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Abstract—We present a comprehensive physics investigation
of electrothermal effects in III-V heterojunction bipolar transis-
tors (HBTs) via extensive Technology Computer Aided Design
(TCAD) simulation and modeling. We show for the first time
that the negative differential resistances of the common-emitter
output responses in InGaP/GaAs HBTs are caused not only by
the well-known carrier mobility reduction, but more importantly
also by the increased base-to-emitter hole back injection, as
the device temperature increases from self-heating. Both self-
heating and impact ionization can cause fly-backs in the output
responses under constant base-emitter voltages. We find that
the fly-back behavior is due to competing processes of carrier
recombination and self-heating or impact ionization induced
carrier generation. These findings will allow us to understand and
potentially improve the safe operating areas and circuit compact
models of InGaP/GaAs HBTs.

Index Terms—heterojunction bipolar transistor, TCAD, self-
heating, impact ionization, mobility reduction, hole back injection

I. INTRODUCTION

Heterojunction bipolar transistors (HBTs) based on the
InGaP/GaAs material system are widely used in wireless
communication systems, due to their higher power, faster
switching speed, and higher efficiency, when compared to
silicon devices. It is generally recognized [1] [2] that the
electrothermal effect (a.k.a. self-heating effect) has a strong
influence on device performance of III-V HBTs. The inter-
play of self-heating with impact ionization (a.k.a. avalanche
breakdown) limits their safe operating areas (SOAs) [3] [4].
Several papers [3] [4] [5] have reported the measured SOAs of
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InGaP/GaAs HBTs in non-radiation environments. Accompa-
nying the experimental work, there exists a number of papers
[1] [2] [6] [7] that employed Technology Computer Aided
Design (TCAD) device codes to model the self-heating effect
in III-V HBTs. Although Rinaldi et al. [8] [9] were able to
simulate the complex device failure characteristics due to self-
heating and impact ionization in silicon bipolar transistors,
modeling and understanding of device failure mechanisms in
III-V HBTs is quite limited. In fact, the physics of self-heating
and its interplay with impact ionization in III-V HBTs is not
well understood. This is evidenced by the fact that existing
compact HBT models often do not work well [10] when
modeling the self-heating effect even in the operating regimes
far from device failure.

In this paper, we present physics-based TCAD simulation
and modeling of self-heating and impact ionization effects
in an InGaP/GaAs HBT. We present a detailed physics un-
derstanding of the self-heating effect and its interplay with
impact ionization. This understanding would enable us to
potentially improve the SOAs and circuit compact models of
these devices.

II. MODELING APPROACH

Simulations were done using Charon [11], a multi-
dimensional, Messaging Passing Interface (MPI) based par-
allel TCAD device code, which we developed at Sandia Na-
tional Laboratories. Charon supports isothermal drift diffusion
(DD) modeling and coupled electrothermal (i.e., DD + lattice
heating) simulation. Our device of interest is an emitter-
up Ing.5Gag sP/GaAs NPT™N HBT [12]. Figure 1 shows the
simulated two-dimensional (2D) structure, which represents
a truncated half-finger cross-section of a real device. The
coupled model is applied to all the semiconductor regions,
while the lattice heat equation is solved in the metal and nitride
regions. To properly simulate device self-heating, temperature
dependencies were incorporated in all important material mod-
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Fig. 1. Simulated 2D structure for a lattice-matched Ing.5Gag.5P/GaAs
HBT. The emitter is n-type Ing.5Gag.5P, the base is p*-type GaAs, while
the collector and subcollector are n-type GaAs. The metal regions provide
electrical contacts. To properly simulate the lattice heating, the capping nitride
region and a small part of the semi-insulating GaAs substrate are also included.

els, including band gap, carrier mobility, thermal conductivity,
and heat capacity [13]. The carrier mobility models are similar
to those given in [14]. For impact ionization (II), several GaAs
II models [15] [16] [17] were studied and found to produce
similar II coefficient vs. field curves. The Plimmer I model
[16] was used in this work. Carrier transport across the emitter-
base (E-B) heterojunction (HJ) is governed by thermionic
emission (TE) and tunneling processes [18]. The net hole TE
current density across the HJ is given by
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Here A} is the Richardson coefficient and other symbols have
their usual meanings. Our simulation results show that the
tunneling current across the HJ contributes only about 10% of
the total current in the HBT.

