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Abstract

In this paper, a practical SPICE model for an IGBT and a PiN diode is proposed based on the Finite Differential Method
(FDM). Other than the conventional Fourier model and the Hefner model, the excess carrier distribution can be accurately solved
by a fast FDM in the SPICE simulation tool. In order to improve the accuracy of the SPICE model, the Taguchi method is
adopted to calibrate the extracted parameters. This paper presents a numerical modelling approach of an IGBT and a PIN diode,

which are also verified by SPICE simulations and experiments.
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NOMENCLATURE
A Total die area of a diode (cm?).
4; Total die area of an IGBT (cm?).
Ceo Gate-collector capacitance (nF).
Caep Depletion capacitance (nF).
Cor Gate-emitter capacitance (nF).
Cox Oxide capacitance (nF).
Cres Reverse transmission capacitance (nF).
D Ambipolar diffusivity (cm? /s).
D, Electron diffusivity (cm? /s).
D, Hole diffusivity (cm? /s).
& Dielectric constant of silicon (F/cm).
hy, Electron recombination coefficient (cm* /s).
hy, Hole recombination coefficient (cm* /s).
Ic Collector current of an IGBT (A).
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Collector-gate current in an IGBT (A).
Total anode current of a diode (A).
Displacement current at x; (A).
Displacement current at x,. (A).

Drive current of an IGBT (A).
Gate-emitter current in an IGBT (A).
MOS channel region current (A).
Electron current at x; (A).

Electron current at x,. (A).

Hole current at x; (A).

Hole current atx,. (A).

Current density of a diode (A/cm?).
MOS channel transconductance Q.
Base impurity doping concentration (cm™).
Carrier density of drift region (cm™).
Carrier density at X; (cm™).

Carrier density atx, (cm?).

Average carrier density of drift region (cm™).
Electron charge (c).

Time (us).

Turn-off delay time (ns).

Turn-on delay time (ns).
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Ly Voltage fall time (ns).
t, Current rise time (ns).
THL High-level lifetime (us).
My Electron mobility (cm/s).
Hp Hole mobility (cm/s).
Vsat Saturation mobility (cm/s).
Vak Diode voltage drop (V).
Ve Collector-gate voltage (V).
Vy Depletion region voltage drop (V).
Vps Drain-source voltage in a MOSFET (V).
Voe Gate-emitter voltage (V).
Vs Gate-source voltage in a MOSFET (V).
V; Junction voltage drop (V).
Vr Thermal voltage (V).
Vin Threshold voltage of a MOSFET (V).
Wy Drift region width of a diode (um).
w; Drift region width of an IGBT (um).
Ax Differential step (um).
X Left boundary of drift region (um).
X, Right boundary of drift region (um).

I. INTRODUCTION

An insulated gate bipolar transistor (IGBT) can be equivalent
to a giant transistor (GTR) driven by a metal-oxide
semiconductor field effect transistor (MOSFET) in the
physical structure. Therefore, it has the advantages of both
GTRs and MOSFETs, such as high input impedance and low
on-state voltage. With increments in its voltage and current
ratings, the application range can be extending from medium
power applications to high power applications [1].

The authors of [2] presented a 6.5 kV commercially available
IGBT module in a boost circuit application switching at 9 kHz,
and a 7 kA IGBT module was fabricated in [3]. Improvements in
packing materials and structure design enable IGBTs to be
operated at higher frequencies. Thus, the authors of [4] provided
an ultra-thin punch-though IGBT with a blocking voltage of
650V, which is able to drive DC-DC converter at 200 kHz.

Since the invention of the first IGBT in 1982 [5], various
of modeling methods have been proposed from different
aspects and with different objectives. However, depending on
the modeling method used, the models can be divided into
two categories, numerical models and behavioral models.

