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Abstract—An improved bipolar transistor model considering
heterojunction barrier effect (HBE) in SiGe double heterojunction
bipolar transistors is developed. The effect of barrier formation
due to high level injection, which is related to the rapid degra-
dations of the dc current gain (β) and cutoff frequency (fT ),
is carefully investigated and analyzed. As the collector current
becomes high, the conduction band barrier is induced and in-
creased. It causes the saturation of collector current (JC ) due to
the blocking of carrier transport, the sharp increase of base transit
time (τB) due to the additional charge storage, the increase of
base current (JB) due to the increased recombination, and the
decrease of intrinsic base resistance (Rbi) due to the increased
charge and base pushout. Those phenomena are included into a
vertical bipolar intercompany model (VBIC) compact model by
employing a unified model of the HBE on JC , JB , τB , and Rbi.
Furthermore, portions of τB and Rbi from the Kirk effect itself
are modeled according to the high current model description and
the new formulation of widened base, respectively. A full extrac-
tion of parameters has been performed and the modified VBIC
model is applied. The modeling accuracy is significantly improved
at the high current region for the dc and RF characteristics.

Index Terms—Double heterojunction bipolar transistors
(DHBTs), heterojunction barrier effect (HBE), high current
effect, intrinsic base resistance, SiGe HBTs, transit time, vertical
bipolar intercompany model (VBIC) model.

I. INTRODUCTION

S iGe is the first practical bandgap-engineered silicon device.
Due to the high-speed performance and mature silicon

process, SiGe heterojunction bipolar transistors (HBT) has
emerged as the technology of the choice for RFICs [1]. An ac-
curate physically oriented model of the device is very important
for designing a circuit, evaluating the process technology, and
optimizing the device structure. Therefore, compact models are
continuously updated and modified [2]. Because SiGe HBTs
are typically modeled using conventional Si bipolar junction
transistor (BJT)-based compact models such as vertical bipolar
intercompany model (VBIC), Mextram, and high current model
(HICUM), it is important to assess the accuracy of the models
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Fig. 1. (a) Typical dc I–V characteristics under the forced base current.
(b) Measured base current and simulated base current using the VBIC model.

for capturing unique phenomena associated with the SiGe base
layer. One such SiGe phenomenon is the heterojunction barrier
effect (HBE), which is unavoidable in HBTs [3], [4].

For the typical dc current–voltage (I–V) characteristics at
the forced IB condition, shown in Fig. 1(a), the decrease of
current gain at the high VCE region, where quasi-saturation is
not significant, can be modeled as the saturation of JC and/or
the increase of JB . Most of the compact models treat it as a JC

effect, such as the Webster–Rittner effect [high level injection
(HLI)] [5], [6] and the Kirk effect [7]. However, the dominant
β fall-off effect of SiGe HBTs arises from the sharp increase
of JB due to the HBE, although the JC saturation due to the
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HBE, Kirk effect, and HLI contributes partially. Fig. 1(b) shows
the base currents, which include the measured base current,
the simulated total base current with existing VBIC model,
and decomposed components of the base-to-emitter current and
base-to-collector current at the VCE of 1.0, 2.0, and 3.0 V.
At a low VCE, the simulated total base current agrees well
with measured data [collector–base (CB) junction turns on at
a high VBE because of RC debiasing]. However, the results
are quite different at higher VCEs, where the HBE is important
but mistakenly treated as the collector series resistance, since
the CB heterojunction looks like an RC /quasi-saturation in the
Gummel plot at a low collector bias.

Several studies have been reported to investigate the forma-
tion of the conduction band barrier using their analytical models
and to describe its dependence on JC [8]–[12]. Their results
are valuable references; however, their analytical derivations of
JC are mostly overestimated due to analytical studies without
experimental verifications. Thus, they could not show clearly
the saturation tendency. Joseph et al. [3] employ a numerical
simulator to describe the operation of SiGe HBTs at the high
current region. Liang et al. [4] propose an improved transit time
model including the HBE in SiGe HBTs based on HICUM,
and Fregonese et al. [13] derive a model for the base current
increase using the result in [4]. Since they use the simpler model
of the pushout base (WCIB) and the constant barrier height,
their approaches could not be accurate although the physical
interpretations are very good.