The choice of thermal boundary conditions plays a vital
role in determining the temperature profile. The bottom of
the simulated structure had a thermal conductance of 10
W/(K.cm?) estimated from the substrate thickness and GaAs
thermal conductivity. The top surface had a thermal conduc-
tance of 200 W/(K.cm?) obtained by fitting simulated results
to measured output response data at a given base current.

III. RESULTS AND DISCUSSION

We first investigate the self-heating (SH) effect in the
InGaP/GaAs HBT without II. Figure 2 shows the simulated
common-emitter results under constant base currents (/). The
black solid curves in the top figure are widely observed in
simulation and experimental results [1] [4] for III-V HBTs.
The negative slopes in these curves are often attributed to
the reduction of carrier mobility with increasing temperature
[1]. However, this explanation is only one part of the puzzle,
because the simulated collector current (/) vs. collector volt-
age (Vog) curves still show strong negative slopes, even when
the temperature dependencies were removed from the mobility
models, as shown by the red curves in the top of Fig.2. We
discovered that the other dominant mechanism is the hole back
injection from the base to the emitter. This can be seen from
the blue curves, which show a much smaller decrease in I at
high Vg, when the temperature in the exponential term of the
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hole TE model (1) was replaced by 300 K. The observation
becomes more evident from the bottom plot of Fig.2. In the
low temperature regime, I shows a power-law reduction with
increasing temperature, indicating the reduced carrier mobility
is responsible for the /- reduction. In the high temperature
regime, I shows an exponential reduction with increasing
temperature, indicating the base-to-emitter hole back injection
dominates the decreasing in Ic. For medium temperatures,
both mechanisms play an important role in reducing /c.
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Fig. 2. Simulated I vs. Vog (top) and I vs. device peak temperature
(bottom) curves under constant /. Black solid curves were obtained with
all temperature dependencies included. Red dot-dashed curves were obtained
with the temperature dependencies removed from the mobility models. Blue
dashed curves were obtained with the temperature in the exponential term
of the hole TE model (1) replaced by 300 K, whereas keeping all other
temperature dependencies in the simulation. The device peak temperature was
taken to be the maximum temperature in the simulation domain at a given
bias condition.

In the case of constant base-emitter voltages (Vgg), the Io
vs. Vop curves are very different from those of the constant
Ip case. Figure 3 shows the simulated /o (top) and device
peak temperature (bottom) vs. Vg curves using the SH model
without II under constant V. We observe that the simulated
device is significantly heated up, especially in the high Vg
and/or high Vo g regimes. The simulated temperature profiles
corresponding to the turning point and the peak current for the
case of Vg = 1.26 V are plotted in Fig.4. We see that the
temperature has a strong non-uniform shape and the device is
heated up mostly in the active region below the emitter.

The Ic-Ve g curves in Fig. 3 clearly show fly-back behavior
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Fig. 3. Simulated /¢ (top) and device peak temperature (bottom) vs. Vo g
curves under constant Vpp. Black solid curves were obtained using the
SH model without II, whereas black dashed curves were obtained using the
isothermal DD model without II.

at low Vpp values, whereas this SH induced fly-back does not
occur in the constant I case (Fig. 2). Though similar phenom-
ena were observed by other authors [8] [9], the underlying
physics was still unclear. We found that, during the fly-back
process, I increases and the transistor gain decreases (Fig. 5),
while the device temperature keeps increasing (Fig.3). This
indicates that fly-back occurs due to competing mechanisms
of SH induced carrier generation and standard carrier recom-
bination processes. At a given low Vppg, as the device heats
up with increasing Vo, thermal generation increases carrier
densities and hence increases the overall carrier injection from
the emitter, leading to larger I on the fly-back curve; on the
other hand, carrier recombination in the base also increases
due to excess carriers, which leads to larger I and smaller
gain. At high Vg, the fly-back does not occur, because carrier
injection from the emitter electrode is so high that it obscures
the effect of thermal carrier generation.