Behavioral models concentrate on IGBT behavior without
considering their physical mechanism. A curve-fitting method
was used in [6] to calculate switching losses. However, this
model cannot demonstrate dynamic behavior. The authors of
[7] used a Hammerstein model to describe the static
characteristics and the switching characteristics of an IGBT.
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Fig. 1. Configuration of a Hammerstein model.

The configuration of this model is illustrated in Fig. 1, and
the model was simulated with Saber. Although behavioral
models can simply and accurately describe IGBTs, they lack
universality.

Numerical models refer to analytical models based on
semiconductor physics. Solving an Ambipolar Diffusion
Equation (ADE) Equ. (1) with different simplifications to
obtain excess carriers distribution p(x,#) is the key point of
modelling.

Daifziﬁl 1)
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There are three approaches based on this method: (1),
Hefner model [8], Fourier-based model [9] and Laplace
transformation model [10]. The Hefner model assumes a
linear distribution of excess carriers and describes them as
Equ. (2). This method is appropriate for a planar IGBT.
However, it is not appropriate for a trench-field-stop IGBT
and a PIN diode. The Fourier-based model can simulate all
kinds of IGBTs. However, its iterations are too complex,
which can lead to some problems in terms of convergence.
The drift region excess carrier distribution of a Fourier-based
model can be calculated by Equ. (3). A Laplace
transformation model can solve the ADE in the frequency
domain. However, it is not suitable for changes of the drift
region boundary.

Xy Ry Wx 2 aw
p(x,t) = Ryl W] WD[2 6 3W] 5 ®)
p(x,1) =vy () + ivk(t)cos[k”(x_xl)] 3)
k=1 Xy —X

To simplify the calculations and improve accuracy, this
paper presents a novel approach to solve Equ. (1) with the
Finite Differential Method. In addition, a physical SPICE
model for an IGBT and a PIN diode is built in SIMetrix. The
simulation is more stable and faster than both the Fourier-
based model and the Laplace transformation model. This is
due to the simplifications in the drift region and the accurate
description of the boundary.

II. SIMULATION OF THE DRIFT REGION

A. Finite Differential Method Implementation in SPICE

A time domain based partial differential equation solution
was proposed in [11]. According to this method, the drift
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Fig. 2. Method for solving an ADE in a SPICE simulation.

region can be finite differenced in k equal parts, xi, ..., X;,
...xr. Hence, the orders of the ADE can be reduced by Equ.
(4) and Equ. (5) in part j, and the partial differential equation
can be simplified as Equ. (6).
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Equ. (6) can be solved by a SPICE simulation, where it is
replaced by a simple network of resistors and capacitors
driven by voltage controlled current sources. As showed in
Fig. 2, p; is replaced by the node voltage e;, and the
differential of pj is equivalent to the charge current of C.

The value chosen for C and R is unimportant as long as the
R-C time constant is much larger than the largest time of the
ADE interest. In addition, a large number (larger than 10'%) or
a non-zero small number (less than 10°) results in convergence
problems in SIMetrix.

Based on this principle, the values of R and C are chosen as
1 and 10°%, respectively. Hypothetically, the drift region is finite
differenced in k equal parts. A higher k can result in a higher
calculation accuracy. However, the solving process is more
complex and the simulation time increases. Hence, a trade-off
between calculation accuracy and simulation speed should be
made. As a consequence, the stage number is chosen as 5.
Taking the boundary conditions of Equ. (7) and Equ. (8) into
consideration, the excess carrier distribution can be calculated
by Equ. (9).
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Fig. 3. Carrier distribution of a PiN diode under different /7 .
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B. The Excess Carrier Distribution Simulation

Based on this method, the excess carrier distribution of a
PiN diode (IRD3CH53DB6) can be simulated in SIMtrix. In
addition, the same method can be used to simulate the drift
region distribution of an IGBT. The results are shown in Fig. 3.

