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Heterojunction bipolar transistors (HBT) based on Npn AIGaAs/GaAs material system
have attracted considerable attention for microwave power and digital applications due
to their high speed and high current capabilities. In this paper, a numerical model based
on the Npn AIGaAs/GaAs HBT structure for the carrier transport is presented. Three
figures of merit on device operation, current gain, cut-off frequency and maximum
oscillation frequency are calculated. Besides, thermal instability plays an important
role on power HBT resulted from the low thermal conductivity in GaAs. The
generated heat will increase the junction temperature and cause self-destruction.
Therefore, the thermal runaway study of the junction temperature, current-voltage
(IV) characteristics and frequency response using an analytical thermal model is
described.

1 INTRODUCTION

The heterojunction wide-gap emitter provides a large barrier to hinder
hole current in HBT and so allows the base region to be heavily doped
[1], and therefore lower the base resistance without sacrificing the
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emitter injection efficiency. The low base resistance obviously results in
a substantially improved frequency response. The other advantages
are high current, high power gain and high efficiency [2, 3]. But, the
microwave power devices operated at such a high power level together
with the poor thermal conductivity in GaAs, generate a large amount
of heat and result in much higher temperature in HBT. Since some
physical parameters are strongly influenced by the junction tempera-
ture, the device performance operated in power application will be
significantly affected.

There are three thermal effects that cause power HBT to malfunc-
tion. The first is the temperature-dependent current gain. The current
gain decreases monotonically with ambient temperature which is
higher than the room temperature. The second thermal effect is sec-
ondary breakdown, a well-known phenomenon in Si bipolar transistor
under high power operation. It occurs when the device temperature
reaches a semiconductor intrinsic temperature at which the electrical
properties are dominated by the thermal induced intrinsic carriers.
Since the intrinsic temperature of AIGaAs/GaAs is high, the sec-
ondary breakdown may not be a thermal problem. The third one is the
thermal run-away. It usually occurs at a temperature lower than the
other two, and it is the primary problem for limiting the power per-
formance.

In this work, an analytical model based on the HBT model for
carrier transport and frequency performance is derived in section 2.
Meanwhile, thermal instability constitutes a major reason for sudden
failure in power HBTs. The nature of this phenomenon is that of a
tendency for hot spots to bloom because of a positive feedback be-
tween temperature and locally increased current. The positive feed-
back is that local high temperature causes the lowering of base
bandgap, which results in a low turn-on voltage thus inducing more
current and more local heat. For iso-thermal condition, the DC cur-
rent density is usually inaccurate, since the power HBT operated at
high current density significantly large temperature gradients com-
monly exist across semiconductor devices. In section 3, the tempera-
ture dependent physical parameters are studied and calculated
including thermal term. Finally, the calculated results are shown and
discussed in section 4.
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2 THERMIONIC DIFFUSION MODEL

The discontinuity in the conduction band edge at the emitter-base
interface, as shown in Figure 1, gives rise to a barrier which impedes
the injection of electrons into the base region, thus increase the current
gain. Lauterbach et al. (1992) considered a thermionic diffusion model
with a more realistic description of several important factors to de-
termine the HBT operation, such as recombination current, emitter
series resistance, etc. [4]. We follow this method to investigate electron
transport across pn heterojunction in this section and take thermal
effect into account in the next section. In addition, a unified model of
the cut-off frequency (fv) and maximum frequency (fmax) is also de-
veloped.
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FIGURE Schematic HBT band structure and device parameters.
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2.1 Electrical Properties of HBT Model

The electrical IF" model is rewritten in a form similar to Ebers-Moll
equations for an HBT as follows

where

\ TJ cosh cosh (3)

A22 cos h + v. sin "+Jpc cos h()] (4)

Jn
A12 -A21 (5)

Rn

Here, in order to achieve a more realistic HBT model, we have considered
some current contributions in the device that are caused by recombination
of minority carriers in the neutral base (Jrbt), and recombination in the
emitter-base space charge region (Jrb2), where

q(Ws Xz)nb
Jrbl (6)