In this paper, we have modeled the HBE on the saturation
of the JC , the sharp increase of JB , and the drastic increase of
τF , and the drop of Rbi in a unified manner. In our knowledge,
this paper is the first one that treats all possible influences of
HBEs. At first, we have carefully reviewed and derived the
formation of current-induced conduction band barrier (φC) in
our own way. From the calculated φC , the influences of HBE on
JC , JB , τF , and Rbi are derived. Different from the previous
JC relations, a modified base charge (qb) model with the two
fitting parameters is introduced. Rbi is modeled considering
both the Kirk effect and the HBE. The increase of transit time is
also modified by partitioning components from the Kirk effect
and HBE. The term of the Kirk effect is described following
the HICUM; however, some of the parameters are redefined and
modified. Lastly, by integrating the increase of transit time, the
sharp increase of JB is modeled.

To verify the validity of our model, modified formulations
are implemented into the VBIC model in a unified manner,
and the modified model is applied to a 5 × 0.6 × 5 µm2 SiGe
HBT fabricated by 0.35-µm SiGe BiCMOS process technology
at Samsung Electronics Co., Ltd. Modeling accuracy is signif-
icantly improved at a high current region for the dc and RF
characteristics.

II. REVIEW OF BASIC PHYSICS AND ANALYTICAL

DERIVATION OF HBES

Different from a homojunction BJT, the HLI is negligible in
HBTs due to its relatively high base doping level. Therefore,
in typical single HBTs (SHBTs), the main reason that causes
β and fT falloffs at a high injection is the Kirk effect. The

Fig. 2. (a) Energy band diagram. (b) Electric field profile. (c) Carrier con-
centration profiles in the SiGe HBT collector after base pushout. Drawings are
rough and are not to scale.

physical basis of Kirk effect is that the injected minority carrier
concentration in the CB space charge region (SCR) is increased
sufficiently to compensate the ionized donor density of the
collector, causing the original CB electric field to collapsed and
be pushed further into the collector region as the current density
rises. The displacement of the CB electric field effectively
increases the neutral base width (base pushout), leading to a
falloff in the collector current gain and an increase in the base
transit time [3], [7]. However, for double HBTs (DHBTs) such
as SiGe HBTs, after the onset of the Kirk effect, the valence
band offset (∆EV ) at the vicinity of the CB heterojunction acts
as a barrier for holes. Thus, the holes are accumulated at the
CB junction when the electric field reaches zero at the point,
neutralizing the mobile electron charge in the collector. This
behavior leads to the formation of a positive electric field near
the CB heterojunction, creating a electron barrier φC , which
increases the minority carrier charge storage in the base with
a corresponding increase in hole density to maintain charge
neutrality.

A. Analytical Derivation of HBEs

Fig. 2 shows the energy band diagram, the electric field pro-
file, and the carrier concentration profiles in the vicinity of the
CB junction during formation of the barrier. Each profile agrees
qualitatively with the results of the numerical simulations as



LEE et al.: IMPROVED VBIC MODEL FOR SiGe HBTs WITH A UNIFIED MODEL OF HBEs 745

shown by Joseph et al. [3]. In the high injection operation,
the collector layer is assumed to be depleted mostly with the
peak electric field pushed to the subcollector interface. In the
SiGe collector (n-SiGe), a small built-in field EB that can arise
from the compositional Ge grading is assumed. During barrier
formation, there is a current-induced barrier field EPB, which
is positive and is thereby inhibiting electron injection into the
collector. Due to the onset of the current-induced base (CIB),
there is also a small electric field ECIB, which is negative and a
constant due to the fact that there is charge neutrality [8], [14].
The hole barrier is effectively reduced by φC as JC increases.
When the net hole barrier is reduced sufficiently, holes are
spilled over into the collector to form a quasi-neutral region
known as CIB.

