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Considerations of dopant-dependent bandgap narrowing for accurate device
simulation in abrupt HBTs∗
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Abstract: Heavy doping of the base in HBTs brings about a bandgap narrowing (BGN) effect, which modifies
the intrinsic carrier density and disturbs the band offset, and thus leads to the change of the currents. Based on
a thermionic-field-diffusion model that is used to the analyze the performance of an abrupt HBT with a heavy-
doped base, the conclusion is made that, although the BGN effect makes the currents obviously change due to the
modification of the intrinsic carrier density, the band offsets disturbed by the BGN effect should also be taken into
account in the analysis of the electrical characteristics of abrupt HBTs. In addition, the BGN effect changes the bias
voltage for the onset of Kirk effects.
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1. Introduction

Bandgap narrowing (BGN) due to heavy doping of the
base is an important effect in heterojunction bipolar transistors
(HBTs). In most of the published literature dealing with the in-
fluence of the BGN on the device electrical characteristics of
abrupt HBTs, the BGN is only used to modify the intrinsic car-
rier density ni that determines the minority carrier density[1−4].
This is not accurate because the BGN causes the perturba-
tion of the band offsets ∆Ec and ∆Ev at the base–emitter
interface in abrupt HBTs, which also changes the device
characteristics[5, 6]. However, in the BGN considerations[5, 6],
there are no comparisons of the simulation results with regard
to whether the perturbation of the band offsets is included.
There is also no analysis why the band offset disturbance is
important for the carrier transport.

In this paper, we present the simulation results of
the currents with different BGN considerations based on
the thermionic-field-diffusion model[7, 8], which combines the
drift-diffusion transport in the bulk of the transistor with the
thermionic emission and tunneling at the base–emitter inter-
face in abrupt HBTs. Furthermore, the reason for the differ-
ence between these obtained results is given.

2. Numerical model

In the bulk of the transistor, the current transport is con-
trolled by drift and diffusion mechanisms, and the electron cur-
rent is given by

Jn = −qµnn∇ψn, (1)

where µn is the electron mobility and ψn is the electron quasi-
Fermi potential.

The transport model in the abrupt emitter-base hetero-
junction interface (x = xj) is based on the Grinberg equation[9],
which integrates the tunneling transmission through the en-
ergy spike and the thermionic emission above it. The electron
current density through a spike in the conduction can be cal-
culated by

Jn,i = −q
νn

4

[
n(x−j ) − n(x+j ) exp

(
−∆Ec

kT

)]
(1 + δn), (2)

where νn is the mean thermal velocities of the electrons. The
contribution of electron tunneling through the conduction band
in an npn transistor is represented by a tunneling factor δn,
which is[9]:

δn =

exp

Ec(x−j )

kT


kT

∫ Ec(x−j )

Emin

exp
(
−Ex

kT

)
× exp

(
−4π

h

∫ xj

xE

{2m∗n[Ec(x) − Ex]}1/2dx
)

dEx, (3)

where m∗n is the electron tunneling mass, Ex is the energy
of the conduction band at x = xE (xN 6 xE 6 xj), and
Emin = max[Ec(xN), Ec(x+j )]. xN represents the boundary of
the p-n junction depletion in the wide bandgap emitter side.
The electron concentrations n(x−j ) and n(x+j ) are given by

n(x−j ) = nE(xN) exp
(
−qVN

kT

)
, (4)

n(x+j ) = nB(xp) exp
(

qVp

kT

)
, (5)

where VN and Vp are obtained from the band edge profile, as
shown in energy band diagram in Fig. 1, and can be written as

VN =
NAεB(Vbi − VBE)

NAεB + NDεE
, (6)
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Fig. 1. Energy band diagram of an abrupt HBT.

Vp =
NDεE(Vbi − VBE)

NAεB + NDεE
, (7)

where VBE is the base–emitter voltage, and the built-in poten-
tial Vbi can be expressed by[10]

Vbi =
EgB + ∆Ec − ψN − ψp

q
, (8)

where EgB is the bandgap of the base, ∆Ec is the conduction
band offset, and ψN and ψp are the differences between the
bands and the Fermi level energies.

The high doping concentrations of the base in HBTs pro-
duce a significant BGN,

EgB = EgB0 − ∆Ebgn
gB , (9)

where EgB0 is the bandgap value for low doping levels and
∆Ebgn

gB is the shrinkage of the bandgap because of the heavy
doping effect. Because of the importance of BGN on the elec-
trical characteristics of the device, most device simulators take
this into account only through the modification of the intrinsic
carrier density as[11]:

n2
i = pn = n2

i0 exp

∆Ebgn
gB

kT

 exp
(EF − EV

kT

)
F1/2

(EV − EF

kT

)
,

(10)
where ni0 is the intrinsic carrier concentration with low dop-
ing in the semiconductor. However, this approach is question-
able for the high base doping level in abrupt HBTs, because it
is evident from Eqs. (2)–(8) that the currents flowing through
the emitter-base interface have an exponent dependancy on the
built-in potential, which can be disturbed by the dope-induced
BGN distribution between bands. So, it is important to use an
accurate distribution model for the BGN between bands. The
Jain–Roulston model[11] has been used in this work, and the
results are shown in Fig. 2.