(2rn=PRn)

[ \vt]
Jrb2 =Jrbl Rn "4-NECXp|-’77--.| (7)

Physical constants and device parameters used in the calculation are
listed in Table 1. The other relevant parameters used in this paper
are, Vp 1.42 107 cm/sec, v,, 4.16 107 cm/sec, v, 1.04 109
cm/sec, Vt 0.0259V, AEc 0.243eV, e, 1.08 102F/cm,
e,2 1.16 102 F/cm and Vbi-- 1.718 V. These values are chosen to
simulate an actual device.
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TABLE Physical Constants and Parameters Used in the
Calculation.

Energy band gap (eV) 1.735/1.424
Ege/Egb AI composition 0.25

Electron diffusion constant 50.33
Dnb (cm2/s)
Hole diffusion constant 9.0/10.0
Dpe/Dpc (cm2/s)
Electron diffusion length 5
Lnb (tm)
Hole diffusion length 2.0/2.0
Lpe/Lpc (lam)
Doping concentration 510/1109/5106
Ne/Pr/Nc (cm3)
Neutral thickness 1500/1000/4000
We/Wb/Wc 0

2.2 Consideration of Frequency Response in HBT

The frequency at which incremental current gain drops to unity is
called the current gain cut-off frequency fr, which is inversely pro-
portional to the signal delay time rEC (carrier transit time) from the
emitter to the collector. It can be estimated through the relation [5]

1/(2rrfT) rzc re + "t’eb -t- Z’bt q-" l"ct -t- (8)

where re is the emitter region delay time, which is the emitter diffusion
capacitance (CdE) charging time through the emitter diffusion and series
resistance; feb is the base-emitter plus base-collector depletion layer
capacitance charging time through the emitter diffusion and series resis-
tance; "t’bt is the base transit time; rct is the base-collector depletion layer
transit time; and rc is the base-collector depletion layer capacitance
charging time through collector resistance. The delay time in emitter
region is

k2DpE]
(9)
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The emitter charge time Zeb is the base-emitter (Cje) plus base-collector
(Cj) depletion layer capacitance charging time through the emitter diffu-
sion and series resistance.

feb re(qe + Cjc) (10)

Cje and Cjc can be expressed as the conventional depletion capacitance
model [6].

Cje {[2(N
Cjc {[2(NB

qNeNBe
-]- NB)( Vbi(BE) l/BE)]

0.5

qNBNce }+ Nc)(’b(Bc) + cB)]

0.5

(11)

(12)

where l/hi(BE) and l/bi(BC) are the base-emitter and base-collector built-in
voltages, respectively.
The effective base transit time is given by the ratio of the quasi

neutral base thickness to the electron velocity in the base.

"t’bt (13)
VnB

The quasi neutral base thickness depends on collector current. VnB is the
minority carrier electron velocity in the base.

2Dn
VnB (14)

The collector depletion layer transit time "t’ct can be expressed as

X3
"t’ct (15)

yvs

where X3(=e/Cjc) is the collector depletion layer and vs(= 2 x 106

cm/sec) is the GaAs saturation drift velocity. And ?, changes from 2 in
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the absence of velocity overshoot to about 3 if velocity overshoot in the
base-collector junction becomes significant [7]. Finally, the collector
charge time is the product of the collector resistance and capacitance.

rc RcCjc (16)

The collector resistance is given by

Re Rcs + Rcc (17)

where Rcs and Rcc are the collector series and contact resistance, respec-
tively.

wrcs [q(D,/Vt)Nc]
(18)

