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ABSTRACT

A TRANSIENT MODEL FOR INSULATED GATE BIPOLAR

TRANSISTORS (IGBTs)

Mohsen A. Hajji, Ph.D.

University of Pittsburgh, 2002

The Insulated Gate Bipolar Transistor is widely accepted as the preferred
switching device in a variety of power converters and motor drive applications.
The device combines the advantages of high current density bipolar operation that
results in low conduction losses with the advantages of the fast switching and low
drive power of MOSFET gated devices. The basic idea behind IGBT is to
increase the conductivity of athick lightly doped epitaxial layer, thus reducing the
on-resistance and losses associated with power MOSFET. This reduction in
resistivity resulting from high level of carrier injection is referred to as
conductivity modulation. When the IGBT is turned OFF, however, injected

carriers must be extracted first before the device can sustain the reverse blocking



voltage. Severa models have been proposed in the literature to describe both DC
and transient behaviors of IGBTs. These models can be broadly classified into
two main categories. physics based models and behavioral or compact models.
The dissertation compares the various approaches made in the literature to model
the transient behavior of IGBTs. A new physics-based model for a Non Punch
Through (NPT) IGBT during transient turn OFF period is presented. The steady
state part of the model is derived from the solution of the ambipolar diffusion
equation in the drift region of the IGBT. The transient component of the model is
based on the availability of a newly developed expression for the excess carrier
distribution in the base. The transient voltage is obtained numericaly from this
model. Alternatively, an analytical solution for the transient voltage is presented.
The theoretical predictions of both approaches are found to be in good agreement
with the experimental data. The model is used to calculate the instantaneous

power dissipation P(t) and the switching losses E_, in an IGBT for different

device carrier lifetimes.

DESCRIPTORS
High-level injection Non-Punch Through IGBT
Ambipolar Diffusion Equation Analytical Modeling
Physics-based model Transient Turn-OFF Losses
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1.0INTRODUCTION

The Insulated Gate Bipolar Transistor (IGBT) is a power-switching device that
combines power MOSFET input characteristics with bipolar output characteristics. This
device is controlled at the input by MOSFET voltage; however, the output current is
characteristic of that of a bipolar junction transistor (BJT). Consequently, the device is
caled an insulated gate bipolar transistor (IGBT). The combination of the low on state
resistance of power bipolar transistor and the high input impedance of power MOSFET is
one of the advantages of this device. The high input impedance of power MOSFET

allows controlled turn-on and gate controlled turn-OFF[1] *.

Severa models have been proposed in the literature to describe both the DC and
the transient behaviors of the IGBT. These models can be classified into two categories:
physics-based and behaviora (compact) models.

The model outlined in this thesis dissertation belongs to the category of physics-
based models in that the basic semiconductor physics of the IGBT device is used to
develop relations between the excess minority carrier’s distribution, the anode current

(1;), the base current and the output voltage of the device (V =V =Vg.). There are

no exact solutions when considering physics-based modeling approach. Appropriate
mathematical representations should be found to roughly approximate the solution. It is
possible to reach an exact solution if certain assumptions are met when considering the

imposed boundary conditions. The analytical modeling approach uses parameters, which

! Bracket references placed in the front of the line of text refer to bibliography.



have physical meanings and are related to each other based on the device physics.
Nevertheless, developing a physical model is time consuming. Since there are some
simplifying approximations made when devel oping a physics-based model, accuracy may
not be 100%. Furthermore, different structures of the IGBT device or new devices require
new modifications or new models.

The analytical model developed by Hefner et al. [2-3] is the most comprehensive

in the category of physics-based IGBT model.

in terms of the

Trivedi et al. [4] provided a numerical solution to obtain %

total current I, during the turn-OFF for hard and soft switching IGBT application. The

sweeping out action of the excess carriers in the drift region due to the widening of the

collector-base depletion was used to obtain d\;t(t)

expression. Since W(t) decreases or

shrinks due to the widening of the depletion region in the collector-base, the charges are

forced to be taken away and |, = gp(x)u(X) = qp(X) ——- dW(t)

Ramamurthy et al. [5] proposed an analytical expression for the voltage variation
with time dt( ) for the turn-OFF of the IGBT. The simple expression for the variation

of the interna charges and the boundary conditions with voltages is a non-linear one. For
the turn-OFF analysis, Ramamurthy linearized the steady state carrier concentration

dW(t)

expression p(x) . Ramamurthy used a positive value for instead of a negative

sign, which contradicts the equality W(t) =W —W,, (t) .



Fatemizadeh et a. [6] developed a semi-empirical model for IGBT in which the
DC and the transient current transport mechanisms of the device were approximated by
simple analytical equations. The model equations of the IGBT were installed on the
PSPICE simulator using analog behavioral modeling tools. However, the accuracy of the
model islimited by the fact that the analytical semi-empirical model isover simplified.

Yue et a. [7] presented an analytical IGBT model for the steady state and
transient applications including all levels of free carrier injection in the base region of the
IGBT. The authors have shown that the low and high injection models significantly
overestimate the IGBT current at large and small bias conditions respectively.

Kraus et al. [8] considered an NPT IGBT with a higher charge carrier lifetime and
lower emitter efficiency. The injection of electrons into the emitter of the IGBT instead
of carrier recombination in the base determined the 1-V characteristics. The anode hole
currents and the emitter hole currents are assumed constant. Due to his neglection of the
recombination in the base, a linear charge distribution instead of the hyperbolic function
was derived.

Kuo et a. [9] derived an analytical expression for the forward conduction voltage
(Vg ) for NPT and PT IGBTs taking into account the conductivity modulation in the base
of the IGBT. The MOSFET section has not been included in the analysis. Since 1,55
controls the turn-OFF process of the IGBT, the MOSFET section should have been
included.

Sheng et a. [10] solved the two dimensional (2-D) carrier distribution equations

to model the forward conduction voltages, which can be used in circuit smulation and



device analysis for (DMOS IGBT). The drawback of this modeling approach is that it
contains complex terms that would impose some requirements on the simulator.

Sheng et a. [11] reviewed IGBT models published in the literature; he then
analyzed, compared and classified models into different categories based on
mathematical type, objectives, complexity and accuracy. Although [11] claimed that
many mathematicall models are accurate and able to predict electrica behavior in
different circuit conditions compared to the behaviora models, it failled to provide a
comprehensive physical model for understanding the device mechanisms.

Leturcg [12] proposed a smplified approach to the anaysis of the switching
condition in IGBT. The approach was based on a new method for solving the ambipolar
diffusion equation taking the moving depletion boundary in the base into consideration.
This paper helped in understanding the switching processin IGBT.