The largest concentration of the electrons and holes in the
drift region during a turn-on transient occurs at its boundary.
The drop in the carrier density towards the center of the drift
region is determined by ru and D. The reduction of the
average carrier density into the drift region with a reduction
of the injected current /r can be explained by the charge
control method [12].

Suppose the recombination of the end regions is neglected.
Consequently:

Jr=], qRdx (10)
Where R is the recombination rate, which is given by:
n(x
THL

The average carrier density in the drift region is then
described by:

g =ML (12)
q(xr —X )

Due to this relationship, it can be concluded that the
average carrier density has a positive correlation with Jrand
7L, which can be verified in Fig. 3.

Bipolar devices mainly work under large injection levels
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Fig. 4. Carrier distribution in the reverse recovery (before 21.5us).
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Fig. 5. Carrier distribution in the reverse recovery (after 21.5us).

and their drift region contains a large number of electrons and
holes which makes it a low resistance state. When a PiN diode
is switched from the conduction mode to the reverse-blocking
mode, the excess carrier density of the drift region decreases
rapidly due to the termination of the injection. The stored
charge within the drift region of the PiN diode must be
extracted before it can support high voltages. This process is
illustrated in Fig. 4 and Fig. 5. This phenomenon is referred
to as reverse recovery.

III. DIODE MODEL IMPLEMENTATION

To implement the FDM model for a PiN diode, the basic
one-dimension diode body is divided into three parts, as
shown in Fig. 6. The performance characteristics of the PiN
diode depend mainly on the chip geometry and the processed
semiconductor material in the drift region [13]. When the PiN
diode is forward biased, holes and electrons are injected into
the drift region. This charge does not recombine
instantaneously. Instead it has a finite lifetime (zur) in the
drift region. If the PiN diode is reverse biased, there is no
stored charge in the drift region, which behaves like a parallel
R-C network.

A. Physics Method for PiN Diode Modeling

The on-state voltage drop of a PiN diode Vikx consists of
three parts, which are the junction voltages V}, the voltage of
the drift region Vs and the voltage of the depletion region Va.

Cathode

Fig. 6. Physical structure of a PiN diode.

Vak =V, +Vg~Vy (13)

Neglecting the distributional effects in the drift region, V;
and Vs can be described by a simple quasi-static model as Equ.
(14) and Equ. (15). The voltages across the P+/N- junction and
the N+/N- junction are determined by the injected minority
carrier density and the majority carrier density, respectively.
More importantly, Equ. (14) can be derived under the charge
neutrality condition p(x)=n(x).

In Equ. (15), Ipi/Avsar and Ini/Avsar are far less than gNs.
Consequently, neglecting them can improve the calculating
speed and the convergence property of the FDM model.

v, =Vp 1n[prflJ (14)

n;

_ gNp +Ip1/Avsat 24 qNpg+1,,/ Av,
28”‘ ! 28”‘

D
Wy —2L 1| £ (16)
Dn+Dp V2

B. PiN Diode Parameters Extraction

Vy 9 (W —x,)* (15)

_ ]7D X — X +
Aq 1, Np + (p, + ﬂp)pbase

Ve

The first parameter that needs to be extraction is the chip
area 4, which is closely related to the rated current. The
approach to extract 4 is to directly measure the diode area or
to obtain it from a datasheet.

The parameter zm. must be determined from the diode
turn-off waveform such as the one shown in Fig. 7. Under
this circumstance, 7. can be calculated by Equ. (17) [14].

Ipps =05 = 5 )1~ exp(D) (17)

Where o is the current slope from 7y to 7:. Ty is the
zero-crossing point during the turn-off transient, and 77 is the
moment the reverse recovery current reaches its peak value.
7 1S the reverse recovery time constant, which can be
measured from the current waveform.