In addition, the cut-off frequency fr and the maximum frequency fnax are
another important parameters given by [8]

fmax
C’i )/./r1.8zr.RBc.eff. .0.5 (19)

where (RBfjc)eff Cjc(ec + RB). The effective base resistance Rt related
to the device geometry and device parameters is an important factor in de-
termining the frequency performance [9]. A genetic layout ofpower HBT is
shown in Figure 2 as well as the emitter-base area and mesa structure in
Figure 3. The base resistance can be divided into four parts. The first
part is the resistance of the base metallization. The base metallization resis-
tance may be approximated by

lOm (20)Rbm
3Xb

where Xb is the width of the base metallization finger, is the length ofbase
contact, and Pm is the metal sheet resistance. The second component of the
base resistance is the intrinsic base resistance, i.e., the resistance experi-
enced by the base lateral current to the underneath emitter. Consider-
ing an HBT with a long, thin emitter stripe, and base contacts on both
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FIGURE 2 A generic layout for power and microwave HBT.

sides of the emitter, the intrinsic base resistance may be found to be
equal to [10]

Rbint PbshXe (21)
121e

where Pbsh is the sheet resistance of the base layer (= pb/Wb), and Xe and le
are the emitter width and length, respectively. Pb is the resistivity and Wb is
the base neutral thickness in the base. The third component of the base re-
sistance is the extrinsic base resistance, which is the resistance encountered
by the current as it flow from the base contact to the portion of the base
under the emitter given by

Rext PbshWext (22)
2re
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FIGURE 3 An enlarged self-aligned HBT layout and cross-section shows the different
components for RF operation.
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where Wext is the distance from the edge of the base contact to the edge of
the emitter. The fourth component of the base resistance is the base contact
resistance given by

R=[ coth w\p] J
(23)

where pc is the specific contact resistivity of the base contact. The total base
resistance is

Rb --Rbm + Rbint + Rext d-Rc (24)

if Rb and Cjc are all reduced, then fnax should be enhanced.

3 MODIFIED MODEL WITH THERMAL EFFECT

To study the behavior and capabilities of AIGaAs/GaAs power HBTs
in terms of thermal performance, the physical-based thermionic dif-
fusion model is adequate. Indeed, with respect to the local temperature
rise, it suffices to modify the values of the most sensitive physical
parameters which define the saturation current, the carrier transit
time, etc., in the elementary model. The temperature-dependent GaAs
physical parameters are given as [11, 12]

Eg(x, T) Eg(x, 300 K) 4 10-4(1 + 0.6x)(T 300) (25)

where x is the AI mole fraction, the bandgap Eg is in eV [13].

n(T) n(300 K)(30)2"3 (26)

#p(T) #p(300 K)[ 0.0014(T 300)] (27)

where/,,, pp are electron and hole mobilities, respectively.
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The saturated electron velocity in cm/sec is

Vs(T) 107(1.28 0.0015T)

The electron and hole diffusion coefficients in cm2/sec are

Dn(T)-- Vt
(1 + 5.5 x 10-17NB)0"233

(28)

(29)

[ 380
Dp(T) gt

(1 + 3.2 10-17NE)0’266
(30)

Throughout the analysis, we employed the following assumptions in deter-
mining the model with heating effect.

(1) Boltzman statistics are assumed
(2) Two or three-dimensional effects are omitted
(3) Assume the temperature in the intrinsic HBT, which is much higher

than room temperature, is spatially independent
(4) The heat generated in the intrinsic HBT is dissipated primarily through

the semi-insulated (SI) substrate as shown in Figure 4.

Then the heat Ps(W) generated in the HBT [14] is

Ps Jc VCEAE (31)

where Ae is the emitter area and Vcz, Jc are the applied collector-base
voltage and current density, respectively. They are both calculated by
the thermionic diffusion model. Thus, Ps is related to the thermal re-
sistance (Rtho) of the substrate as

T- To PsRth (32)

where To 300 K is the ambient temperature. Assume the thermal conduc-
tivity Kso is proportional to (T/To)-L22 and with kichhoff transformation
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FIGURE 4 Schematic illustration of HBT for the effective area through which the heat
is dissipated.