The above literature survey dealt mainly with IGBT having planar structures,
namely the Non-Panch Through (NPT) and the Punched Through (PT) IGBT, athough
other structures were proposed in the literature to improve the 1-V characteristics of
IGBTS, temperature operation or develop better physics-based models [13-23].

This Ph.D. dissertation deals with modeling the transistor I-V characteristics of
the IGBT device during the switching or turning-OFF period. Chapter 2 describes the
basic structure of an IGBT and provides a description of the IGBT operation. In addition,
the chapter introduces the ambipolar transport analysis, which is the key feature in
modeling the IGBT device. The conclusion of the chapter highlights the basic tools for
the analysis: the steady state and the transient operation of an IGBT. Chapter 3 covers the

literature review anaysis of the most important transient modeling of IGBT. Chapter 4



introduces new physics-based models for NPT IGBT wherein the steady state part of the
model is derived by solving the ambipolar diffusion equation in the base. The turn-OFF
transient part of the model is based on the availability of a new expression for excess
carrier charge distribution in the base. The transient voltage is obtained numerically from
this model. Alternatively we have proposed and implemented an analytical solution for

the transient voltage. In addition, the power dissipation P(t) and the switching losses
Ex inIGBT are calculated and simulated for different device carrier lifetimes.

Chapter 5 discusses the output results for voltage, current, power dissipation and

energy losses.

Chapter 6 provides a summary of the work accomplished and possible future

research area applications.



2.0 BASIC BACKGROUD

2.11GBT Structure

Figure 1 shows a cross section schematic of a typical IGBT. Figure 2 shows the
discrete equivaent circuit model of the device, which consists of a wide base P-N-P
bipolar transistor (BJT) in cascade with a MOSFET. The structure of the deviceis similar
to that of a vertical double diffused MOSFET with the exception that a highly doped p-
type substrate is used in lieu of a highly doped n-type drain contact in the vertical double
diffused MOSFET. A lightly doped thick n-type epitaxia layer (N =10*cm™) is
grown on top of the p-type substrate to support the high blocking voltage in the reverse
bias mode state. A highly doped p-type region (N, =10 cm™) is added to the structure
to prevent the activation of the PNPN thyristor during the device operation. The power
MOSFET is a voltage-controlled device that can be manipulated with a small input gate
current flow during the switching transient. This makes its gate control circuit simple and
easy to use.

A highly doped n* buffer layer could also be added on top of the highly doped

p+ substrate. This layer helps in reducing the turn-OFF time of the IGBT during the
transient operation. The IGBT with a buffer layer is called a punch through PT

IGBT while the IGBT without a buffer layer is named a non-punch through NPT IGBT.
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Figure 1 A cross section schematic of the IGBT half-cell.
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In the case of PT IGBT, the epilayer is not as thick (less thick) as NPT IGBT

because a n* layer is placed over the p+ layer. It isvery likely to have punched through

the J2 junction to the J1 junction. This n* layer can handle some of the punch through

and act as a shield to the J1 junction. This n* buffer layer occupies some spaces in the

base of IGBT, which leaves less space for the total charges in the base region during the
IGBT on state (turn-on) operation. As aresult, these charges are removed by the n* layer

more quickly when switching occurs. This n* layer is a recombination center which
helps holes get recombined with electrons before reaching the base region and fewer
holes, as a result, will be injected into the base region (lower efficiency). As aresult, the
carrier lifetime is reduced and the switching frequency is increased. However, since
fewer carriers are injected into the base region compared to the NPT IGBT, the
conductivity modulation (explained later) is reduced (higher base resistance) and the on-
state voltage is increased. The trade OFF between the reduced turn-OFF time and the
increased on-state voltage should be accounted for.

For NPT IGBT considered in this thesis dissertation, the epilayer thickness is

thick enough since no n* layer is introduced on top of the highly doped p+ layer

substrate. Because the thickness of the n™ layer is greater than PT IGBT, the resistance is
high in this region and, as a result, a higher reversed voltage can be sustained when J2 is
reversed biased. The punch through of the J2 to the J1 is less likely to occur, i.e. a non-
punch through situation. If the punch through occurs, then the IGBT breakdown voltage

will be degraded causing the device to break down. When the emitter base junction J1is



forward biased and the gate voltage is greater than the threshold voltageV; ; injection of
holes from the p+ substrate isincreased. The resistance of the n- layer is reduced when
the injected hole density becomes much greater than the background doping (n"=Ny).

The turn-OFF time of the NPT IGBT islonger than the PT IGBT because the removal of
so many stored charges in the base region is slow due to the absence of recombination
centers. Carriers do not recombine as fast, which means they have longer lifetimes. The

NPT IGBT is more efficient than the PT ones since more charges are injected from the
p+ layer to the n™. The injected holes do not get recombined as fast as in PT IGBT,

which hasan n* buffer layer on top of the p+ layer.

10



2.2 1GBT Operation

When a positive gate voltage grester than the threshold voltage (V; ) is applied,
electrons are attracted from the p+ body towards the surface under the gate. These
attracted electrons will invert the p+ body region directly under the gate to form an n
channel. A path is formed for charges to flow between the n* source and the n™ drift
region.

When a positive voltage is applied to the anode termina of the IGBT, the emitter
of the IGBT section is at higher voltage than collector. Minority carriers (holes) are
injected from the emitter ( p+ region) into the base (n~ drift region). As the positive
bias on the emitter of the BJT part of the IGBT increases, the concentration of the
injected hole increases as well. The concentration of the injected holes will eventually
exceed the background doping level of the n™ drift region; hence the conductivity

modulation phenomenon. The injected carriers reduce the resistance of the n~ drift
region and, as a result, the injected holes are recombined with the electrons flowing from
the source of the MOSFET to produce the anode current (on state).

When a negative voltage is applied to the anode terminal, the emitter-base
junction is reversed biased and the current is reduced to zero. A large voltage drop
appearsinthe n~ drift region since the depletion layer extends mainly into that region.

The MOSFET gate voltage controls the IGBT switching action. The turn-OFF

takes place when the gate voltage is less than the threshold voltage (V; ). The inversion

layer at the surface of the p+ body under the gate cannot be kept and therefore no

11



electron current is available in the MOSFET channel while the remaining minority
carriers of holes, which were stored during the on state of the IGBT, require some timein
order to be removed or extracted.

The switching speed of the IGBT device depends upon the time it takes for the

removal of the stored charges in the n™ drift region which were built up during the on

state current conduction (IGBT turn-on case).