Furthermore, we notice that, at high I, independent of
VpE, all the Ic-Veg curves show negative slopes and con-
verge to more or less the same curve. This is because the base-
to-emitter hole back injection dominates at high temperatures
and the device loses its transistor action. It is worth pointing
out that the simulated /o-Vo g curves without the fly-backs at
high Vg are qualitatively very similar to the measured curves
by Lee et al. [4] for a different InGaP/GaAs HBT design.
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Fig. 4. Simulated device temperature spatial profiles at the turning point (top),
indicated by the red dot in the bottom panel of Fig. 3, and at the peak current
(bottom), indicated by the blue dot in the bottom panel of Fig. 3, for the case
of Vpp = 1.26 V.
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Fig. 5. Simulated I (black) and gain (red) vs. Vo g curves that correspond
to the black solid curves in Fig. 3.

To investigate the impact ionization effect in the HBT, we
simulated the /o-Vop curves using the isothermal DD model
with the Plimmer II coefficients [16]. As shown in Fig.6,
the Ic-Veop curves also show fly-back behavior using the
II model alone. The II induced fly-back is due to competing
processes of avalanche carrier generation and standard carrier
recombination. However, the fly-back occurs at a much higher
voltage for a given Vpg, even when the critical fields in the
II model were reduced by 25%. In addition, unlike in the
SH case where the Ip are always positive (i.e., the electrode
provides holes to the device), the Iz values here are negative
(i.e., the device supplies holes to the electrode). We note that
the II induced fly-back behavior was experimentally measured
in InGaP/GaAs HBTs by R. Jin [5].

Using the SH and II models together resulted in the Ic-Veg
curves plotted in Fig. 7 for constant V. Clearly, the Ic-Veop
curves are determined by SH and slightly affected by II when
the II critical fields were set to 1.25 times the Plimmer values.
As the critical fields were reduced to 75%, the Io-Veo g curves
(blue) show more fly-backs and fly-forwards than the SH case.
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IV. CONCLUSION

We have shown the negative slopes of common-emitter
output responses in InGaP/GaAs HBTs are not only due to
carrier mobility reduction, but more importantly also due to the
increased base-to-emitter hole back injection, with increasing
temperature. Both SH and II can cause fly-backs in the output
responses of HBTs under constant base-emitter voltages. The
fly-back behavior are caused by competing processes of carrier
recombination and thermal or avalanche induced carrier gen-
eration. Device failure under quasi-DC operation is dominated
by self-heating because the impact ionization induced fly-back
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Fig. 6. Simulated /¢ (top) and Ip (bottom) vs. Vo under constant Vg g,
obtained using the isothermal DD model with the Plimmer II parameters. The
critical fields in the II model were modified to 1.25 (black) and 0.75 (blue)
times the original values (red).

However, when measuring a real HBT, the device would burn
out due to SH long before it could reach the second fly-back (I
induced). It indicates that the device failure in an InGaP/GaAs
HBT under quasi-DC operation is mainly caused by SH and
little affected by II.
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Fig. 7. Simulated /& vs. Vo g curves under constant Vg, obtained using
different model configurations. The black curves were obtained using the SH
model without II. The red and blue curves were obtained using the SH and
II models with the critical fields set to 1.25 (red) and 0.75 (blue) times the
original Plimmer values.
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occurs at a much higher voltage.
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