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Abstract— A compact model of IGBT (Insulated-Gate Bipolar 
Transistor) is developed by considering the high-injection 
condition explicitly. The model distinguishes the MOSFET 
controlled part and the bipolar transistor controlled part 
explicitly by introducing internal potential nodes, which are 
solved iteratively. It is verified that the model calculates the 
potential distribution along the device identical to that of 2D-
device numerical simulation results. It is demonstrated that 
accurate and stable switching simulation is realized with the 
developed model. 
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I.  INTRODUCTION  
The demand for high-power devices in various 

applications is increasing, which leads to the serious necessity 
of stable and predictive circuit simulation for sufficient design 
productivity [1]. A prerequisite to fulfill this application 
demand is therefore the realization of accurate circuit-
simulation capability with the specific high-power device for 
any type of application. Here, we focus on achieving this task 
in case of the IGBT device, where high voltage operation even 
up to 10kV has been verified through utilization of advanced 
materials [2]. Since the IGBT structure can realize low on-
resistance and at the same time fast switching in spite of high 
driving bias conditions, it is widely used in power conversion 
circuits, for example, motor control of electrical vehicles.  

The IGBT internally consists of a MOSFET and a bipolar 
transistor, aiming at the realization of fast switching (see Fig. 
1) [3]. The highly resistive base region can sustain extremely 
high applied voltages. This causes numerical instability due to 
the steep electric-field increase within the base. The compact 
model HiSIM-IGBT1, which is successfully utilized in 
industry, has been developed based on the potential 
distribution along the IGBT structure [4]. The core part of the 
resistivity is modeled by the carrier distribution within the 
base. However, the high injection condition is not explicitly 
considered in the modeling, which requires phenomenological 
description of the effect.  

The new generation compact modeling of IGBT is done by 
explicitly considering the high-injection condition together 

with the ambipolar effect. Accurate prediction of the potential 
distribution within the IGBT, while preserving the consistency 
of the compact model description, is the key of our method. It 
is demonstrated that the presented approach enables 
straightforward compact IGBT modeling and achieves stable 
circuit simulation. It is further found that the amplification 
factor in the IGBT is normally equal to 1.3 under the high-
injection condition, which exactly corresponds to the ratio of 
electron to hole mobility. 

II. MODELING HIGH INJECTION CONDITION 
Fig. 1 shows the studied IGBT structure together with the 

equivalent circuit. The internal nodes b and b’ describe the end 
of the gate control and the end of the resistive part for the 
injected carriers from the IGBT collector, respectively. Thus 
these nodes consider the mutual interaction of electrons from 
MOSFET and holes from bipolar part explicitly, which are 
used to describe the high injection condition correctly. 
Namely, the electron injection from the MOSFET part is 
influenced by the hole density arriving at the channel/base 
junction, where the injected electrons are controlled again by 
the resistance effect in the base region. In this way, the high-
injection condition is effectively considered to balance the 
carrier distribution by considering the internal nodes. 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Studied IGBT structure (nMOSFET + pnp bipolar part) with its 
corresponding simplifield equivalent circuit. 
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The base current of the Bipolar Junction Transistor (BJT) 
is supplied by the drain current of the MOSFET and the BJT’s 
emitter current (collector current of IGBT) supplies holes to 
the collector (emitter of IGBT). Fig. 2 compares a 2D-device 
simulation result of the Ic-Vc characteristics of a bipolar device 
and an IGBT structure. It is noticeable that high injection 
occurs even at very low bias conditions for the IGBT, without 
clear exponential relationship, a typical BJT characteristic. 
Fig. 3 compares 2D numerical device simulation results of the 
carrier distribution within the IGBT for two different applied 
collector-emitter bias Vce conditions of 0.2V and 15V. It is 
seen that the electron density injected from MOSFET to the 
base of BJT is negligibly small under the low injection 
condition. It distributes in the same way as holes, which are 
injected from the collector after the Shockley equation. 
Namely, carriers are controlled by the diffusion mechanism. 

Under the high-injection condition, the carrier density 
injected from MOSFET to BJT base easily exceeds the 
impurity concentration, resulting in increased hole 
concentration at the same time. This means, that the BJT 
carrier distribution is no more represented by an ideal 
exponential equation, as derived by Shockley under the 
diffusion approximation, which is applicable only for the hole 
injection at the collector/base junction. Under high injection, 
however, electron and hole concentrations remain equal, 
which establishes a clear ambipolar condition again, as in low 
injection.  

Fig. 3b shows that the carrier distribution within the base is 
much flatter under the high-injection condition than that 
predicted by the Shockley equation. As shown in Fig.4, the 
electron and the hole current flowing in the base region of 
IGBT are mostly governed by the drift mechanism. This is 
because the potential applied is mostly consumed within the 
base region, resulting in the high field. This concludes that the 
largest potential drop occurs between the two internal nodes 
“b” and “b’ ”. Though the electron and the hole density within 
the base are the same, however, the electron current density is 
three times larger than that of the holes. The difference is 
attributed to the mobility difference. The electron current 
injected from the MOSFET is written as [5] 

 

                                                                                    (1) 

 

 

 

 

 

where Ids is drain current of the MOSFET part, Weff is channel 
width,   is the electron mobility in the base region, Leff is 
effective channel length, Cox is oxide capacitance,  is the 
inverse of the thermal voltage, sl is the potential at the pinch-
off point and s0 is the surface potential at the source side. Due 
to the ambipolar effect, the carrier concentrations are equal 
and the mobilities are different for electrons and holes. Thus 

the BJT’s collector current under high injection can be written 
as 

 