2.3 Basic ToolsFor Theanalysis

The physics-based modeling approach is used in this dissertation to better
understand the effect of the carriers on the IGBT characteristics. The following points
have to be taken into account in performing the anaysis:

1. The carrier distribution in the n-drift region of the IGBT is described by the ambipolar

diffuson equation because of the high level injection of holes in this region

(P(X) ) Ng):

90°p(x) _ P(x) , 1 ap(x)
Ox? L> D ot

where N; isthe base background doping concentration, p(x) is the hole concentration,
L=,Dr, istheambipolar diffusion length, D isthe ambipolar diffusion constant and

T, istheholecarrier lifetime.

12



2. The transport of the bipolar charge is assumed to be one-dimensional (1-D) for the ease
of analysis.
3. The emitter region of the BJT part of the IGBT has a very high doping concentration

level (p+)) 10%cm™). This region also acts like recombination centers for minority

carriers coming from the lightly doped base region (electron in this case).
4. The space charge region, which is depleted of minority carriers, supports the entire
voltage drop across the collector-base terminals based on Poisson’s equation. The effect

of mobile carriersin the depletion region is not accounted for in this dissertation.

2.3.1 The Steady State Condition

The equivalent circuit model and 1-D coordinate system of Figure 3 is used in the

modeling approach of the NPT IGBT analysis. From this Figure, |; isthe IGBT tota

current, | | isthe hole current of the BJT and |, isthe base or MOS electron current.

I, can be expressed in severa ways:

l,(x=0)+1,(x=0)

l,(Xx=W)+1 (x=W)

L () +1,(x).
The IGBT operates under low gain and high-level injection conditions. The
current equations are given as

on(x)

‘]n = nq/'InE + an (2_1)

13



op(x) )
F” (2-2)

J, = pau,E-0dD,
where J and J arethe electron and hole current densities respectively.

The first terms in equations (2-1) and (2-2) are due to the drift component while the
second terms are due to the diffusion component.

When the excess carrier concentration is larger than the background
concentration, the transport of electrons and holes are coupled by the electric field in the

drift terms of the transport equations. The minority carrier current density J, cannot be
neglected and ends up affecting the majority carrier current density J,. Hence,

equations (2-1) and (2-2) cannot be decoupled.

Thetotal current density is given by

i ) on op
3 =3,+3, =(nqu, + pqﬂp)EJ’q{Dn&_ Dp&]

Substituting for the electric field from the above equation into equation (2-1) yields

J = ngu, J. + @ nqlunDp+pqlupDn .
nau, + pag, | 1 TOx|  nou, + pau,

14
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Figure 3 1-D coordinate system used in the modeling of the NPT IGBT.

15



An ambipolar diffusion coefficient D isdefined as

5 = Na.D, + pau, D,
Nat, + Pag,

The expression for J,, can be rearranged and rewritten as

b on
J, =——J, +qD— 2-3
"1 pT q I (2-3)
where b=u,/u,.

Repeating the same procedure starting with equation (2-2), J,, is obtained

_ 1 op(x)
BT TP (=4

where J; isthetotal current density = J, +J .
The excess hole carrier distribution p(x) can be obtained by solving the steady

state hole continuity equation

90°p(x) _ P (2-5)
ox’ L?

Considering the coordinate system given in Figure 3, the boundary conditions for

the excess hole carrier distributions are [ 2]

p(x=W)=0 (2-6)

p(x=0) =F, (2-7)

16



Equation (2-6) results from the collector-base junction being reversed biased for forward
condition and equation (2-6) reflects the fact that the emitter-base junction is forward
biased.

P, is the excess carrier concentration at x =0, W(t) is the quasi-neutral base width
given by

W =W, -W,

bqj (2'8)
where W isthe metallurgical base width and W, is the collector-base depletion width.

Solving Poisson’s equation (2-9) yields an expression for the collector-base

junction depletion width as in equation (2-10)

d?V _aNg
dx* ¢

(2-9)

s

[2e,V,
W, = e Ve (2-10)
aNg

where N; isthe doping concentration of the lightly doped region of the IGBT and &4 is
the dielectric constant of silicon. Thejunction voltage V,; =V =V, +V,;, V,. isthe

collector-base junction voltage drop of the BJT part of the IGBT and V,; is the built in

potential. Hence from Figure 2

W =W, — |5 (2-11)

17



where V =V, =V =V, is the collector-base voltage that appears across the drift

region.

2.3.2 Transient Operation of IGBT

While the turn-on time of the IGBT is quite fast, the turn-OFF time can be slow

because of the open base of the PNP transistor during the turn-OFF period. Figure 4
shows the typical IGBT turn-OFF transient where 1, (07) is the on-state current before
the initid rapid fall and 1, (0") isthe current after the initia rapid fall. The initia rapid

drop in the anode current is due to the sudden remova of the MOS channel. This is

followed by a slower decay due to the removal of the carriers stored in the lightly doped
layer (n~). The turn-OFF process is initiated when we lower the gate voltage to a value
lower than the threshold voltage (V;) (first phase). This removes the formed e ectron
channel from under the gate and blocks the MOS component of the currentl,,..

lvos = 1,(W) =0 in this case and the collector-base voltage V,. increases resulting in a

widening of the depletion region at the n™ (base-collector side or source of MOSFET).
The relation between 1.(07) and I, (0%)isthrough B, [2]. It isthe ratio of the
current immediately after the initia rapid fall to the magnitude of the fall and is shown
along with theratio of W(t) to L (W(t)/L) in the appendices.
The switching losses of the IGBT are dominated by the losses, which occur

during the much slower second phase of the turn-OFF period transient. This is because of

the time required removing or extracting the injected carriers in this phase. This is a

18



major disadvantage of the IGBT device asit suffers from high-switching losses. This can
be overcome by reducing the lifetime of the carriers in the base through recombination or
extraction processes as quickly as possible before the device reaches its blocking voltage
state.

The collector-base junction is reversed biased and its depletion region widens
during the turn-OFF of the IGBT. When the IGBT is on, the status of the base-collector
junction is reversed biased as can be seen from Figure 2. When the IGBT is OFF, the

status of the base-collector junction is reversed biased and V,, isincreased leading to

the increment of the depletion region since the current decreases. The widened region
supports the entire voltage drop across the device as mentioned previously based on
Poisson’ s equation.

Since the quasi-neutral base width of the IGBT changes with time and decreases

with the increase of V,, we can find an expression for the rate of rise of the voltage

across the device dv (1)

(varying of the output voltage) during the switching-OFF of the

IGBT from the collector-base junction depletion width W, expression as shown.