Another important parameter is the drift region width Wy,
which can influence the breakdown voltage of bipolar
semiconductor devices. The approach to extracting Wi is
based on Equ. (18) [15], and the PiN diode parameters
extraction results are listed in Table I.

bWy
=T (18)
In(aWy)
Where Vpris the avalanche breakdown voltage. In addition,
a and b represent two constants that are related to the

VBr

semiconductor technology.
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Fig. 7. Turn-off waveform of a PiN diode.

TABLE 1
PARAMETERS EXTRACTION RESULTS OF A DIODE

Chip area 4 0.376cm?
High-level lfietime Tz 0.12us
Drift region width Wp 139.7um
Recombination coefficient 4,,h,, 10 4cm¥/s
Drift region doping concentration N,; 10%4cm?¥/s

TABLE II

SIMULATION PARAMETERS

Simulation time 31.5u
Real time 203m
Time step 178.133n
Total points 470
Total iterations 2.205k

oc (D ¢

Fig. 8. Double-pulse test with the proposed diode model.

C. PiN Diode Model Verification

With all of the above equations, the PiN diode model is
simulated in SIMetrix. SIMetrix is a mixed-signal circuit
simulator with its core algorithms based on the SPICE
program. The simulation parameters are listed in Table II.

To verify the simulation results of SIMetrix, a double-
pulse test circuit was developed as shown in Fig. 8, and the
DUT (Device Under Test) is an IRD3CHS53DB6. A 42.3 mH
inductor served as a load and the value of the driver
resistance Rg was chosen as 7.5 Q. In order to avoid the

|d(EXp)
1 (25Akdiv) : —— I (sim) f
: —V,(em) |
: ———Vd(5|m) :
REISIIE . :
i i i 1 i ; i
20.8 21 21.2 214 21.6 218 22

Time(us)
(a)

: 1,(exp) |:
L I"l('SI]Miiiv)"' e leim) |
— ¥ ] - v, (exp) |,
— ==V, (sim) :

I i i i
19.4 19.5 19.6 19.7 19.8 19.9 20
Time(us)

(b)
Fig. 9. Double-pulse test with the proposed PiN model
(Vgon=15V, Vgoff=-9V, Rg=7.5Q, L= 42.3 mH). (a) Under a
DC bus voltage of 100V. (b) Under a DC bus voltage of 200V.

Depletion layer nnel

Collector Emitter

Fig. 10. Physical structure of an IGBT.

spurious triggering caused by the Miller capacitance, Vgoff
was set at -9 V. Fig. 9 shows a comparison of simulation and
experimental results.

IV. IGBT MODEL IMPLEMENTATION

The basic unit cell structure of an IGBT is shown in Fig.
10. The N+ zone is called the source region, and the electrode
attached to it is called the source electrode. The N plus area is
called the drift region. The control area of the IGBT is the
gate area, and the channel is formed near the boundary of the
gate.

A. Physics Method for IGBT Modeling

The basic IGBT dynamic model consists of three state
equations: the current continuity equation, the voltage drop
equations and the IGBT driver equations. The current
continuity equation governing the behavior of IGBT is
describe as Equ. (19).

Te=Ty+1p =1y +1pn+ 14 +1cc (19)

Where I.1=qAihppi’, In2=Inos and the specific descriptions of
laisp2 and Icg are described in [16].
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Fig. 11. Typical IGBT application circuit.
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Fig. 12. Equivalent circuit of Miller capacitance.

The voltage drop of an IGBT is comprised of three parts:
the voltage across the junctions Ji, the voltage across the

depletion region Va2, and the voltage across the drift region Va.

Similarly, the three voltages can be describe as Equ. (20),
Equ. (21) and Equ. (22).

Vi=2Vr 1{”’} (20)
n;
Ng+1,,/ Av )
de:q BT 1n2 " GiVsar W, —x,) @1
2 ST
_ D
v, =< X +2Wp—L—In {pr] (22)
Aiq :unNBJ"(,un +,up)pbase Dn +Dp pi

A typical IGBT application circuit is illustrated in Fig. 11.
According to Kirchhoff’s law, the current flowing into the
gate terminal is equal to the current flowing out of it.
Consequently, /6 and Icc can be described as Equ. (23) and
Equ. (24), respectively. Combining Equ. (23) with Equ. (24),
the IGBT driver equation is derived as Equ. (25). The MOS
part of the IGBT can be directly implemented with a PSPICE
MOSFET model.