(2) 

 
where    is the hole mobility. With the Kirchhoff law, the 
amplification factor Ic/Ib (=Ids) is denoted by the mobility ratio 
as 

 

                                                                   (3) 

 
 
 
 
 
 
 
 
 
 
 
Fig. 2. 2D-device simulation result of Ic vs. Vce for (a) BJT and (b) IGBT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. 2D-device simulation results of electron- and hole concentration 
distribution along the base region, (a) for Vce =0.2V and (b) for Vce =15V. 
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The collector current is written as [6] 

 

 

 

(4) 

where Db,  pb and Lb are diffusion coefficient, hole 
concentration and diffusion length in the base region, Dc, nc 
and Lc are diffusion coefficient, hole concentration and 
diffusion length in the collector region, Wbase is base length, k 
is Boltzmann’s constant and T is temperature. This equation is 
equal to that of the BJT emitter current derived by Shockley. 
 

III. MODELING RESISTANCE EFFECT 
As shown in Fig.5, the gate voltage affects the potential 

distribution in the base region. In the equivalent circuit shown 
in Fig. 1, therefore, two resistances are considered 
independently, namely Rdrift and Rqn. The carrier density 
injected from MOSFET is strongly influenced by Rdrift. This is 
because the resistance is determined by the gate voltage as 
well as the potential drop between the node “b” and “B”, 
which is referred to as the drain voltage of the MOSFET part. 
The carrier density injected from the collector is determined 
by the node potential “b’ ” and is influenced by the resistance 
Rqn. The model equations of HiSIM_HV for power MOSFETs 
are adopted for Rdrift as [7] 
 

(5) 
 
 
where Weff is channel width, Xov is current path width, Ndrift is 
base concentration,          is mobility in the drift region, Ldrift is 
length of drift resistance and RDRDL1 is effective Ldrift of 
current in drift region. The equation is derived by considering 
the current flow within a resistor. The BJT resistance (Rqn) is 
written by carrier distribution injected from the collector as 
 

(6) 
 
 
 where Ldec is diffusion length in the base region, qex,A is 
charge injected from collector, A is cross-section area, Nbase is 
concentration in the base region and Wqn is width of the quasi-
neutral region. Ldrift and Wqn are written by depletion length as 
 

 
(7) 
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where     is balance coefficient of width of depletion and the 
quasi-neutral region, pdep0 is hole density in the depletion 
region, pex,K is charge injected from emitter and Wbase is base 
length.  

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. 2D-device simulation results of individual current density distributions 
at Vge=10Vand Vce=15V. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. 2D-device simulation results of potential distribution depending on Vge. 
Solid circles are calculated node potentials at “b”, “B”, and “b’ ” with the 
developed model. 

IV. COMPARISON WITH 2D DEVICE SIMULATION RESULTS 
The newly developed IGBT compact-model is named 

HiSIM-IGBT2. Fig. 6 compares HiSIM-IGBT2 calculation 
results to 2D device simulation results under different 
operating conditions. Fig. 7 compares node-potential 
difference Vbe (b-e) and Vbb’ (b-b’) calculated with HiSIM-
IGBT2 and 2D device simulation results. It is seen that the 
developed model reproduces the potential distribution within 
the device accurately. This proves that the partitioning into the 
MOSFET contribution part and that of BJT is accurately done. 
It is also seen that applied voltages are sustained mostly within 
Vbb’. However, the potential node B moves from near to “b” to 
“b’ ” because of the MOSFET and BJT characteristics. Thus, 
it can be explained that the potential drop between b and b’ 
node is dominated by BJT resistance Rqn when Vce is low. 
When Vce becomes high, however, the potential drop between 
b and b’ node is dominated by MOSFET resistance Rdrift. This 
dynamic feature of IGBT can be well reproduced by the 
developed model. 
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Fig. 8 shows the comparison of transient simulation results 
with HiSIM-IGBT2 and 2D-device simulation. For the 
simulation, a pulse is applied on the gate electrode while 
keeping the drain voltage Vcc constant. The circuit used for the 
simulation is shown in Fig. 8b. The element values taken 
typically appear in literature. A typical freewheel diode is 
applied. The agreement is quite satisfactory. The long tail 
observed in Vge, the internal node potential of the gate, is due 
to the gate capacitance and resistance. The good agreement of 
Vge verifies accurate modeling of, not only the currents but 
also capacitances. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6. Calculated I-V characteristics in comparison to 2D device       
simulation results. 

 

 

 

 

 

 

 

 

 
Fig. 7. Comparison of modeled node-potential differences Vbe (b-e) and Vb’b 
(b-b’) to those of 2D-device simulation results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8. (a) Transient simulation results of HiSIM-IGBT2 compared with the 
2D-device simulation results, (b) Test circuit. 

 

V. CONCLUSION 
The reported IGBT compact model is based on high 

injection condition, which considers injected electron and hole  
density in the base region as well as MOSFET and BJT 
contributions. Under high injection, electrons and holes in the 
base region are interrelated. Because electrons are injected 
from MOSFET and holes are injected from collector, it is 
necessary to consider the contribution of MOSFET and BJT in 
order to develop an accurate model. Newly developed model 
(HiSIM-IGBT2) is verified to reproduce various 2D device 
simulation results. 
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