Cj

24V, (t
From W, (t) = [— X+ NbC()

and the fact that W(t) =W, -W,, (t) if we take the time

B

derivative of W, (t), we get

dWhy (1) _ g, dV(t)
dt 20N V(1) ot

19



AW() __ Wy _ g, dV(t)

and =-
dt dt 20NgV(t) dt

(2-12)

This eguation shows the time rate of change of the quasi-neutral base width (W(t) ) that

covers amost al the length across the drift region during the turn-OFF since the

collector-base junction is reversed biased.

Anode Current(A)

1.(0%)

Time

Figure4 Typicd IGBT turn-OFF transient showing turn-OFF phases (1 and 2).
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3.0LITERATURE REVIEW ANALYSISOF SOME

TRANSIENT MODELING OF IGBT

In Hefner et a. [3] transient modeling approach, the general ambipolar transport

(O, (ap 9
[1+ éj ot

expression for the voltage rise ( d\;(t)) I, (W(t)) =105 @ shown in Figure 3 and it is

electron current expression (1, (W(t)) =

) was used to find an

important since it controls the operation of IGBT. Since the reverse bias on junction J,
in Figure 1 does not increase rapidly and the depletion capacitance of junction J, is
partially charged in a short period of time, |,,,5 current is instantaneous. An expression
for 1,5 can be obtained if we consider the collector-base junction depletion capacitance
as in Figure 5. For the voltage V(t) between the plates, the charge per unit area

_eV()

, Where d isthe distance between the plates and the rate of g changeis
d? | (current)

v g(t) = Cyy (VD)

dqg_d
0— o (qu VL)
_ bcj ) dv (t)
—V(t) ot +Cpy () — =
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and in terms of the junction capacitance of the reverse biased junction, the displacement

current |, (W(t)) is

dC,, (t
W) =V () dt()+cm,-(t)dvd—t(°.

Figure 5 The collector-base depletion capacitance formation.
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The first term on the right hand side of equation (3-1) was ignored by Hefner. The rate of

change of C,;(t) should be included in calculating the displacement current since the

capacitance varies with time as the depletion width changes with voltage [25]. From

equation (2-3) and the fact that J :%’ where A isthe device active area

| (\N(t))——l (t) + Aq Da%(x)

and from Hefner’ s approach

29AD
L (W(1) = qu(t)dv(t) I (t) , 29AD, ap(x)|

1+E 1+1 ox |x=W(t)
b
1+ C, T2 =1, () + 298D, B (32)
X=W (t)

Hefner used equation (3-2) to obtain V(t) for the transient operation of IGBT. He

implemented the concept of moving the redistribution current. In his transient approach,

he neither used the steady state expression for p(x) (shown later) nor did he linearize the
steady state expression for p(x) .

His p(x) expression consists of two parts

(0 =P|1- X | R [ X _WHx_ X |dw(t) (33)
PRO=R " Wo | wop| 2~ 6 awm | d

From equations (2-3) and (3-3)
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bl 7 () +GAD op(x)

b 6X X=W (t)

5 (t) + 20AD, ap(X)|

I, (W(t) = (3-4)
1+E 1+1 ox |X=W(t)
b b
dV(t) :
and instead of equation (3-1), Hefner applied 1 (W(t)) = C,, (t)—_— in hisapproach.

Integrating equation (3-3) in the base and multiplying by gA, the total charge Q

Q= A p(x)dx

=gA xX-

2 1 R [¥ wox*  x* Jdwe["?
2W(t) | W(t)D 12 12W(@)] dt |,

= A P w(t) - W(t))} P, {w ®) W3t W) [dw(b)

W{HD| 6 12 12 | dt

_ GARW(t) _ gAR,

x0
2 WD
APW
o= ¥RNO (35)
as can be seen % has no effect on Q calculation.
We can find 9p() from equation (3-3) as
x=W(t)
ap(X) _ Pk PR [Zx W(t) 3% }dW(t)|
X [,ew W(t) W(t)D 6 3AW({)| dt e
ag(x) P, { (t) - W(t) W(t)}dW(t)
X W(t) W(t)D dt
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op(x) _ ~P , By dW(1)
x WO 6D

The hole current is — qA@ [3] and from the above equation
X

dp(X) _ GADP, _ GADP, dW(t)
ox W 6D

- gAD

_ GADR, _ GAR, dW(0)
W) 6 dt
Q- TAWOR

1 -qap®P) - 20D __Q_dw()
ox  WA(t) 3w() dt

(3-6)

The first term on the right hand side of equation (3-6) is categorized by Hefner as the
charge control component and the second term is categorizes as the moving boundary

redistribution component of the hole current.

From equations (3-4) and (3-6)

dv(t) _I.(t) _ 4D,  2Q dw(t)
dt 1+i (“i)wz(t) W) dt

This equation can be expressed in a different way if —qAD@ in equation (3-6) is
X
modified as

L, (W()=C

AD PP _ ~20AD, op(x) _ 2QD _ Q dwW(t)
—q ox (1+ 1) X W2(t) CAV()  dt
b

~ 2gAD, op(x) _ 2(ng [1+_j ( 1) dw(t)
ox W)\ b) 3w\ b

_ogap, P 45,0Q (1+ 1)——Q (1+%j_dw(t)

P ox WD, +D,)U b) aw() dt
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— 29AD op(x) _4D,Q  Q (1+%jM.

(3-7)
Pox WAL 3w(t) dt

From equation (3-4), we have

dv() _ I+ (t) , 29AD; ap(x)|
dt 1+} 1+1 0x |x=W(t)
b b

L, (W()=C

this can be rearranged as

( jC(t) VO -\ (1)+29aD, a;;(xx)

X=W(t)

Now using equation (3-7), and the fact that

A&, — A 2c4Ng and dw() _ -C dv(t)

CO=Cu® = W, () (1) dt  gAN, dt

the above equation yields

[1+ 1ijc t)——= dV(t) =1:(t) - 10,Q0 _ Q) (1+ lj_dW(t)
b) ™ W2(t)  3W(t) b) dt

(- 4000
c O, QO | T W
bd A 30AW(t)N, (1 N 1)

b

dv(t) _ [()_W(t) }

dt C.. (t)(l+ 1J|:1+ Q(t)j|
: b 39N, AW(t)

4D
where |1, (t) =1,(07) for large inductive loads and | (t) :Wz(i) Q(t) [Appendix A]

(3-8)

for the constant anode voltage in which % = 0 indicating that the voltage and W (t)
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are constants. Equation (3-8) is Hefner’s transient % model for IGBT and Q(t) is

expressed by solving the following non-linear Hefner differential equation

dQ() _ Q) _ 4Q°(M)! e (3-9)
dt Ta  W2()AQn?

where |, is the emitter electron saturation current (A) and n, is the intrinsic carrier

e
concentration (cm™2).

