient FD solution of the heat transfer
equation provides a good compromise  between
computation ime and accuracy.

MODEL
Thermal Model

The general heat transfer equation governing heat
flow in solid materials in steady state is shown m (1).
VEVT +4™ =0 6y
where k is thermal conductivity (Wm'K'), T is
temperature and q™ is the volumetric heat generation term
(Wm™). This equation can be mon-linear through the
thermal conductivity term k and the heat generation term
q". This equation is solved using a 3D finite difference
method with adapted boundary conditions, which are
described below.



The HBT topology examined in this study consists of
emitter mesas on top of a GaAs substrate. If a therma]
shunt is modeled, the pillars of the therma} shunt contact
the mesas directly, or the user can define a dielectric layer
between the shunt metal and the emitter mesa. A schematic
cross-section of a four-finger, thermally-shunisd HBT is
shown in Figure 1. This simplified topology is sufficient to
describe the most important elements involved in the
thermal resistance computation. For instance, among the
22 user-definable geometric variables are via hole
dimensions, via metal thickness, distance between the
outermost fingers and the shunt landing areas, pillar meta}
height and emitter mesa thickness. The emitter fingers can
be arranged in a parallel configuration (as in Figure 1) or
in a distributed (aka. "fishbone™) arrangement. In a
distributed topology, groups of emitter fin gers are arranged
in two or more rows, each separated by a distance d.
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Figure 1. Cross-section of typical simuiated structure {not
1o scale).

Most of the 3D structure is meshed using cubes of
comstant size, typically 2 um. However, the cell size is
scaled down accordingly for the emitter mesa(s) as well as
for the heat generating portions of the structure (Le. the
base-collector junction areas). We will develop the
expt&ssionfonmnpemuneatthecentﬁofambeusing the
notations in Figure 2, where the central cell is labeled A,
and the six swrounding cells are labeled b-g. The
convention of computing scalar values in the center of an
clementary volume and not at each corner leads to a
conirol volume approach. In this method the lemperatare
in each point of the structure is calculated by evaluating
the heat transfer through the six sides of the cell. The heat
flux f across a surface S is expressed with Fourier’s Law:

JdT _

£z = —kq 3.0 1))
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Figare 2. Control volume notation for the finite difference
method,

In equation (2) k; is the thermal conductivity at the surface,
and § is the normal direction. In an elementary vohume of
the type shown in Figure 2, the heat flow balance over the
six faces (denoted s1-56) is

Fa(ByAZ) = foo(AyAz) + f 5 (AxAZ)
~ [34(&xAz) + f5(AxAY) ~ f(AxAy) + g (ArAyAz) = 0
3

To evaluate the thermal conductivity at a surface S, we
express the heat transfer in one dimension normal to that
surface. Referring to Figure 3, the heat flow across the
surface area S is expressed as
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Figure 3. Computation of surface thermal conductivity.

In the case of a constant mesh we obtain:
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With a Taylor series decomposition of (3), we get the
temperatare for every cell in the stucture (eguation 6).
This expression is in explicit form which is why we
compute the temperature with an iterative method. The
thermal conductivides of GaAs and gold (in WmK™) are
modeled as:
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kax(T) = 3182 - 0.062T
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where T, is the ambient temperature. As for boundary
conditions, for the backside of the substrate and the sides
“of the HBT the user can choose between a constant
temperature condition and a Dirichlet condition, which
approximates contiruous heat flow across a boundary, The
omsmnttemperaunebmmdarycmdiﬁenisperhapslms
physically meaningful than the Dirichlet condition but
results in faster convergence; the Dirichlet condition is
emploved to simulate a substrate dimension {¢.g. thickness)
of essentially infinite length. For the upper surface of the
device, we take into account radiation and comvection
effects. The convective heat transfer term is expressed as
q" =MT,-T,) O
where T; is the temperature of the convective surface, T, is
the ambient temperature and h is the convection coefficient
in Wm?K”. The comvection coefficient has a value
between 5 and 25 for natural convection but can increase to
1000 for forced convection. The radiative heat transfer
term is defined by the Stefan-Boltzmann law of blackbody
radiation:
q"=0cT’ (1
where G is the Stefan-Bolizmann constant (5.67x10°
Wm K™} and T, is the temperature of the emissive surface,
In the calculation for heat flux at the surface of the device,
this radiation term results in z fourth-order polynomial
which is solved with a Newton-Raphson algorithm.