The electron current may be found by estimating the electric
field from the condition of identical hole drift and diffusion
currents under the assumption of linear electron and hole distri-
butions across the CIB region WCIB [12], [14], i.e.,

JC � 2qDnC

n
(
X+

b

)
− nS

WCIB
(1)

where q is the electronic charge, DnC is the electron diffusivity
of the collector, and nS is the electron concentration in the col-
lector high-field region, i.e., nS = JC/qvS (vS is the saturation
velocity). Thus, n(X+

b ) and p(X+
b ) are given by
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concentrations at X−
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which can be found once the current-induced conduction band
barrier height is known. From (4), as φC is induced, n(X−

b )
increases rapidly as the current level rises. It means a dynamic
buildup of electrons at the collector end of the heterointerface.
The accumulated charge contributes to the recombination in the
quasi-neutral base and a reduction in the current gain. It also
produces a rise in the base transit time and reduces the cutoff
frequency.

The solution of Poisson’s equation in the region of SCR
(from XK to Xjc, where most of the VCB drops across) of the
collector gives

VCB + Vbi + φC =
q

2εS
(nS −NC) (WC −WCIB)2 (6)

where NC and WC are the doping concentration and the
thickness of the collector, respectively, and εS is the permittivity
of the collector. Thus, the thickness of the CIB region WCIB is

WCIB =WC −
√

2εS(VCB + VbiC + φC)
q(nS −NC)

(7)

�WC

(
1 −

√
JCK − J1

JC − J1

)
(8)

where VbiC is the built-in potential of the CB junction and VCB

is the applied CB voltage. JCK (Kirk current density) and J1

are defined as

JCK = qvS

[
NC +

2ε(VCB + VbiC)
qW 2

C

]
(9)

J1 = qvSNC . (10)

Although WCIB is a function of φC , WCIB can be determined
from (7) by neglecting φC , which is expected to be small
compared to VCB + Vbi [8]. This expression of WCIB is more
accurate than that of the asymptotic equation of the HICUM
model [4], [15].

Based on the references in [10] and [11], the induced con-
duction band barrier (φC), after the onset of base pushout, is
given by

φC =
∆EV

q
+
kT

q
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1
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[
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JCWCIB

2qDn

]}
(11)
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q
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2Dn
JC
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JCK−J1

JC−J1

]}
(12)

where PB is the doping concentration in the base.
In the above review and qualitative analysis of HBE, we have

demonstrated the formation of φC and other secondary effects
in the quantitative manner. The transistors used in this study
have a planar self-aligned structure, deep- and shallow-trench
isolation, a poly-Si emitter contact, and a graded epitaxial SiGe
base. The detailed structure is shown in Fig. 3. The device has a
SiGe base with 200 Å thick and doping of 5 × 1019 cm−3, and
a selectively implanted collector (SIC) with 7000 Å thick and
doping of 1 × 1017 cm−3 for the high speed HBT (HS). In gen-
eral, the graded base Ge profile begins and ends in the space-
charge regions of the emitter–base (EB) and CB junctions,
outside the neutral base. As shown in Fig. 3(b), the Si/SiGe het-
erointerface is placed at a location of 350 Å deeper into the col-
lector and has 17.5% Ge content, which corresponds to ∆EV

of about 130 meV according to the rule of 0.74 × xGe. In order
to reduce the impact of HBE, the SiGe layer should be placed
deeper into the collector. However, it is limited by the amount
of Ge that can be added because of the stability constraints of
SiGe films [16]. The detailed device parameters used in this
analysis are shown in Table. I.

The analytical results of WCIB and φC are shown in Fig. 4.
For comparison, the results of the low collector doping (NC) of



746 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 53, NO. 4, APRIL 2006

Fig. 3. (a) Schematic cross-section of a typical double poly-type SiGe HBT.
(b) Schematic of epitaxial SiGe film used in an SiGe HBT. The film consists
of a thin Si buffer layer, the compositionally graded SiGe layer, and an Si cap
layer. The boron base doping is contained within the SiGe layer. Drawing is not
to scale.