In Hefner’s approach, the negative of the collected hole current 1 /(W(t)) consists

of a charge control current (1..) and redistribution current (1), which make this model

QM) __ QM) _ 4Q%(1)!
dt

more complex. The Expression . W2 (D) A2
HL qn

is not simple and Q,

cannot be easily determined since there is no expression for P, which can be substituted
for in Q, equation to evaluate Q, magnitude. Also, this model did not consider the rate
of change of C(t) in the calculation of the displacement current 1, (W(t)).

Trivedi et al. [4] applied the steady state carrier distribution equation

(p(x) =R, smh[(W ~X)/L] ) for analyzing the turn-OFF process in the IGBT to derive
sinh(W/L)
dv (t) . o .
the ——= expression. The net current following into the collector of the IGBT is

I
lCZIT:|h+ﬂpnp|h:ﬁ (3'10)

where |, =BJT base current similar to |, (W) in equation (3-2), S =BJT collector

pnplh

current similar to | ,(W) inHefner'sapproachand o, = sech(Vij[l].
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aw@ o AW

From equation (3-10), |, =gp(X)u(x) = qp(x)T o

expression,

dv ()
dt

was obtained as

2Dpcosh(wj(1— sech(WDI +(t)
dv(t) _ L L [20N.V () [ %, ) (3.11)
dt I W - X g,
I, (07)Ls nhK i ﬂ s

-t
e( s “L) was added to take care of the decay of charges due to the recombination in the

drift region. Trivedi et al. [4] multiplied 7, in the exponent term by a constant « to
account for the effect of both carrier recombination and electron current injection |,.

This approach of multiplying « with 7, alters the real value of 7, . The modeling

approach for the % in [4] is different from Hefner’s approach due to different key

assumptions and equations used for the ambipolar electron and hole currents to anayze
the turn-OFF process in the IGBT. This model ignored the diffusion effects of the carriers

in the quasi-neutral base in the IGBT analysis besides using a positive expression for

th(t) which should be negative since (W (t) =W, — W, (t)).

Ramamurthy et a. [5] used different coordinate systems for modeling the

transient turn-OFF of IGBT as shown in Figure 6 (i.e. W = x and W, =d,). The steady

. ) sinh[(W - x)/L] . .
state carrier distribution eguation =P was applied to find P
eq (p(x) =R, SnhW/ L) ) Was app 0

expression.
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P,was calculated from the total diffusion current density J; with the use of

boundary conditions for electron currents J,, the hole current J  and the total current

J; as

J,(x=W=0)=1, (3-12)
J,(x=W=0)=J;(x=W=0)-J,(x=W =0) (3-13)
I (x=W=0)=J,(x=W=0)+J (x=W =0). (3-14)

Jr +qD 6p(x)’ P, is

B
ol nf 2]

29D

From equations (3-12) to (3-13) and the expression for J, =

expressed as

P, =

p

Substituting for P(x =W) = R, {1— V%} asin[5], one gets

B

o oz

= 3-15
p(W) 20D, (3-15)
. . . . dv(b) .
The sweeping-out action of charges was applied to find —at the turn-OFF analysis
dwi(t
- = aap(9 1 (3-16)

W W(E) =We =Wy, (1)

2e V(1)

and W (t) =
m() qNB
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o aW() _ _ g dv(t)
dt 20N V(L) dt -

From equations (3-15), (3-16) and P(x=W) = PR, {1— V%}

B

__ s av(t)
I = qu(X)\/ 20NV (1) dt

dv(t) _ _ I 2gN,V (t)
dt w Eg
=

dv(t) _ —I1:NgW; _ —J;:Ngdl
dt EsAR, &R,

Ramamurthy et a. [5] used a positive value for %

which contradicts the equality W(t) =W =W, (t) -

30
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instead of a negative value



Emitter Base S Collector
E B g C
[
5
©
o
()
o
W
W=0 W WB = dl

Figure 6 Adjusted coordinate system used for Ramamurthy analysis[5].
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40A NEW PHYSICS-BASED TRANSIENT MODEL
4.1 The Steady State

As mentioned in section 2.3.1, the steady state expression for p(x) can be

2
obtained by solving the ambipolar diffusion equation in the base (%—M =0)
X

2

under the boundary conditions [2]
p(x=W)=0 (2-6)
p(x=0)=F,. (2-7)

This equation has the solution of the form
p(x) = Ad?) 4 et
Solving for the constants A and B, p(X) isexpressed as

sinh[(W - x)/L] '

sinh(w/L) (1)

p(x) = R,

Integrating equation (4-1) and multiplying by gA, the total charge stored Q, in
the base is obtained as

cosh(W/L)- 1}

Q, =GAR, [ p(X)x = qAP{ S/ L)

Using the identities cosh(2x) =1+ 2sinh?(x) and sinh(2x) = 2sinh(x)cosh(x) leadsto
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Q, = gALP,tanh(W/2L) (4-2)
this Q, results from on-state transient.
P, which results from the turn-on state, can be calculated by using the general

ambipolar transport hole current, the steady state excess carrier distribution equation (4-

1), and the following boundary conditions for electron, hole and the total currents

1,(x=0)=0 (4-3)
L, (x=0)=1; (4-4)
SIS

Oly =1,.

The assumption of |,(0) =0isvalid for electron carriersin the turn-on state because the

quasi-neutral base width (W =W, -W,

bg =W since V. =2.5volts) equas the
metallurgical base width (W, ). As aresult, electrons do not have sufficient time to reach
the emitter side of BJT part of IGBT to recombine with the injected hole carriers and

constitute €l ectron current.

Using equations (2-4) and (4-1), an expression for P, is

_ LI (0) ]
%_MM)mmMA) (4-5)

p

where 1;(07) isthe steady state turn-on current, which is used as the initial current at
the start of turn-OFF period.

Solving equations (4-2) and (4-5), Q, can aternatively be expressed as
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_ L0, ]
Q == —[1-sech(wyL]. (4-6)

p
Thisisthe steady state turn-on charge and W is constant in association withQ, .
For agiven 1:(07), (Q, -7, ) curvescan be produced as shown in Figure 7

for different 1. (0”) values. Ascan be seen, Q, isproportional to I, (0”) and dependent

on 7,, through L2 = Dr,, that stems from the term sech(W/L) = s&hM/ JDT1, ) We

: . 2e NV
can also notice that the voltage V in (W =W, - / qNS ) term corresponds to the steady
B

state voltage across the BJT, which amounts to avalue of approximately 2.5 volts.
4.2 Turn-OFF Transient

During the turn-OFF of the IGBT the excess carrier base charge, which was built
up during the turn-on, will decay by recombination in the base and by electron current

injection into the emitter:

dQ(t) _ _ Q)
dt T

-1.(0).