Electrical Model

‘ Heat generation in the device is modeled as Joule
heating in the base-collector junction regions. We refine

AZA
Y 4 (s + k) Av
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the mesh in these regions using a scale factor which
divides each emitter finger area into cubes much smalier
than the surrounding mesh. For each point ijk in the
"active” ‘region of the swucture, we calculate power
dissipation using the following relation:

g; j& = (Vce—Re(ib, +Hie, DX Jb; jp XPB; ;1 X Ax X Ay
an

where V. is collector-emitter voltage, R. is emitter
resistance, ib, and ic, are total base and collector carrent
for finger n, Jb,;x and By are the base current density and
current gain at mesh point i,jk, and Ax and Ay are mesh
unjis in the x,y plane. We use a thermionic injection
relation to model the base current density as a function of
applied base-emitter volage and temperatare:

= 7o~ 22 exne Y2 _
TAT.VB)=Jofl~— )[exp(vr) 1]

Vbi Vbi 12
(] - Vot
JO—&A F—g-exp( VT )

where V, is applied base-emitter voltage, Vy; is junction
built-in voltage, A’ is Richardson's constant (1.2x10°
Am’K?), Vr is the thermal voitage &T/g) and & is a
fiting parameter. Figure 4 shows the computed and
sinulated base current characteristics for an elementary
transistor with a 7 ohm emitter resistance. For the modeled
characteristics, the valtage V, is applied across the emitter
base junction with a series resistance of 7 chms. The
mismatd:ofthemfcxlowinjecﬁmlevelsisdne
mostly to surface recombination cusrent.
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Figure 4. Simuiated versus measured base current.



The dc current gain (B) is expressed as an icealized
function of temperature and base current demsity. To
accompiish this, we first defined an ideal function p = (J,),
and we measured gain as a function of temperature. Gain
is assumed to be independent of collector current density
between two current densities, Jiz, 10 Yo, although B, does
vary with temperature. Below Jio, current gain varies
linearly with current. High current injection effects are
modeled as a linear decrease of gain between the collector
current densities J.p and  Joa Using this analytic
expression for § as a function of J, and the relation
J: = By, we derive the following for B as a funcrion of I

[ Bo® Tin
—_— for Jo<22

Ja Bo

B={Bo for ﬁ':snasi"“— (13)
Bo

ﬁOJm Jcrit
- — for Jpz ==L

{ Jain =J g —BoJb Bo

'I‘heinﬂuenceoftempﬂ'auremmentgainwas
measured for our InGaP/GaAs HBTs and was found 1o be:

Bo =Py, —0025T (14)

whereTisthetemperamreinTandﬁT,isthedcgainat
ambient temperature. It should be noted that we neglect
avalanche breakdown in the HBT. This is because the
typical operating voltage V.. of our devices is around 10 v,
well below the commeon emitter breakdown voltage BV,
of 18-22 V.

Resolution

Tanperanneinevexyceﬂofthemshiscompmed
hﬂaﬁvely&mnequaﬁms6wl4usingaﬁauss-8eidei
algorithm. One iteration consists of comnputing temperature
in the whole structure. After one iteration the thermal
conductivity is adjusted using the laws in (7) and (8), and
the dissipated power is computed. The namber of iterations
necessary 10 achieve a stable solution depends on the bias
conditions, since either the base-eminer voltage or base
current is augmented to its final value in z stepwise
INAnner so as to avoid divergence. In general, convergence
is attained after 3000 - 5000 iterations.

VALIDATION

This model bas been validated with thermally-
shunted, four-finger HBTs having 7 ohms per finger
emitter ballasi resistance. However, direct comparison of
computed and measured thermal resistance is not used i8]

 validate the model. In general, owr model predicted

thermal resistance values that were 20-30% higher than
our measwred values. This is because measurement
methods for thermal resistance are based on  the
coincidence of isothermal measurements {e.g.. pulsed I-V
Oor gummel  characteristics} with  non-isothermal
measurements (e.g. output characteristics L-V,,) {5.8].
This results in an estimation of junction temperature that is
a pseudo-average temperature and not the true maximal
junction temperature for a given bias condition. For
validaton purposes, we compare the measured and
simulated outpnt characteristics (I, vs. V). In Figure 5,
the solid lines are the measured outpwt characteristics of
the 4-finger device, and the dots are the simulated collector
currents for a range of base currents and collecior-emitter
vohiages. There is good agreement between the measured
and simulated results, inciuding in the region of negative
differential resistance. For these baliasted, thermally-
shunted devices, no current collapse phencmenon was
visible in the dc measurement,

0.08 + Ib=135,225,3.15,45mA

Collector Currerit (A}

[+ $ + t
0 2 4 6 8
Collector - Emitter Voltage (Volts)

Figure 5. Simulated and measured collector current versus
collector-emiter voltage.