Ig =1c6tgE=Ccq % +CqE 4 (23)
dV, dv,
Ieg=Ceg(—<E - —CE 24
c6=Cca( 4 dt) (24)
Ve Ig Cec  dVeg 25)

+
dt CGE + CCG CGE + CCG dt

B. Miller Plateau Implementation

The Miller plateau caused by Miller capacitance can lead
to a loss of control over the turn-on di/dt [17] and snap-off

11 12

Time{us)

Fig. 13. Miller plateau characteristics with values of different V.

===CJO=2n

=" I i I i I 1 i 1
7 1.5 8 8.5 9 9.5 10 10.5 1 115 12
Time(us)

Fig. 14. Miller plateau characteristics with different values of
cJo.

_Vg(exp)

o
- —Vg(5|m)

Time{us)

Fig. 15. Miller plateau implementation.

during the turn-off process, which can result in device
failures. The Miller capacitance forms from an overlap of the
gate metallization and the N-drift region [18]. It can be
described as a voltage-controlled capacitance that is not
available for SPICE simulations.

In this paper, voltage-controlled current sources are used to
simulate the charge process of Icc. The moment the Miller
Plateau occurs is related to the threshold voltage of the
elemental MOSFET. This phenomenon is shown in Fig. 13.

In this method, Cox and Cap are equivalent to CAP and
DCAP, respectively. By changing the null-bias capacitance
CJO and the junction electric potential VJ of the DCAP,
different Miller plateau characteristics can be simulated, as
shown in Fig. 14. In addition, Fig. 15 shows a comparison of
simulation and experimental results, under the same condition
with the diode test.

C. IGBT Parameters Extraction

The parameters that need to be extracted for the modeling
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Fig. 16. Current tail of an IGBT.

of an IGBT can be divided into five categories: the MOS part
parameters, IGBT structure parameters, IGBT drift region
parameters, IGBT lifetime parameters and IGBT
recombination coefficients.

The structure parameters include the device area 4;and the

oxide capacitance Cor of the IGBT. The device area can be
measured or obtained directly from a datasheet. The oxide
capacitance is a part of the Miller capacitance. It can be
acquired from the Crs curve in the datasheet. When Cres
reaches its maximum value, the depletion layer has not
formed yet (Cypp=). This means the value of Cox is the

same as Cres.

Other than the PiN diode, the drift region parameter W; is
different between Non-Punch Through (NPT) IGBTs and
Punch Through (PT)/Field Stop (FS) IGBTs. Since the
electric field in the drift region of an NPT IGBT is a
triangular distribution, ;can be derived by Equ. (26). As for
a PT/FS IGBT, the electric field of the drift region is a
trapezoidal distribution, and the drift region width of the
IGBT can be calculated by Equ. (27).

W, = qTE (26)
B

W= — 27)
gNp(E. — \/Ec —2gNpVpg /€4)

Where E. is the typical value of the silicon-based electric

field, and Var is the avalanche breakdown voltage of the
IGBT.

In order to extract a high-level lifetime zx.. of the IGBT, the
current tail in the turn-off transient under an inductive load
needs to be measured. According to the method in [19], 7z is
the time constant of the current tail as shown in Fig. 16.