Assume 1,(0)=0
The assumption of 1, (0) =0isvalid for electron carriers in turn-OFF transient (gate
voltage (V;) because the sudden removal of the MOS channel will prevent the

attraction of electrons from the p* body directly under the gate. As aresult, no electron

carriers will be available to reach near the emitter part side of BJT part of IGBT to



recombine with the injected hole carriers and constitute el ectron current.

- 4 _ QW
dt T

this has the solution of the form

-t
Q=i (@7)
where Q=aFQ, and Q, was obtained from the steady state analysis where

sinh[(w - x)/L]

PO =Fy sinh(W/L)

which is used as an initia condition for the transient analysis.

W is almost constant in association with Q,. As can be seen from Figure 4 region 1, a
sudden drop in current from 1.(07) to I,(0") will change the magnitude of Q,

associated with I, (07) to alower value Q,=aFQ, associated with |(0") and F should

be less than 1.0. In region 2 where there is a Slow decay of current, equation (4-7) applies

because that is where recombination takes place.

4.2.1 Expression For %

In the turn-OFF period for NPT IGBT since there are no recombination centers,

the ambipolar diffusion length is larger than the drift layer which implies L )) W(t) and

W, )) W(t). This is true as carrier lifetimes increase. This is shown if we calculate

L=,Dr,, fordifferentlifetimesand assume V(t) =Vy, =400volts.
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Forr, =0.3uS, L=23x10"°cm, L=6.6x10%cm for 71, =2454S and
L=113x10%cm for 7, =7.14S. Since W =4.2x10"cm, L))W(t) as carier

lifetimes increase.

The hole distribution is not the same as given by equation (4-1). It can however be
estimated by expanding equation (4-1) using Taylor series to yield a first order
approximation as

sinh[(W(t) - x)/L]
sinh(W(t)/L)

p(x,t) = Ry (1)

W -x, W -x)
L L3

3
+

sinh[(w (1) - x)/L] =

sinh(W(t)/L) = WT(t)+W3(t)

Po (t)|: (W(t) - X)

p(x,t) = W (t)L } =P, (t){l—wi(t)}
L

p(x,t) = P, (t){l—wi(t)}. (4-8)

Equation (4-8) is plotted for p(x) asin Figure 8 which shows alinear carrier profile at a

given time t. From this Figure the slope (aPO -5 OIW(t)) is negative since the

ot W() ot
behavior of W(t) tends towards the minus Xx-direction as the device voltage V(t)

changes with time (moving boundary) [Appendix A].
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By integrating equation (4-8) through the base and multiplying by gA, the total

charge Q(t) isfound as

gAW(t)

Q(t) = AR (1) | p(x t)dx = R(1).

Using the above equation, the carrier concentration at the emitter edge of the base R, (t)

isrelated to Q(t) as

2Q(t
(1) =22 (@9)
GAW(t)
The accuracy of the voltage waveform in transient is highly correlated to p(x,t) .

Hence additional improvement on the hole carrier profile is required by substituting

0% p(x,t) _ p(x1) . 1dp(x1t)
ox? L? D ot

equation (4-8) into time dependent diffusion equation ( ),

by integrating twice with respect to x, by using the boundary condition
p(x=0,t) = P,(t), p(x=W,t) =0 aswell asusing the following relation [Appendix A]

oR(t) _ _R(t) dw(t)
ot W() dt

2
we get op(x,t) _ PO(zt) — X +ijap(x,t) +C,.
0X L 2W({t)) D ot
% comes from equation (4-8) as

op(xt) _OR (M) (,_ x ), R()x dw(r)
ot ot W()) W23t dt

Substituting the above equation in the previous integral yields
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op(xt) _ RO, _ X ), 1ROX dW(D) _ROXIW®) ), ~ (4-10)
ox L2 2W(t)) D W3(@t) dt  W() dt !

Now integrating equation (4-10) with its constant C, once with respectto x, we get

Po(t)(x_z_ X j+3dW(t)(Po(t>x3_Po(t>x2]+CX+C

POx.t) = L2 2 6w 2
(t)) D dt [3wW3(t) 2W(t)

Using the following boundary condition ( p(x = 0,t) = B, (t), p(x =W,t) = 0, we get

C, = R(t)

_-RO _WOR®O , 1R dw(t)
W) 3L° 6 D dt

0 p(xt) = o0 X X ), 1aw@(ROX _ROX)_RM)x _ Rt WHx
P 1> {2 6w()) D dt (3w?*t) 2w() ) W) L* 3
L LIROxdw() | P (0
6 D dt
p(x't)zpi(zt)(x—;‘a,)\(,g ]_Po(t)x_Po(t)V\i(t)x+Po(t)+idW(t)(P0(t2)x3_Po(t)xzj
1)) W) 3L D dt (3W%(1) 2W(t)
L LR X dw()
6 D
(x) =P () x> X X _XW() Lo, RO dw) X* X0 XW()
P laorr ew())r w() 3L’ W(@t)D dt (3w() 2 6
p(x,t)=Po(t)(2XL22‘ T —XW?)+1J+ L Po(t)—dw(t)( © X W
ML W) 3L W(t)D dt \3w@ 2 6
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+ JR—
W(t) |22 6w(t)L* 3L? W({) dt D

p(x,t) = P, ()] 1- — X W@ ), 1 aw@m RO)( X _x® xW()
| i Wi 2 6

The refined version for the hole distribution during transient is therefore expressed as

p(x,t) = Po(t)(l— X +( NG B x3 B XW(t)JJ_ 1 dwW(t) P, (t) (X_Z_W(t)x_ NG J

W(t) 212 ew(t)L> 3L? W) d D (2 6  3W(t)
(4-11)

Integrating equation (4-11) and multiplying by gA yieldsthe charge Q(t)

Qt) = AP, (t){WT“) —‘2’45?}

Sincel )) W(t), the second term can be neglected |eading to the previous equation (4-9)

2Q(t)
P.(t) = , 4-9

Substituting for P, (t) in equation (4-11) leadsto p(x,t) asfunction of [x,Q(t),W(t)].
Equation (4-11) is similar to Hefner's p(x) expression et al. [2] except for three
additional terms which modify the linear dependence of p on x.

