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An Effidient Current-Voltage Model for the AlGats/Gads
N-p Heterojunction Diode and its Application o HBTSs

Jae-Hong Choi and Kae-Dal Kwack

Abstract

The new classified model for N-p heterojunction diode is derived and used extensively in analyzing the current-voltage(I-V) charac-

teristics of the HBTs. A new classification method is presented in order to simplify I-V equations and easily applied to the modeling of

HBTs. This classification method is characterized by the properties of devices such as the high level injection, the thickness of one or

both bulk regions, the surface recombination and the generation-recombination. The simulation results using the proposed model agree well

with the experimentally observed I-V behaviors and show good efficiencies in its application to HBTs with respect to mathematical formulation.

1. Introduction

HBT with a wide bandgap emitter has advantages compared
with the conventional homojunction transistor in many respects.
The AlGaAs/ GaAs heterojunction devices are attractive for the
high speed digital circuit applications which require the perfor-
mance such as a high voltage, a high current density, a high
power and a considerable high efficiency in recent years[1-3]. In
comparison with other conventional transistors, the ones using
heterojunctions become increasingly important in semiconductor
devices and have already found applications in excellent millimeter
and micro-wave devices with high cutoff and oscillation frequen-
cies[4]. With the rapid advances of heterojunction devices, it is
necessary to have a simple and accurate device model to analyze
the heterojunction circuits and devices. Theoretical analyses for
heterojunction devices have been reported by some authors using
various modeling techniques such as one and two dimensional
numerical methods[5-6], Monte-Carlo technique[7], and compli-
cated analytic models[8-10].

Lundstrom and Taeyong Won proposed that the carrier flow
across the heterojunction interface could be modeled by the
generalized interface transport velocity S[11-12] ; using such a
velocity, they derived an Ebers-Moll-like model that would be
valid for abrupt or graded, and single or double HBTs. Ryum
and Abdel-Motaleb derived a Gummel-Poon-like model[13] which
was strictly valid only for a low level injection. A self-consistent
two dimensional model was also developed by Marty et al.[14]
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to investigate the electrothermal problem in AlGaAs/ GaAs HBT.
Although early works on heterojunctions identified an important
I-V mechanism, but the modeling procedures was time-consuming
and sophisticated to get the characteristic equations of the
AlGaAs /[ GaAs N-p and HBT models. For these reasons, it is
difficult to apply such models for the circuit and the device
design of heterojunction. Therefore, the generalized modeling
technique is necessary for I-V characteristics of heterojunction.
The purpose of this paper is to generalize and clarify the I-V
model of HBT’s using a modeling technique in N-p heterojunc-
tion. This model includes the various heterojunction material
parameters and the effects such as high level injections, surface
recombination effects, bulk size effects and generation-recombi-
nation currents by a simple classification.

II. Derivations of N-p Hetercjunction Diode
Model

1. Diffusion Current-Voltage Model

First of all, a simple structure of a N-p heterojunction is
assumed. A typical energy band diagram for AlGaAs/ GaAs
material system is shown in Fig. 1, where x, and x, are the
edges of the N-p space-charge-region(SCR) and x,, x, are the
edges of N, p region, respectively. The other symbols of this
figure are conventional notations. The equation of state for bulk
p-GaAs region is reduced to the following minority carrier

equation.

on(x) _ onlx) _
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Fig. 1. Energy band structure of AlGaAs/GaAs N-p heterojunction.

Where &n(x) is the excess carrier density, r, is the the life
time of electron. The boundary conditions at x=x, and x=x,
can be expressed as following in terms of high level injection
term H, [15] and surface recombination velocity s, which are

directly related to the heterojunction material parameters.

V
Sn(x=1xy)= 6n(x,1)—n,o(e -1)H, 2.2)
Jx=x)=aD, 4L, — g 5n(xy) @by

Therefore, the electron excess carrier density én(x) in p-GaAs

region is
cosh( prz) L 252 sinh( prz)
dn(x)= 8nlxy) P70 L s,, sinh (-X2—%n y I
cos L. D, st I
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The electron current density J,(x) in the neutral p type region

can be derived by applying the current density equation for

electron.
L,
D, sinh( Lx,,z )— DS" cosh (= L
Tx)= G(L ) onlxy) L,s W, (4)
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Where, W, is the bulk layer thickness of p-GaAs region, L, is
the diffusion length which equals to \ D,z,, D, is diffusion

coefficient.
Substitution of x=1x, for eqn. (4) results in a simply clarified

expression as shown in egn. (5).