RESULTS
In Figure 6, we present the variation of maximum

junction temperature as a function of dissipated power for
two values of emitter resistance. The device simulated is a

. four-finger HBT without thermal shumt We held base
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current constant at 3 mA and varied collector-emitter
voltage. Note the increase in the threshoid of thermal
instability (i.e. current collapse) from about 300 mW to
nearly 340 mW as emitter resistance is doubled from 3.5 to
7 ohms, It is also interesting to note that both curves are
initially linear but become non-linear as the current (and
thus temperature) distribution among the four fingers
becormes non-uniform.

Figure 7 depicts the evolution of thermal
resistance and Imaximum junction lemperature as a
function of thermal shunt thickness for a four-finger device



at a power dissipation of 270 mW. There is a rapid
decrease i thermal resistance between 2 and -6 micron
shunt thickness, after which the decrease is  ess
pronounced. We performed similar studies in order to
optimize substrate thickmess, emitter mesa thickness,
emitter finger spacing and shunt pillar thickness. In terms
of thermal resistance reduction, the variables having the
largest impact are shunt thickness, mesa thickness and
finger spacing. For designs in which emitter ballast
resisiance is integrated as a lightly doped emitter layer on
the order of 500 nm thick, it should be noted that this
increases the thermal resistance of a 4-finger HBT by about
23%. We note also that thinning the GaAs substrate from
100pmto30umrmu1rsinjustan8%decrwseinthermal
Tesistance,

Maximum Tomperaluse {*C)
-l
B
—

250
Dissipated Power {mW)

Figure 6. Maximum temperature versus dissipated power
for a 4-finger HBT without thermal shunt, R, =
3.5 ohms (triangles), R.=7 ohms {diamonds).
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Figure 7. Thermal resistance and maximum lemperatore
versus shunt thickness for a 4-finger HBT.

AEDdepicﬁonofcunemoollapseisseeninﬁgmeS
for a 4-finger thermally-shunted device. Note the formation
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of a hot spot (as V. increases) and the reduction in
temperature of the surrounding fingers (Figure 8b) as
compared 1o the pre-collapse condition in Figure 8a.

Finaily, we present in figure 9 a comparison between
the parallel and distributed topologies. Two-dimensional
lemperature distributions are shown for rwo 6-finger,
Lhetmany-shunteddevic&s,achbiasedatlb=3mAand
Ve = 7 V. Note the thermal coupling between the two rows
of emitter fingers (distributed topology). For values of d
smaller than 150 um, the maximum temperature obtained
for the distributed device is higher than that of the paralie]
device. Although a compact design, the distributed
topology resnits in higher thermal resistance.

CONCLUSION

-We have presented a 3D electrothermal model for
HBTs. This model is based on 2 numerical resoluticn of
the heat flow eguation, coupled with a heterojunction
injection relation, an analytical current gain expression,
the GaAs non-linear thermal conductivity and high current
density effects. We incorporated a meshing routine which
models parallel or distributed eminer-finger, thermaliy-
shunted HBTs with or without emitter ballast resistance. In
addition i:mnbeasﬂymodiﬁedtosimn]mearbitrary
device topologies as well as bipolar tramsistors based on
silican or indium phosphide substrates. It is 2 useful tool
for optimizing the therma? design of multifinger power
HBTs without the need for costly design prototyping.
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Figare 8. 2D temperature distributions (active region) for
4-finger thermally-shunted HBT with (a) I,= 3.5
mA, Vo=75Vand (b) ,=3.5mA, V=80 V.
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Figure 9. 2D temperature distributions (active region) for
6-finger, thermally-shmted HBTs with (a)
parallel and (b) disributed topologies.