The MOS part of the IGBT can be directly implemented
with a PSPICE MOSFET model, the parameters of which
include the MOSFET threshold voltage V. and
transconductance K,. Vi is the threshold voltage of the
MOSFET which means the gate voltage at the critical
conduction moment. K, is the channel transconductance of
the MOSFET, which represents the ability of the gate voltage

TABLE III
PARAMETERS EXTRACTION RESULTS OF AN IGBT
Chip area 4; 0.376cm?
Oxide capacitance C,, 11.9n
High-level lfietime T4, 0.12us
Drift region width ; 125.7um
Threshold voltage 7y, 5.3V
Transconductance K » 13.2AV?
Recombination coefficient 4,,h,, 104em¥/s
Drift region doping concentration Np 10%cm?/s
TABLE IV
L9 (3*) ORTHOGONAL TABLE
# Vin Kp Cox w;
1 4.7 12.0 10.6 111.7
2 53 13.2 11.9 125.7
3 5.9 14.4 13.2 139.7

to control the collector current. These two parameters can be
extracted from Equ. (28), and the IGBT parameters extraction
results are listed in Table III.
2
K, [(VGS =Vl ps - lz)sj Jor Vps <Vgs =Vy,
Lpos =

K,Vgs =V )

2

(28)

otherwise

D. Taguchi Method for Calibration

Due to measurement error, the extracted parameters cannot
be completely accurate. Consequently, the Taguchi method
was adopted to calibrate the model based on the FDM. The
Taguchi method is a statistical method, developed by Genichi
Taguchi to improve the quality of manufactured goods. More
recently, it has been applied to engineering [20].

In the Taguchi method, quantitative indexes are designed
to compare the losses of different experimental groups. The
purpose of the FDM model is to simulate the switching
performances of an IGBT. As a result, a Taguchi loss function
is designed as Equ. (29).

The calibration parameters are the threshold voltage Vi,
transconductance Kj, oxide capacitance Cor and drift region
width of the IGBT W.. The extracted parameters are taken as
median values. The threshold values are generated by 90%
and 110% of median values, respectively. A L9 (3*) orthogonal
table is set as shown in Table IV, and the results of Taguchi
experiments are displayed in Table V. Calibration results of
the Taguchi method are illustrated in Fig. 17.

2 2 2
E _ [ triexp Ldon — tdoniexp tdoff - tdoffiexp
loss — + +
tr_exp tdon_exp tdo_['/"'_exp

2
J{tf ~lf e J (29)

Iy exp
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TABLE V
RESULT OF THE TAGUCHI METHOD
No Vin Kp Cox w; Eloss
1 1 1 1 1 0.065
2 1 2 2 2 0.062
3 1 3 3 3 0.075
4 2 1 2 3 0.014
5 2 2 3 1 0.051
6 2 3 1 2 0.104
7 3 1 3 2 0.008
8 3 2 1 3 0.046
9 3 3 2 1 0.086
K1 0.202 0.087 0.214 0.201
K2 0.169 0.159 0.163 0.175
K3 0.139 0.265 0.134 0.135
* Vins Kpi Cox3 W
- — Expdata
—After Calibration
g T Befare Calibration |
3| 2|2 2|3 2I4 2|5 ZIB

Time(us)

Fig. 17. Calibration results of the Taguchi method.

oc ) ==c Ot
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Fig. 18. Double-pulse test with the proposed IGBT model.

E. IGBT Model Verification

With all of the above equations and parameters, an IGBT
model is simulated in SIMetrix. The simulation conditions are
the same as those of the PiN diode. To verify the simulation
results of the SIMetrix, a double-pulse test circuit was
developed to compare the switching transients and the Miller
plateau with the simulation results as shown in Fig. 18. The
DUT (Device Under Test) is an IRG8CH97K10F. Fig. 19
illustrates the switching transients of the proposed IGBT.
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Fig. 19. Switch transients of the proposed IGBT (Vgon=15V,

Vegoff=-9V, Rg=7.5Q, L= 42.3 uH). (a) Turn-off transient under
a DC bus voltage of 100V. (b) Turn-on transient under a DC bus
voltage of 100V. (c) Turn-off transient under a DC bus voltage
of 200V. (d) Turn-on transient under a DC bus voltage of 200V.
(e) Turn-off transient under a DC bus voltage of 300V. (f)
turn-on transient under a DC bus voltage of 300V.