TABLE I
SiGe HBT DEVICE PARAMETERS USED IN THE ANALYSIS

1 × 1016 cm−3 (for high voltage HBT, HV) are also added. An
increase in VCE enhances the electric field inside the junction
and the JCK of (9). Since high donor concentration requires
high injected electrons to compensate the donor charge, JCK

increases as NC increases. WCIB increases sharply as NC

increases once base pushout starts. The rise in φC has similar
behavior with WCIB, which initially increases rapidly after
onset of base pushout and increases gradually toward saturation
as shown in Fig. 4(b).

As mentioned earlier, the carrier concentration shown in
Fig. 2(c) is determined from the current-induced barrier
height. Fig. 5 shows the electron and hole concentrations as
a function of JC in the CB-SCR (nS), before [p(X−

b ) and
n(X−

b )] and after [p(X+
b ) and n(X+

b )] the barrier location.

Fig. 4. Analytical results of the SiGe HBT biased at VCE = 1.0, 2.0, and
3.0 V for low voltage device, and 2.0, 4.0, and 6.0 V for high voltage device.
(a) Thickness of base pushout WCIB. (b) Height of the induced conduction
band barrier formation φC as a function of JC . Results for NC = 1017 cm−3

(lined) and NC = 1016 cm−3 (dotted) are shown.

The electron concentration in the CB-SCR (nS) rises slowly;
however, the electron concentration at the end of the SiGe layer
(base side) n(X−

b ) rises sharply due to barrier formation with
increasing JC .

B. HBEs on the Collector Current and Base Resistance

Since the HLI effect in the base is negligible due to the high
base doping level, the high current effect on typical SHBTs
obeys the Kirk effect. However, in DHBTs such as SiGe HBTs,
HBE influences JC significantly, and this effect must be consid-
ered in the compact model. The widely used compact models
such as Mextram and HICUM are based on the JC saturation
due to the Kirk effect, and they do not include the HBE on JC .
The VBIC compact model, which is familiar and is treated in
this study, does not have the Kirk effect as well as the HBE
on JC . In this study, the Kirk effect and the HBE are lumped
into one function, assuming both effects occur simultaneously
and HBE influences more significantly on JC . For the DHBT
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Fig. 5. Electron concentration of CB-SCR (nS), hole and electron concentra-
tions before [p(X−

b
) and n(X−

b
)] and after [p(X+

b
) and n(X+

b
)] the barrier

location.

with a shallow heterointerface location (350 Å in this paper)
due to the constraint of film stability [16], both effects occur
simultaneously (JCK = 1.692 × 105 A/cm2 and Jbarrier =
1.705 × 105 A/cm2 at VCE = 2.0 V).

The HBE on JC has been reported in [10], [12], and [17].
Since φC and WCIB are a function of JC , it is difficult to find an
analytical form for the expression of JC . Moreover, the reported
results are somewhat overestimated. Therefore, a new empirical
formulation of the HBE on JC is proposed, introducing the two
additional fitting parameters KφC

and nφC
, i.e.,

JC =
qDnn

2
i0

WBPB
e

qvBE
kT

1 + KφC

1 + KφC
e

qφC

(nφC
kT)

(13)

where qDnn
2
i0/WBPB is a collector saturation current, and the

other HBE term represents the normalized base charge (qb).
Therefore, the qb in the existing VBIC model [18] is modified
by the HBE component and is given by

qb =
1
2

(
q1 +

√
q21 + 4q22

)
q3

(14)

where q1 and q2 represent the Early effect and HLI effect, re-
spectively. Thus, the additional HBE component q3 is given by

q3 =
1 + KφC

1 + KφC
e

qφC

(nφC
kT)

. (15)

Fig. 6 shows the qb on the VBE at a VCE of 2 V, where we can
find a sharp increase of qb at a high injection operation.