SincelL )y W(t), we substitute for P,(t) in equation (4-11) by its value

from equation (4-9) to calculate

apg)t(’t) expression in the equation of the displacement

current |, (W). The base current | (W) is a displacement current in nature and results from

the discharge of the reverse-biased collector-base depletion junction capacitance C,, (t)

W) = %(cm,- (Ve (1)
dCij (t)
dt

dVee (1)
dt

l n (VV) = VCE (t) + Cbcj (t)
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where Co () = 85 = p [FaNs
Wbcj (t) 2\/CE (t)

Since W(t) =W =W, (1)

dW(t) _ _ Cog () dVie (1)
dt gAN,  dt

then

and the displacement current is

Cy () dVie (1)

n (W) = 2 dt

(4-12)

Thistype of current flow is usually called the displacement current. The rate of change of

C, (1) must be included when calculating this current, since the capacitance varies with

time as the depletion width change with voltage.

Using equation (4-11), (4-12) and the displacement current equation

1 w) =10 4 gap P

1+1 aX x=W (t)
b
, qADM isexpressed as
X=W(t)
qADap(x,t) - GADP, (1 W(';) _ 1 ], 0AR® dw(t)
XW (1) 6L  WI(t) 6D dt

Cog (D aV(t) _ 14(1)

Or,Ww) =

+qADPo(t)[W(t)— 1 }qAPo(t) dw (t)

2
dt (“ éj 6L%  W(t) 6 dt

wW() =W, — Wy (t) and Wi t)y= |———=

ANg
and Gy ()= s = p %N
W (1) /(1)
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o dW(@® _ G (1) dVe (1) .

dt gAN, dt (4-14)
Substituting equations (4-9) and (4-14) into (4-13) yields the e expression
1 1
I -4D | ———-—
Neel) {Tm {WZ T JQ(t)} o
. Coa (1+ 1} 1+ 2 Q(t)
2 b 30AN W/(t)
where Q@) = aFQOe(_%“L) 4-7)
and Q, = M[1— sech(W/L)]. (4-6)

2D

p

The fact that the current drops suddenly to |, (0") requires adjusting the initial stored
charge to aFQ, where «a is an adjusting parameter and F is a factor that is less than

unity derived from reference [2] by assuming 1,(0)=0 [Appendix C] where

2
F= 2(1— sa:h(VTVD /(%j and W isamost constant in association with Q,. The output

collector-emitter voltage is obtained by simultaneous integration of equations (4-15) and (4-7).

W in sech(W/L) term is almost constant since Q, is constant.

The anode current is given by

Fl . (O—)(e—t/rHL _ e—tlerL )

I+ (t) = (1_ o/ )

(4-16)
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and t;, corresponds to the time t when the output voltage V.. (t) reaches the supply bus
voltage.
The above equation applies to the slow decay of current because it is there where

recombination takes place while the total current in the ambipolar transport current

equation (1,(W) :IT—(tl)+ qAD%) relates the hole current to the displacement

1+ B)

current when cal cul ating the anode voltage expression.
It is instructive to note that by multiplying Q(t) by the correction factor aF, the
extracted charges in the base are reduced by this factor. The displacement current

dVie (1)

Cog () should therefore be also reduced by the same factor aF for scaling purposein

order to account for the reduced charge in the base during the turn-OFF transient.

This new physics-based model has several advantages over Hefner’s model:
. The non-linear capacitance is included in the calculation of the displacement current.
Thisisunlike Hefner’s model where the capacitance was assumed constant.

. The ambipolar diffusion equation (time-dependent) is totally implemented without
neglecting the first part on the right hand side (%) of that equation. However, Hefner

et a. [2] did not take this point into account.

. Theinitial steady state base charge Q, for each 7, canbe computed easily in any

commercia software programs since the expression for Is smpler than Hefner's

dQ(t)
dt

_d(gt(t) expression. In the new model, P, is not used as an adjusting parameter.
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However, in Hefner's model, the initia steady state base charge Q, magnitude at

dQ(t)
dt

different 7, must be provided separately in the software program since

expression is non-linear and has more than one dependent variable (7, ,W(t) ).

. Theexpression for P, is simple and computable due to the boundary conditions.

However, P, was used as a parameter in Hefner’'s model and does not have a smple
expression.
. The model is not acomplex function of the redistribution current (1), which is dueto

the redistribution component of the carrier distribution.

Figure 9 compares the output voltage waveforms for different carrier lifetimes for
this model with measured (experimental) data outputs and modd in [2] for large
inductive loads (10A). Theoretical predictions of the output voltages have been obtained
with different carrier lifetimes and compared with experimental data available in the

literature and good agreement has been obtained.
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Figure 7 The steady state charge Q, as afunction of the load current and

carrier lifetimer,,, .
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Figure 8 Linear excess carrier concentration profile as a function of
distanceW(t) .
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Figure 10 Large inductive loads with no freewheeling diode in an IGBT turn-OFF circuit.
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Figure 11 Inductive loads with a freewheeling diode in an IGBT turn-OFF circuit.
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Table1 IGBT Model Parameters

MODEL PARAMETERS VALUES UNITS
W, 9.3m cm
A 0.1 cm?
N 2x10" cm™
T I, =0.3uS->10"(n/cm?) HS
I, =2.4545>10% (n/cm®)
T, =7.14S> - (n/cm?)
D= 2D,D, _ ,ZDP ‘ 18 cm
D, + Dp (1+ %)
L cm

Varies (T, dependent)




Table 2 Physical Parameters

U, 1500 cm?®/V's
Hy 450 cm’/Vs
A 3.3
Hy
n, 1.45x10"°cm™
£ 1.05x10™F /cm

50




4.2.2 The Instantaneous Power P(t) and Switching Losses E (t):

Transient losses occur when switching action takes place in an IGBT. Since the
IGBT sustains high anode current density and voltage simultaneously, high power

dissipation occurs. The instantaneous power P(t) dissipated by the IGBT is the product
of the voltage and the anode current (V. (t)* I, (t)). From voltage equation (4-15) and

current equation (4-16), different power profiles for different device lifetimes 7., are

produced as shown in Figure 12. At higher lifetimes, because of a larger number of
carriers, the current is high and as a result the corresponding power dissipation is larger.

The transient turn-OFF energy E_ results from integrating the instantaneous power

over atimeinterval. For a given value of the device anode current, one data energy point
is calculated. The energy results for different device lifetimes are shown in Figures 13,
14 and 15 separately. The comparison of theses energy level lossesis shown in Figure 16.

