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Abstract — We present a new large signal model of HBT 

for accurately fitting IC-VCE curve at saturation region with a 
high level injected collector, which is a very important 
phenomenon for HBT’s. This model treats the saturation as 
an effective base width modulation and the saturation 
currents of Ebers-Moll model are modified to include the 
base width variations. A new empirical function is used to 
describe the base width modulation. The simulation results 
using the model follow the measured IC-VCE curves at the 
saturation region very well.  

I. INTRODUCTION 

Heterojunction bipolar transistors (HBT’s) have been 
widely used for power amplifiers of handsets and a 
number of papers have been reported to describe accurate 
large-signal models [1]~[3]. HBT has a heavily doped thin 
base and rather low-doped thick collector layers. 
Therefore, the collector layer is in the high level injection 
at a relatively low current density and the base width is 
widened. Because of the thin base layer, the base width 
widening effect of HBT is a lot more severe than that of Si 
BJT and should be treated properly to get accurate IC-VCE 
curves at the saturation region. But so far the strong base 
widening effect has been neglected for IC-VCE curve 
fitting of HBT at the saturation region. Many BJT models 
[4]~[6] have been upgraded from Kull model [7] to fit the 
quasi-saturation region concentrating on collector epi-
layer phenomenon, such as quasi-saturation, Kirk effect, 
etc, but still have the problems. This is due to neglecting 
the base widening effect at the saturation region.        
In this paper, we are proposing an improved IC-VCE 

curve modeling to solve the problem. Ebers-Moll model is 
modified to include the base width widening effect. The 
model is verified by comparing the IC-VCE characteristics 
of single-finger and multi-finger HBT’s. 

II. LARGE SIGNAL MODELLING 

We have extracted the model at the saturation from the 
physical analysis. The modeled device is a single-finger 

InGaP/GaAs HBT with 2x20um2 emitter fabricated at 
POSTECH. The basic epi-structure consists of a 7000Å 
GaAs collector (3x1016cm-3), a 750Å C-doped GaAs base 
(4x1019cm-3) and a 400Å InGaP emitter (5x1018m-3). Fig. 
1 shows the equivalent circuits including a thermal circuit 
for self-heating effects and the expressions for the 
temperature dependent parameters are reproduced from 
SPICE model [8]. This model is based on Ebers-Moll 
model [9], [10] and is implemented in Agilent 
Technologies’ advanced design system (ADS) using 
symbolically defined device (SDD).   

 
A. Bias Independent Parameters  
The series resistances of emitter, extrinsic base and 

collector are extracted from a small-signal model and 
verified by the physical values calculated from the epi-
structure and measured specific contact resistivity by 
TLM method. The lead inductances of the emitter, base 
and collector are estimated from the method described by 
Maas [11], and the pad capacitances are estimated from 
the method described by Gobert [12]. The estimated 
values are optimized in the small-signal model and are 
used in the large signal modeling.  

 
B. Diode Equations and Description of the Base 

Width Widening 
As shown in the Fig. 1, four diodes and one current 

source are used to describe the E/B and B/C junction 
currents. IBEL and IBCL are the low-level currents of the 
emitter-base and collector-base diodes describing the 
junction leakage, neutral base recombination and surface 
recombination currents. These diode equations are given 
by 
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Fig. 1. Equivalent circuits for large-signal model with a thermal  
circuit for self-heating effect.    

  
ηBCL are the ideality factors, and VBE and VBC are the    
intrinsic junction voltages, respectively. Subscript L 
indicates the low-current level.  
IBE, IBC and ICT   describe the normal injection currents 

and are formulated based on the thermionic emission. 
These currents are affected by the base width widening at 
the quasi-saturation region and the effects are included in 
the saturation current terms as hyperbolic functions. We 
found that the quasi-saturation itself is not strong enough 
to describe the IC-VCE curves at the region. 
 IBE is the base-emitter diode current at a forward bias 

and is given by,  
 

    
 
 
    

 
    
 
where Wb is the base layer width, LB is the electron 
diffusion length of the base region calculated from the 
epi-structure and wm is the widened base width. ηBE is the 
ideality factor for the emitter-base forward current and βFT 
is the forward current gain. To describe the temperature 
effect on ISBE and βFT, fitting constants of XTI and XTB are 
used as exponential terms of the ratio for the device 
temperature T and reference temperature TREF.  
Similarly to IBE, the collector-base diode current IBC is 

given by, 
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where the collector-base saturation current ISBC is also 
described by hyperbolic functions. Temperature effects 
are also included in ISBC and reverse current gain βRT. 
Ideality factor ηBC is used for the reverse current.                                        

Collector current source has independent saturation 
currents and ideality factors and is given by,  
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where ISCE is also a hyperbolic function of the widened 
base width wm.  
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The saturation currents and ideality factors are estimated 
from the forward and reverse Gummel-plot at reasonable 
current levels and are optimized from DC simulation 
assuming that wm equals zero. And then, to fit the quasi-
saturation region, wm is included. To describe the base 
widening effect, we use an empirical function:    
 