Using the formulations, the HBE on the intrinsic base resis-
tance (Rbi) is investigated. Since Rbi is inversely proportional
to the base conductivity and base width [19], both the HBE
and the Kirk effect are considered to model the Rbi behavior.
Basically, the intrinsic base resistance of the existing VBIC
model with RBI/qb, where RBI is a VBIC model parameter,
and only the HLI and Early effects are included through qb. We
have included the HBE on Rbi, replacing the existing qb with

Fig. 6. Normalized base (hole) charge qb without HBE (dotted) and with
HBE (lined).

the modified qb in (14). An additional term describing the Kirk
effect can be obtained by

Rbi,CIB = KrbRBI
PB

pCIB

WB

WCIB

µnB

µCIB(pCIB)
(16)

where pCIB is the average hole concentration in the CIB re-
gion and Krb is the fitting parameter. Here, WCIB, pCIB, and
µCIB are the dependent on JC . Mobility is calculated with the
popular Arora’s mobility model [20]. Since the hole profile is
assumed linear, the average hole concentration is found as

pCIB =
p
(
X+

b

)
2

. (17)

Since each resistance of the two regions contributes in parallel,
the modified intrinsic base resistance model can be expressed as

Rbi,mod =
RBI
qb

‖Rbi,CIB. (18)

Fig. 7 shows the extracted and model simulated intrinsic
base resistances on the JC at a VCE of 2.0 V. According to
Lee et al. [21], Rbi is carefully extracted after the exact
deembedding of extrinsic parasitic elements using S-parameter
measurements. As shown, the modeling results are in good
agreement with the extracted data. We also found that the intrin-
sic base resistance depends on both the HBE and the Kirk effect,
and the widened base is the dominant factor of Rbi decrease.

C. HBEs on the Transit Time and Base Current

Usually, the high current effect on transit time is modeled
as the Kirk effect of the increased effective base width [7] and
the increased CB capacitance [14]. As shown in the intrinsic
base resistance, both the Kirk effect and the HBE affect the
increase of transit time. Liang et al. [4] have proposed an
improved transit time model including the HBE in SiGe HBTs
based on the HICUM model. Although their results are in good
agreement with the extracted data, since they use the asymptotic
expression of WCIB and the constant barrier height, their



748 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 53, NO. 4, APRIL 2006

Fig. 7. Intrinsic base resistance as a function of collector–current density
(VCE = 2 V).

approach does not include the current dependency of the
barrier height.

Transit frequency fT is defined as the frequency at which the
small-signal current gain becomes unity and is given by

1
2πfT

= τF +
CJE + CBC

gm
+ (RCX + RE)CBC (19)

where τF is the total transit time, CJE and CBC are the EB
junction depletion and CB capacitances, respectively, RCX and
RE are the extrinsic collector and emitter resistances, respec-
tively, and gm is the transconductance defined as IC/VT .

Transit time (τF ) itself can be partitioned into a low-current
component τF0 and a high-current component ∆τF as

τF = τF0 + ∆τF . (20)

The high current term of transit time (∆τF ) itself can also be
partitioned into components from the Kirk effect and HBE, i.e.,

∆τF = ∆τB,HBE + ∆τB,K + (RE + RCX)∆CBC,K (21)

where ∆τB,HBE is from the charge accumulation due to HBE,
∆τB,K is from the widened base due to Kirk effect [7], and the
other term is from the increased CBC due to Kirk effect [14]. In
order to consider the latter two terms, the phenomena are mod-
eled according to the HICUM description [15]. However, some
of the parameters are redefined. The current density JCK at
which the base pushout starts is defined in (9). The normalized
thickness of the base pushout is replaced (23). Thus, HICUM
formulations are modified as

∆τB,K = τhCsw
2

[
1 +

2JCK

JC

√
w2 + ahc

]
(22)

w =
WCIB

WC
(23)

Fig. 8. Measurement-calculated (− ◦ −) and model-calculated [without
HBE (dotted) and with HBE (lined)] transit time delay TF of the 5 × 0.6 ×
5.0 µm2 SiGe HBT as a function of collector current densities at VCE = 2.0 V.

where τhCs and ahc are the fitting parameters. The emitter
charge contribution term is adopted from the HICUM
model as

∆τEf0 = τEf0

(
JC

JCK

)gτE

(24)

where τEf0 and gτE are the fitting parameters.
From the relation in (4) and Liang’s derivation [4], the

additional HBE term ∆τF can be derived by

∆τB,HBE

=Kτ,b

(
e

qφC
(kT ) −1

)
(25)