<
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where S, and B, can be defined as following
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Following the same procedure as used in obtaining eqn. (5), the

hole excess carrier density 8p(x) in n-AlGaAs is
X +x
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The boundary conditions of n side surface x=-—x,, in Fig. 1

can be treated in the same way. Therefore, the hole current
density J,(x) can be obtained as eqn. (9). '
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Where, W, is the thickness of n-AlGaAs bulk region, the
diffusion length L, is expressed as a function of diffusivity D,
life time of hole r, Substitution of x=-x, for eqn. (9) results
in eqn. (10). V

V.

(=) = —q%)pmﬂ,,spB,‘(e‘” ) (10)

Where, H, is the high level injection term, which consists of
heterojunction material parameters [15]. Also, the S, and B,

can be expressed in terms _of surface recombination and bulk
size factors in n-AlGaAs side as eqn. (11) and eqn. (12).

tanh® (L D z, )
Sp= s an
1+ 5 s tanh(L ) ’
B,= cosh (/1) / sinh (2~ (12)
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Hence, we finally obtain the generalized and clarified expression
for N-p total current density by adding eqn. (5) and eqn. (10).

qV

D D
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The total diffusion current is classified by the characterized

factors (H, S, E) which involve the heterojunction parameters,
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surface recombination velocities and bulk layer thicknesses and
high level injections. The eqn. (13) is applied for general cases.
But for high level injection, the parameters of #H, and H, in
eqn. (13) are set to unity. And the bulk size effects B, and B,
are the same method as the case of H, and H, Also, for large

area metallic ohmic contacts used as terminals (i. e., its surface
recombination velocities s, ,s, are very high), the defined fun-
ction Sy or Sp reduces to unity. To be sure, substituting the
physical parameters for heterojunction to those for homojunction,
eqn. (13) result in the conventional I-V equation of homojunc-
tion bipolar transistors. Therefore, ' the resulting equation is
generally applicable and very simple mathematical expression in
that the characteristics of the derived equation are described in
detail according to various device conditions.

2. Generation-Recombination Current-Voltage Model in N-p SCR

From the viewpoint of generation-recombination mechanism in
N-p SCR, we previously reported the result [18]. The recombi-
nation process was assumed to be the Shockley-Read-Hall type
through a single recombination center. The generation-recombination
I-V model for heterojunction was presented in consideration of
the trap density and level in AlGaAs/GaAs compound semicon-
ductor within the SCR. The presented model differs from the
previous model {15, 19] with respect to the assumption of the
important factors(z,, z,, E,, E;). Therefore, these characteristic
models comprise not only the previous models, but also give
satisfactory results in many aspects. The resulting equations are

as follows.
de kT . qV.
Jswn = = qiie nin T8 sinh(5724), —x,<x0 (14
de kT o
Jsrrn = —QTDM; n;i, T,(b) smh\ gk;‘ ), 0<x<x, (15)

II. Application to N-p-n HBT

1. Basic Current Components

Based on the proposed model in section II, the IV
characteristics of . AlGaAs [ GaAs HBT’s with various effects will
be analyzed, especially focused on the generalized and clarified
equation. Fig. 2 illustrates the simplest HBT structure consisting
of a wide-bandgap AlGaAs emitter(n-type), a heavily doped
GaAs base(p-type), a lightly doped GaAs collector(n-type), and
the energy band diagram under a forward-active operation
(base-emitter voltage V>0 and collector-base voltage V<0 ).
The current densities between N-emitter and p-base are obtained
by adding diffused current density for electron and hole.

The boundary conditions in the base are
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Fig. 2. N-p-n AlGaAs/GaAs/GaAs heterojunction bipolar transistor
energy band diagram and current components.
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The eqns. (17) contain the potential V,.; and energy difference
4E,; in base-emitter, the potential V,,. and energy difference
AE,- in the base-collector. Applying the electron excess carrier
density &npg(x) in the base to current density equation of electron,

the emitter current density for electron becomes egn. (18)
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B

eqn. (10), the hole current density in N-emitter side is
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where H,; Sy and Bj are
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The current components between p-base and n-collector are
obtained by combining the electron current density J.y and the
hole J.p. A junction between the ‘base and collector which is the
combination of two different materials results in the double
heterojunction bipolar transistor(D-HBT). Substituting the same-
materials for the hetero-materials in this region results in the
single heterojunction bipolar transistor(S-HBT). In the same way,

the collector current densities are
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2. Generation-Recombination and Base Recombination Current
Components

The major sources of generation-recombination effects in
device are the emitter-base and the base-collector depletions. The
generation current density at base-collector SCR and the recom-
bination current density at emitter-base SCR are obtained in
active region, respectively. Using the egn. (14) and (15) on each
side, the recombination and the generation current density

equations are modified to
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where #, ¢ and N are the intrinsic carrier densities, the dielec-
tric constants and the doping densities on each side, respectively.
The characteristic function 7(#) is a function of many para-
meters involving a trap related of heterojunction [18].