 0 1 2 3 4(1 tanh( ))(1 tanh( ))    (11)C CEwm a a I a a V a= + + − +

 
where the widened base width wm is a function of IC and 
VCE  and ai are fitting parameters. 
 The extracted parameters are summarized in Table 1 and 
Fig. 2 shows the simulation results of IC-VCE curve using 
the model. The simulated current curve without wm has a 
large discrepancy from the measured current curve at the 
quasi-saturation region and this discrepancy is increased 
as current level increases. The current curve with wm 
shows a perfect fitting at the quasi-saturation region. Fig. 
3 shows wm calculated from the empirical function. As 
the collector current increases, wm also increases up to 
2500Å, which is about 3 times larger than the intrinsic 
base width.  Around VCE=1V where the internal collector-
base junction goes into reverse bias from forward bias, 
wm is disappeared. This simulated result shows that the 
empirical function of wm is sufficiently accurate for the 
description of the base widening effect. The base 
widening reduces the current gain at the quasi-saturation 
region and smoothes out the IC-VCE curves at the knee 
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region. This rounded curve can be described only by the 
properly modeled wm.   

 
Table 1. Extracted parameters of single finger HBT(2x20um2)   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Measured and simulated IC-VCE characteristics of        
single-finger HBT(2x20um2)   
 

C. Bias dependent Non-linear Parameters  
In Fig. 1, Cpi, Cu1 and Cu2 represent the bias dependent 

non-linear parameters of emitter-base capacitance, 
extrinsic base-collector capacitance and intrinsic base-
collector capacitance, respectively. Since this model for    
a single-finger HBT covers from a low current level to an 
extremely high current level, the intrinsic base resistance 
(r2) is treated as a base current dependent parameter 
following the distributed nature of the base current. These 
non-linear parameters are extracted from the large signal 
model fitting to the measured S-parameters at the multi-
bias points and then represented by empirical functions 
dependent on currents and junction voltages.                               

This model is applied to a multi-finger HBT. Since epi-
structure is not known, emitter and collector resistances 
are estimated from Z-parameters converted from the 
measured small signal S-parameters [11] and the extrinsic 
base resistance is estimated from the method described by 
Gobert [12]. Base width and doping concentration are 
assumed as 1000Å and 4x1019, respectively. Other 
parameters are determined by the same way as the single-
finger HBT.  

To verify the non-linear parameter functions, measured  
 
 

param-
eter 

value param-
eter 

value param-
eter 

value 

Cpeb 37fF ηBEL 1.7 βR 0.00013 
Cpce 17fF KSBC 4.4e-23 Wb 750Å 
Cpbc 1.4fF ηBC 1.39 TREF 273K 

Lc 96pH CBCL 1.24 LB 0.36um
Le 24pH ηBCL 1.68 RTH 1336 
Lb 32pH KSCE 8.6e-21 CTH 10pF 
RE 1.8Ω ηCE 1.38 a0 7.08e-6 
r1 8Ω ISEC 7.2e-24 a1 134 
RC 7.7Ω ηEC 1.1 a2 -5 

KSBE 6.3e-18 XTI 0.02 a3 2.7 
ηBE 1.4 XTB -0.05 a4 -0.21 

CBEL 0.8 βF 438   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Simulation result of modulated base width from the  
empirical function 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Measured and simulated S-parameters of single-finger  
HBT(2x20um2) at Vce=3.5V, Ic=25mA 
 
S-parameters throughout the frequency range from 0.5     
to 35 GHz are compared with simulated ones.  Fig. 4 
shows the comparisons of the S-parameters at VCE=3.5V, 
IC=25mA with good agreements.        

 
D. Model Application to the Multi-finger HBT 



 

 
Table 2. Extracted parameters of multi-finger HBT   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Measured and simulated IC-VCE characteristics of  
multi-finger HBT     
 

 Table 2 shows the extracted parameters and Fig. 5 
shows the measured and simulated results of IC-VCE curves 
of the multi-finger HBT. The comparison results are 
similar to those of the single-finger HBT.   

III. CONCLUSION 

A large signal model focused on the quasi-saturation 
region is presented. This model incorporates the saturation 
effect as a base widening and this effective base width is 

included in the modified Ebers-Moll model as a 
hyperbolic function. Agilent Technologies’ ADS is used 
to implement this model using the symbolically defined 
device (SDD). From the comparison of the measured and 
simulated IC-VCE results, this model is proved to describe 
the saturation region accurately.  

param-
eter 

value param-
eter 

value param-
eter 

value 

Cpeb 0.44pF ηBEL 1.71 βR 0.001 
Cpce 0.3pF KSBC 9.9e-22 Wb 1000Å 
Cpbc 0.12pF ηBC 1.24 TREF 273K 
Lc 65pH CBCL 15 LB 0.36um
Le 8.6pH ηBCL 1.5 RTH 817 
Lb 14.3pH KSCE 4.6e-20 CTH 10pF 
RE 0.7Ω ηCE 1.32 a0 1.8e-5 
r1 1.56Ω ISEC 2.1e-21 a1 15 
RC 0.98Ω ηEC 1.05 a2 -3 
KSBE 4.9e-16 XTI 1.35 a3 4.5 
ηBE 1.44 XTB -0.0002 a4 -1.82 
CBEL 0.4 βF 386   
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