=Kτ,b

[
e

∆EV
(kT )

{
1

qvSPb

(
JC−J1+

vSWC

2DnC

×JC

√
JCK−J1

JC−J1

)}
−1

]
(26)

where Kτ,b is the fitting parameter. Fig. 8 shows the transit time
delay (τF ) as a function of JC at a VCE of 2.0 V. Extraction is
performed in the conventional manner (the subtraction of gm

delay and neglect of the emitter charging delay at a low current
region). Both the Kirk effect and the HBE influence the transit
time at high injection operation. After the onset of the two
effects, the transit time increases drastically. The comparison
shows that the modified model captures accurately the transit
time at the high injection operation.

Lastly, the HBE on the base current is analyzed. The sudden
increase in JB accompanying the onset of HBE in a SiGe HBT
is explained by the accumulation of holes in the base region.
Fregonese et al. [13] have derived a model for the base current
increase using the modified transit time in [4]. However, for the
same reason in [4], their physical analysis is not very accurate.

The charge stored in the base and collector related to the
HBE can be calculated as follows. Since ∆τB,HBE is given by
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TABLE II
HBE-RELATED PARAMETERS

d∆QB/dJC , ∆QB is obtained by integrating transit time with
respect to JC as

∆QB,HBE(JC)

≡
∫

∆τB,HBEdJC (27)

= Kτ,be
∆EV
(kT )

×
[

1
qvSPB

{
1
2
J2

C−J1JC +
vSWC

3Dn

(
JCK − J1

JC − J1

) 1
2

×(JC−J1)(JC +2J1)

}]
−Kτ,bJC . (28)

Therefore, we deduce the expression of the stored charge as a
function of JC as

∆QB,HBE = ∆Qb(JC) − ∆Qb(JCK). (29)

Using the continuity current equation and assuming Shockley–
Read–Hall (SRH) recombination [13], [23], we obtain

d∆JB

dx
= qR = q

∆p

τr,b
(30)

where τr,b is a fitting parameter for the recombination time. By
integrating (30) over the whole transistor, we obtain

∆JB =
∆QB,HBE

τr,b
. (31)

Table II shows the HBE-related fitting parameters used in
this paper, where aHBE is used in the smoothing function of
WCIB and φC .

Fig. 9 shows the internal Gummel plot and its corresponding
current gain at a VCE of 2.0 V. It is deembedded with the
series resistance (RE , RBX, and RBI) from the measurement
data. The internal base–emitter voltage (VBEi) is obtained with
the Ning–Tang method [22], which neglects the bias-dependent
effect of Rbi and avoids the region where IBC is significant. As
shown in the figures, HBE causes the saturation of JC and the
sharp increase of JB . And the major factor of β falloff under
the HBE is the increase of JB . A newly developed model has
a good agreement with the Gummel plot of the deembedded
measurement.

III. MODEL IMPLEMENTATION INTO VBIC, EXPERIMENTAL

VERIFICATION, AND DISCUSSION

In order to modify the existing VBIC compact model, the
model is implemented to a symbolically defined device (SDD)
in Agilent ADS. The four elements of the existing VBIC model

Fig. 9. Measurement deembedded (◦) and simulated (lined) (a) internal
Gummel plot, (b) corresponding current gain β of the 5 × 0.6 × 5.0 µm2 SiGe
HBT as a function of intrinsic base-emitter voltage, at VCE = 2.0 V.

TABLE III
MAJOR PARAMETERS OF THE IMPROVED VBIC MODEL

are modified. They are ITZF, IBE, QBE(τF ), and RBI/qb as
mentioned in Section II. A smoothing function [4] is used for
WCIB and φC in order to eliminate discontinuity. For example

φCC =
φC +

√
φ2

C + aHBE

1 +
√

1 + a2HBE

(32)
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Fig. 10. Measured (◦) and simulated [without HBE (dotted) and with HBE
(lined)] (a) Gummel plot and (b) corresponding current gain β of the 5 × 0.6 ×
5.0 µm2 SiGe HBT at VCE = 1.0, 2.0, and 3.0 V.

where aHBE is the adjustment parameter. The collector cur-
rent of the existing VBIC model is ITF defined as IS ·
eVBEi/(NF VT ), and ITZF (or JTZF) can be calculated with
ITF/qb and emitter area. Then, the induced barrier (denoted
φC,B) is reformulated as a function of JTZF once the real
collector current density (JTZF) is determined. After that, the
transit time and the base current are determined from the cal-
culation with φC,B .