With an increase of the forward-biased base-emitter junc-
tion, the effective base thickness in HBTs will widen. This is
known as the Kirk effect[12]. The collect current density corre-
sponding to the onset of the Kirk effect is given by[10]

JKirk = qNCvsat

1 + 2εc(Vbi bc + VBC)
qNCW2

C

 , (11)

where NC and WC are the collector doping and collector thick-
ness, respectively, and Vbi bc is the built-in potential of the
base–collector junction.

Fig. 2. Bandgap narrowing ∆Ebgn
gB and the distributions between the

conduction ∆Ebgn
cB and the valence band ∆Ebgn

vB in p-GaAs.

Table 1. Device parameters of the AlGaAs/GaAs HBT.

Parameter Emitter Base Collector

Length（nm） 150 100 500
Doping（cm−3） 5 × 1017 5 × 1019 2 × 1016

Table 2. Values of Vbi for three different BGN cases.

Different BGN cases Vbi (V)

Case a 1.5822
Case b 1.6195
Case c 1.7036

3. Results and discussion

The model described in the previous sections has been
used to analyze an AlGaAs/GaAs HBT, whose doping pro-
file and device parameters are shown in Table 1. In order to
demonstrate the importance of dealing with a doping-induced
bandgap narrowing model in the device simulation, the follow-
ing cases have been considered.

Case a: Considering BGN only modifies the intrinsic car-
rier density ni.

Case b: Considering BGN modifies the intrinsic carrier
density ni and disturbs the band offsets by ∆Ec and ∆Ev.

Case c: Neglecting the BGN.
Transport through an interface where energy levels

present significant discontinuities is controlled by tunneling
and thermionic emission instead of the conventional drift and
diffusion mechanisms. The value of these currents at the inter-
face depends on the form and height of the barrier energies.
Table 2 and Figure 3 show the calculated results of Vbi and the
tunnel factor δn, respectively, for the three above-mentioned
different BGN cases for the AlGaAs/GaAs HBT. The dopant-
dependent BGN leads to the variance of the built-in potential
Vbi, which disturbs the form and height of the energy barri-
ers in the HBT. This changes the currents resulting from both
thermionic emission and tunneling at the base-emitter inter-
face.

Figure 4 shows the current results when tunneling is ne-
glected, labeled as case d, together with the results of the three
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Fig. 3. Tunnel factor δn versus base emitter voltage for the AlGaAs/
GaAs HBT.

Fig. 4. Gummel plots of collector and base currents for the AlGaAs/
GaAs HBT.

above-mentioned BGN cases. The currents are underestimated
when the BGN effect or the tunneling is not considered in the
device simulation; thus, both two effects have a significant im-
portance for the performance of abrupt HBTs.

In Fig. 4, it can be seen that the difference of the currents
between case a and case b is less serious than the difference
of the currents between case b and case c. Therefore, the BGN
effect obviously changes the currents by a modification of the
intrinsic carrier density ni. However, a difference of the cur-
rents between case a and case b is also evident, and so the
band offsets caused by the BGN effect is important for the
carrier transport in abrupt HBTs.

Figure 4 shows that the currents in case a is larger than
in the other cases, although the tunnel factor δn in case a is
the smallest, as shown in Fig. 3. Therefore, it is concluded
that dopant-dependent BGN is more important to the currents
resulting from thermionic emission than from tunneling. The
reason is that the currents from thermionic emission are expo-
nentially related to the build-in potential, which is raised more
in case b than in case a when the band offsets are disturbed
by BGN effects. This brings about the obvious decrease of the

currents in case b compared to that in case a because of the
further hindering of the carriers across the barrier by ways of
thermionic emission.

Furthermore, it is evident in Fig. 4 that the different con-
siderations of the BGN model result in the appreciable varia-
tions of the base-emitter bias voltage for the onset of the Kirk
effect. The reason is that dissimilar shifts of the conduction
and valence bands are assumed in the different considerations
of the BGN model, which leads to varied energy profiles of the
barrier across the emitter-base heterojunction. Therefore, dif-
ferent BGN considerations in the model can have different cur-
rents and, consequently, are distinguished by the base-emitter
bias voltage for the onset of the Kirk effect at roughly the same
threshold current density defined by Eq. (11).

4. Conclusion

Heavy doping of the base in abrupt HBTs leads to the
BGN effect, which means that the change of the currents is
due not only to the modifications of the intrinsic carrier den-
sity, but also due to a disturbance of the band offsets, which
causes the carrier transport by means of thermionic emission
and tunneling at the base-emitter interface.

In this paper, we demonstrate that dopant-dependent
BGN is more important to the currents resulting from
thermionic emission than for currents resulting from tunneling
at the base–emitter interface. This results from the exponential
dependence of the thermionic emission on the build-in poten-
tial, which can be disturbed by the doping-induced bandgap
narrowing between bands. In addition, the BGN brings about
a change of the bias voltage for the onset of Kirk effects.

Therefore, it is concluded that effects on the energy band
structure of the transistor caused by heavy doping are very im-
portant and a dopant-dependent model of the BGN distribution
between bands should be used for the accurate simulation of
electrical characteristics of abrupt HBTs.
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