On the other hand, the base recombination current density is
obtained by integrating the excess carrier density of electron
dng(x) in a p-base bulk region.

Therefore, the base recombination current density is defined as
XpC .
Jor= =L [ “ong(x) dx (30)
B Y

Integi‘ating eqn. (30) yields

L a‘m— V
T === np BBy Hye(e ™ ~D+ Hyele * —D)GD)
Usually, for most practical heterojunction bipolar transistors, the
base width W; is very smaller than L The term of Bg—Bpye

in eqn. (31) as a function of base width can be further simpli-

fied as ZWZ’ . Under a uniform base distribution, the base
2
transit time rz is being 5D Wi , eqn. (31) becomes
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3. Terminal Current Density

In the previous sections, we obtain the generalized and
clarified current density equations for HBT by applying the
results of N-p heterojunction diode current density equations
under normal operation.

In conclusion, the emitter, the collector, and the base terminal

current densities can be rewritten in the following equations
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and,
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IV. Results and Dﬁscussﬁohs

To show the validity of this model, we compare the simulated
results with numerical [16] .and experimental data [17] for two
samples in the name of HBT-A and HBT-B. The results of this
simulation for samples are plotted in Fig. 3 and Fig. 4.

For HBT-A, the material parameters for calculations are adopted
from Refs. [16] and [20]. Fig. 3 shows the results of the collector
current density /- and the base current density J; versus the
base-emitter bias Vgz( V) with V=2.5 {V] in room temperature.
Using this model, the simulated results of J. and Jp are consi-
derable agreement with the numerical data, especially in a range
of the operational bias for transistor. However, there is a little
deviation with numerical data in the range of the high base-
emitter bias(about Vz=1.4[V]), it is considered that the voltage
drop was neglected for the respective bulk regions in the proposed
model. Compare to the numerical methods, this model gives a
easier procedure to get the results and its application for HBTSs.

A Gummel plot of the current Iz, I is shown in Fig. 4 with
the experimental data [17] under the other conditions for varying
the base-emitter bias Vg [V]. In calculations we used the mate-

rial parameters given by {17]. Comparing the results of presented
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Fig. 3. The characteristics of the current densities(/,,/z) with
Vie for HBT-A.
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Fig. 4. The calculated currents( I, Ip) with Ve for HBT-B.

model with those of experimental data in Fig. 4, the results
coincide well with each other in the small forward bias
considering the generation-recombination current-voltage mechanism
and the normal operational bias considering the diffusion current-
voltage mechanism. Therefore, agreements with both results in
these regions are notable that the proposed model take well
account of the generation-recombination and diffusion current-
voltage mechanism. As can be seen in this results, a difference
between two data in the latter part has occurred at a high bias
(above Vpe=1.2[ V] because the bulk resistance effect and
the temperature effect are not considered in the model. Never-
theless, the available results in this model do cover a useful bias
range. Also, a thin part of the AlGaAs emitter near the p-n
junction can be lightly doped and the base heavily doped(about
10%cm™%, and the rest of the neutral emitter region can be
heavily doped for smaller emitter bulk resistance. Such a doping
configuration reduces the bulk resistance compared with the
conventional homojunction transistor. As a result, it is possibie
that the bulk resistance effects can be neglected in order to
simplify the I-V characteristic equation of a proposed model.

Using the data given in Fig. 4, the variations of d.c. current-
gain is shown in Fig. 5, according to the collector current. This
plot shows some difference the measured data and the previous
data with calculated data. On the other hand, the result for the
proposed model approaches the measured data and improves the
current gain with respect to the previous data. From these facts,
the proposed model - is more accurate and efficient than the
previous model.

V. Conclusion

From the analysis of AlGaAs/GaAs N-p heterojunction diode,
the I-V characteristic equation of HBT has been derived by the
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clarified functions which include the properties for the high level
injection(H), the thickness of bulk regions(B), the generation-
recombination mechanism(7) and the surface recombination(S). It
has been shown that the formulation presented in this paper is
very simple for the mathematical expressions and easy to under-
stand for the anmalysis of I-V characteristics, which has the
advantage to apply for the various kinds of heterojunction devices.
The analysis for AlGaAs/GaAs HBT has been mainly treated in
this paper, but many concépts and modeling techniques presented
are also applicable to other types of HBTs. The validity of the
proposed model is illustrated by comparing the simualtion results
with other publiéhed experimental and numerical results.
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