In order to validate the newly developed model, a complete
extraction of the VBIC model parameters has been performed
on the SiGe HBT of 5 × 0.6 × 5 µm2 from the SiGe BiCMOS
technology of Samsung Electronics Company, Ltd. The major
parameters of the improved VBIC model are listed in Table III.
Fig. 10 shows the measured and model-simulated Gummel
plot and its corresponding current gain of the SiGe HBT at
VCE = 1.0, 2.0, and 3.0 V, with and without the HBE. They
have good agreements each other. For the same device, the mea-
sured and simulated dc I–V characteristics under a forced base
current are compared. As shown in Fig. 11(a), in the low current
region with base current of 10–100 µA, where the high current

Fig. 11. (a) Measured (• for low injection and ◦ for high injection) and
simulated [without HBE (dotted) and with HBE (lined)] dc I–V characteristics
of the 5 × 0.6 × 5.0 µm2 SiGe HBT under forced base currents of 10–100 µA
and 0.2–2.0 mA. (b) Corresponding calculated results of the induced conduc-
tion band barrier height for a base current of 0.2–2.0 mA.

effect is not significant, the simulated results are well fitted
with measured data, without the HBE. However, in the high
current region of 0.2–2.0 mA, where several high current effects
occur, the measured and simulated results without the HBE
have large discrepancies except at the low collector bias. The
accuracy of the simulated result with the HBE is improved sig-
nificantly. Fig. 11(b) shows the calculated results of the induced
conduction barrier height for a base current of 0.2–2.0 mA.
Barrier formation starts roughly at a base current between
0.2 and 0.4 mA. At low collector biases, despite the induced
conduction band barrier, the quasi-saturation effect dominates
the dc I–V characteristics.

Fig. 12 compares the cutoff frequencies as a function of
JC using the transit time model implemented, showing signif-
icantly improved accuracy in the wide bias range. The high
speed (HS) and the high voltage (HV) SiGe HBTs are also
compared as shown in Fig. 13. The collector biases are selected
2.0 and 4.0 V for HS and HV devices, respectively, which
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Fig. 12. Measurement-calculated (− ◦ −) and model-simulated [without
HBE (dotted) and with HBE (lined)] current gain cutoff frequencies fT of the
5 × 0.6 × 5.0 µm2 SiGe HBT as a function of collector current densities at
VCE = 1.0, 2.0, and 3.0 V.

Fig. 13. Measured (◦ for HS and × for HV) and simulated (lined for HS
and dotted for HV) (a) Gummel plot and (b) corresponding current gain of the
5 × 0.6 × 5.0 µm2 SiGe HBTs at VCE = 2.0 V for HS and 4.0 V for HV.

avoid significant quasi-saturation. They also fit very well and
follow the tendencies of φC and WCIB (Fig. 4). These results
validate the usefulness of the improved VBIC model including
the unified model of HBE.

IV. CONCLUSION

In this paper, the unified model of high injection HBE is
developed. A comprehensive investigation of the physics of
the HBE and its impact on the behavior of SiGe HBTs has
been performed. As the collector current becomes high, the
conduction band barrier is induced and increased. It gives rise
to the saturation of collector current due to the blocking of
carrier transport by the barrier, the increased transit time due
to charge storage, the increase of base current due to increased
recombination, and the drop of intrinsic base resistance due
to increased base charge and base pushout. From the accurate
derivation of φC and WCIB, the modified models of JC , JB ,
τF , and Rbi have been added inside VBIC, which has been
implemented using the SDD in Agilent ADS. A full parameter
of the modified VBIC model has been extracted for the simu-
lation. The simulation results show the significantly improved
accuracy of our model at the high current region for the dc and
RF characteristics.
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