15], we get

Rtho (0- To)les (33)

tl [1/T(o-) (b 1)Rt,oe./To]/- (34)

and Rtho is the thermal resistance for the case that the thermal conductivity
in the substrate is temperature independent. Then,

Rtho-" 1/Kso .[ dx/Aeff(x)
Aeff(x) A + 2Zx tan(0)x

(35)

(36)

where Kso 0.47 W/K cm at 300 K and Z, Xs is the HBT width, the thick-
ness of the SI substrate, respectively. 0 45 is used in our calculation
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[16]. When several iterations are done, the junction temperature and the
collector current density Jc are obtained. The common-emitter current
gain, cut-off frequency and maximum oscillation frequency are also calcu-
lated and modified when taking the thermal effect into account.

4 RESULTS AND DISCUSSION

The parameters used in the calculations, if not specified, are according
to the values in Table 2. Here, the band parameters of the wide-
bandgap Al.Ga_xAs emitter, such as energy bandgap, dielectric
constant, density of state in the conduction and valence bands and
intrinsic carrier concentration, etc. are calculated for different AI mole
fractions. The calculated rising temperature is shown in Figure 5 for
various applied voltage VBE. As expected, the temperature increases as
collector current density is increased beyond 104 A/cm2 and reach 500,
600, 700 K at maximum current for Vce 4, 5 and 6 V, respectively. It
is clearly shown that the device dissipated power in Eq. (31) is pro-
portional to the product of VCE and collector current density. The
junction temperature which increases drastically as high as 500 K,
because of a positive feedback between temperature and locally in-
creased current, will cause self-destruction of the transistor. It is well
known as "thermal runaway". Therefore, the AIGaAs/GaAs power
HBT or other microwave devices, which generate significant heat, will
need special process technique (back-side process) to dissipate the
generated heat during operation. The back-side process includes wafer
thinning, via hole formation, plated heat formatting and dicing into
individual chips. The finished devices are usually mounted with the

TABLE II Parameters Used in
the Calculation Offmax.

Rbm ohm
L 10 I.tm
Xe lam, 2 lam, 3 lam
Wext 0.1 lam, 0.2 lam, 0.3 tm
Xb 3 lam, 4 lam, 5
Vs 110 cm/sec
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FIGURE 5 Calculated junction temperature and collector current as a function of
VBE where the SI substrate thickness is 2001m.

front side upward and the bottom soldered or epoxied to another
material which serves a heat sink. Hence, most of the heat generated in
the front of the slice must be conducted through the GaAs SI substrate
and into the heat sink. Unfortunately, GaAs is a poor thermal con-
ductor, this requires that GaAs SI substrate to be thinned down from
its original thickness to a significantly low value (150 to 50 Im). Such
thinning is absolutely necessary for power HBT and medium to high
power Monolithic Microwave Integrated Circuits (MMICs); these
devices require low thermal impedance [17]. Figure 6 shows that the
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FIGURE 6 Calculated junction temperature and collector current as a function of VaE
where the SI substrate thickness is 50 lam.

junction temperature reaches only 340, 350, 365 K as compared to
those in Figure 5, when the SI substrate thickness is thinned down
from 200 lam to 50 lam, as discussed above. Figure 7 shows the calcu-
lated junction temperature as a function of Vce where It, 0.5 mA/step
and SI substrate thickness is thinned down to 50 lxm. Calculated IV
characteristics as shown in Figure 8 exhibit a negative slope when the
base current density is high (or VCE is large), is a phenomenon com-
monly observed in AIGaAs/GaAs HBT DC measurements. The ne-
gative slope in Figure 8 is larger than that in Figure 9 due to the thin
down process. Also, as shown in Figure 10, the current gain decreases
at moderate to high values of collector current. If the device is assumed
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FIGURE 7 Calculated junction temperature as a function of Vce where
It, -0.5 mA/step and the Sl substrate thickness is 50pm.