V. CONCLUSIONS

This paper proposes a practical SPICE model for an IGBT
and a PiN diode based on Finite Differential Method. The
model relates well to experiment results during turn-on and
turn-off transients. The Miller plateau and
characteristics of the PiN diode are also included. The key
point of this modeling is to solve the Ambipolar Diffusion

reverse

Equation in a SPICE simulation. Taking into account the
charge dynamics within the base region of the device, the
presented model provides great improvements in terms of
model speed and accuracy.

APPENDIX

The FDM part of the IGBT SPICE model proposed in this
paper is:

ke sie sfe sk sk i sfe sk sk sie sfe sk sk sk sk sk sk sk sk st skeske sk sk sk ske sk sk sk sk sk sk sk sk stk sk skokoskoskokokskoskokok sk

woskskkskRkkRRk* Differential Coefficients *%# % %% %%k %
ok s sk ok sk ok ook ok sk sk sk sk sk ok ok ok kR sk ok sk ok sk skok sk ok ok ok ko sk ok sk sk sk ko kR sk ok ok ok

PARAM Cl11 = {(N-1)/Wd)**2*D*1.0E2}
PARAM C12 = {-2*C11-1/Td}

PARAM C13 = {C11}

PARAM E11 = {-(N-1)/Wd}

PARAME12 = {-El11}

PARAM E13 = {1/(2*q*Ad*Dp)*1E-16}
PARAM E14 = {-hp*1E8/D}

PARAM E15 = {1/(2*q*Ad*Dn)*1E-16}

st sk ok sk sk sk ok sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk stk ook skeoskosk skoskokoskoskokokosk skokok ok
st sk ok sk sk sk ok sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk stk sk sk skeoskosk sk skokoskoskokokosk koo sk

RI112RX

G1121POLY(3) 112 212 1412 OEI1EI2EI3El4

R2212RX
C22 12 CXIC=0BRANCH={IF(ANALYSIS=2,1,12)}
G2122POLY(3) 112 212 312 O0CI11C12C13

R3312RX
C3 312 CXIC =0 BRANCH={IF(ANALYSIS=2,1,12)}
G3123POLY(3) 212 312 412 O0CI11C12C13

R4 412 RX
C4 412 CX IC =0 BRANCH={IF(ANALYSIS=2,1,12)}
G4124POLY(3) 312 412 512 O0CI11C12C13

R5512RX

G5125POLY(3) 512 412 1512 OE1l1EI2EI5SE14

she st sie sk sk ste ke sk sk skesie sk sk st ke sk sk sk sk sk sk sk sk sk sk sk sie sk sk skeske sk sk ksl sk stk sk sk skokoskoskokokskskokok
st sk sk sk ok s sk sk sk skeokosk skokok Voltage OfIGBT***** sk sk stk sk skokoksk
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EJ1 11 103
VALUE ={LIMIT( 2*VT*LN(V(1,12)/(ni/1e12) ) ,0,10)}

EJ2 103 104

VALUE = {LIMIT(V(14,12) *0.6E5/(1.4E5 +
1850/N*(V(1,12)+V(2,12)+V(3,12)+V(4,12)+V(5,12))+2*VT
*Dp/(Dn+Dp)*LN(V(5,12)/V(1,12)+10),0,10)}

EJ3 104 105 VALUE = {V(202,12)}

s s sk sk ko o ok sk sk sk stttk ok skskstsffok okl sk gtk kol skl koot ok sk ko ok
skl kR Rk Cyrrent of [GRTHHH %% #kskkkokskkokkk
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EP1 14 12 VALUE={I(EJ1)}
RP1 14121
EP2 15 12 VALUE={I(EJ1)}
RP215121
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