to be at ambient temperature (300 K) throughout its volume, solid line
indicate that current gain fl rises monotonically with collector current.
Thus, we conclude that the drastic decreases in //at high current is
resulted from the temperature effect. But it is difficult to isolate and
identify the precise importance of the various factors which could
contribute to the reduction in gain because they are interlinked in a
complex fashion by electrothermal coupling. For example, electrical
effects due to the base resistance tend to produce current crowding at
the edges of the emitter, while the thermal effects tend to concentrate
the current at the center of the emitter. Therefore, the combination of
these two phenomena could conspire to produce a nearly uniform
current distribution. However, one factor that can be expected
through the electron diffusivity in the base, and the negative tem-
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FIGURE 8 IV characteristics for the SI substrate with a thickness of 200

perature dependence of the mobility is brought into the model. Using
Eq. (26) and the definition of the base transport factor 6 given as [18]

rnBDnB(T) (_)
1.3

(T) rnB 2 3(300 K) (37)

we have clearly known the temperature dependence of/ZnB does not only
account for the variation of/5. As the emitter injection efficiency is a con-
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FIGURE 9 IV characteristics for the SI substrate with a thickness of 501am.

stant, it follows that recombination in the emitter-base space charge region
is significant. The combination of VBE falling toward the center of the emit-
ter, due to electrical series resistance in the base, the increase of intrinsic
cartier concentration and the negative temperature dependence of the band-
gap, makes the increase of recombination in space charge region which
cause base current increasing drastically. Therefore, a drastic reduction in

fl will occur, especially when VCE increases from 4 to 6 V. As discussed
above, the fl will collapse at higher collector current density in the thinned
device as shown in Figure 11, at which the /3 decreases at Jc about
1.3 x 105 A/cm2, while decreases at 4 x 104 A/cm2 shown in Figure 10.
Calculated fr and fmax at different collector-emitter voltage are shown in
Figure 12 and Figure 13, respectively. The fr increases from low to mod-
erate collector current density and then decreases at high collector current
density. The decrease offr in low collector current is resulted from a higher
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FIGURE 10 Calculated current gain versus collector current density with Vce voltages
as parameters for SI substrate thickness of 200 lam.

charging time feb due to a higher emitter diffusion resistance at low collec-
tor current. Thefr degradation in high current region is due to base widen-
ing effect which increase the base transit time and increased emitter
junction resistance. It is interesting to find thatfr is reduced by the increase
of Vce, and fmax actually increases slightly but falls off at a low collector
current density when Vce is increased. These results clearly show that the
commonly observed behavior of fl, fr andfmax at high Jc can be accurately
predicted by the present model. The rapid fall-off properties, which de-
grades the HBT performance, are caused mainly by the higher temperature
in the HBT associated with the high Jc and large Vce. The high temperature
also results in the kirk effect at a low Jc.
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FIGURE 11 Calculated current gain versus collector current density with Vce voltages
as parameters for SI substrate thickness of 50 pm.

5 CONCLUSIONS

In this paper, we pay attention to predicting the HBT behavior and
physical trends and also have developed a physics-based analytical
HBT thermal model associated with the thermal effects. When com-
paring the present model with iso-thermal model, it is found that the
thermal effect is the main mechanism contributing to the commonly
observed fall-off behavior in power HBTs operated at high current
region. From the iso-thermal model, we can optimize the device
parameters and achieve better current-dependent 13, fr and .fmax. To
obtain higherfr andfmax, a smaller value of collector thickness should
be used to shorten collector charging time %c. Higher collector doping
concentration may be required to avoid the base widening effect.
However, higher collector doping concentration results in larger base-
collector capacitance which cause large base-collector depletion
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FIGURE 12 Calculated fr versus Jc at different Vce voltages in the thermal model.

transit time "bc and results in smaller breakdown voltage (BVcbo).
Therefore, a trade-off between breakdown and speed should have to
be made. In addition, we supply an estimated tool of the junction
temperature effects on the electrical characteristics of the semi-
conductor devices. This will be of particular benefit when modeling
devices with unfamiliar package or heat sink configurations. In prac-
tical design, some back-side process such as substrate via process and
thinning for reduction of material resistance are used and ensured in
lower temperature operation. Due to the understanding of the thermal
design, a conceptual realization in the thermal properties of HBT will
enhance our understanding to implement an improved RF perfor-
mance.
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