To produce E as a function of the anode current, these energy points for particular

anode current values at different device lifetimes are plotted in Figure 17.
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Figure 12 The instantaneous power dissipated by the IGBT for different

lifetimes for the numerical model.
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Figure 13 E 4 asfunction of timefor 7, = 0.34S
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Figure 14 E asfunction of timeforr, =2.454S.
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Figure 15 E 4 asfunction of timeforr,, =7.14S.
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Figure 16 Comparison of the energy losses for three different lifetimesin
an IGBT for the numerical model.
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4.2.3 An Alternative Analytical Solution For The Transient dvc—'i(t):

An dternative analytical solution for the proposed transient turn-OFF of the NPT
IGBT is presented. The solution is derived by considering equation (4-15), by assuming an
initial solution and using one iteration to obtain a closed form expression for the transient voltage.

A constant [ isused to adjust the steady state charge Q, . Based on this approach, the depletion

width can be expressed as
Wi = Rya it (4-17)
284
where R= 2
ONg
and a,, isthe dope of the initial voltage with time and differs from structures and carrier

lifetime.

From equation (4-15), the gradient of anode voltage with timeis given as

1 1
I (t)-4D | > -~
Vo () {T“) "(WZ(t) 6L2JQ“)}

dt  Cu()(, 1 2
2 (1+ b}[“ 30AN W (t) Q(t)}

For the turn-OFF transient, L)) W(t) for which %«Wi(t) then equation (4-15)

(4-15)

becomes

{I -2 Q(t)}
Ve () _ TwWA()

dt Cp (1) 1 2
2 (‘H bj[“ 30AN W (t) Q(t)}

(4-18)
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The above equation can be dternatively be simplified under the assumption that

L(t)>>1toread

30AN W (t)
4D
N0 —(*’ jﬂooe“”m)}
dVCE (t) - |: Wz(t) (4_19)
dt (=t/ 1) '
SO E Fevon
b )| 3gAN W(t)
By replacing M =a,,, andusing thefollowing relations:
Agg
C ()= =
bcj ( ) Wbcj (t)
r=Ag
r(l+ 1)
R=_D
3ROAN,

W(t) =W; _Wbcj (t) =W; — R\/ ;CE (t)

equation (4-19) becomes

4D
p e(_t/rHL)
() W2 Ay

Qe = :BRr Qoe(‘t”HL) IBR[ Qoe(_t/THL)
W (t)yVee (1) W(t)yVee (1)

Multiplying both sides of the above equation byR £Q,e™' ™) (W, — RyV ()t,

collecting terms and doing some agebraic manipulations [Appendix D]; the anode

voltage V c(t) can be obtained as afunction of time and charge Q(t) as

R: -2R,R.t _zRRBZ RZ - 4R,R. 420

Vee () =
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R, = R(R Q™™ +1(1)R)

where R, =W, (R £Q,e™'™) +2I (t)Rt)

Re = (Wg 1 (t) —4D,0Q,e™ ™)
Equation (4-20) can be successfully applied to PT IGBT by adding extratermsin Q(t)
so that it covers al the IGBTs regardiess of structures modified by any reason. In
equation (4-20), the value for Q, is substituted from eguation (4-5). The parameters used
for devel oping the above models are summarized in Tables 1 and 2
The outputs of the analytical model of equation (4-20) for different lifetimes are
shown in Figurel8. The results are compared with the numerical model and the

experimental data [2]. Figurel9 shows the anode current profilefor 7., =0.3uS, 2.45uS
and 7.14S. The anaytical model anode voltage is compared with the numerical one and
with themodel in [2] in Figure18for 7,, =1uS, 4uSand 6uUS respectively.

Transient losses occur when switching action takes place in an IGBT. Since the
IGBT sustains high anode current density and voltage simultaneously, high power

dissipation occurs. The instantaneous power P(t) dissipated by the IGBT is the product
of the collector-emitter voltage and the anode current (V. (t) x I ; (t) ). The anode current
isgiven by

Fl . (O—)(e—t/rHL _ e—tl/rHL )

I+ (t) = (1_ NN )

(4-16)
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5.0 RESULTSAND DISCUSSION

A new physics-based model for NPT IGBT for the transient turn-OFF was
developed in chapter 4. The instantaneous power dissipation and the switching energy
loss profiles have been produced. An aternative anaytical solution for this model has
been generated beside a numerical solution.

The numerical anode output voltages are compared with the experimental data

and reference model [2] in Figure 9 for 3 different lifetimes 7, =0.34S, 2.45LS and
. = 7.1uS as measured by Hefner for a device whose parameters are listed in Tables 1

and 2. The output results show good agreement over the wide range of lifetimes. In
reference [2], a large inductive load was used in the ssmulation with no freewheeling

diodes. The circuit used is shown in Figure 10. Since the current through an inductor can

not change instantaneously, it follows that in this case | (t) appearing in equations (4-
15) and (4-20) is constant and equal to 1, (07) . It isinstructive to note that the nature of
I+ (t) in the model depends on the load condition in the circuit. If the load is purely

resistive, the current I, (t) can not be constant.

The device lifetime determines the output voltage behavior. The injected holes
from the emitter of the BJT part of the IGBT get recombined with the el ectrons coming
from the n channel of the MOSFET portion of the IGBT. The excess carrier lifetimesin
the base of the IGBT determine the amount of current available in the IGBT. For lower

carrier lifetimes, the current is lower as well and, as a result, the output anode voltage
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builds up faster and reaches the supply bus voltage. On the other hand, as the carrier
lifetime increases, the amount of the produced current increases as well and the output
voltage is decreased as shown in Figure 9. The average error between the theoretical
predictions of numerical simulation compared with the experimental data for lower
carrier lifetimes is within 6% with the accuracy increasing for higher carrier lifetime. The
corresponding average error for the analytical model is within 4%. Typica carrier

lifetime range isfrom 1 to 2uS for practical applications. The new models reveal good

agreement for this range. Commercial MATLAB software was used in developing
different output results [26].

The instantaneous power dissipation and the switching energy losses in the case
of free wheeling diode for different anode currents and lifetimes are shown in Figures 12
and 16. The circuit used is shown in Figure 11. The instantaneous output power is the
product of the anode voltage and anode current. The anode current expression (4-16) is
used in conjunction with the output voltage to produce the power and energy losses.
Figure 19 shows the anode current profiles for three different device lifetimes (7, ) when

using a circuit that has a free wheeling diode in parallel with an inductor. In the turn-ON

of IGBT, a steady state current 1,(07) flowsin the IGBT. At the turn-OFF switching,
this steady state current drops initially to avalue of Fl.(07) then decays exponentially

due to the recombination in the base and should reach azero value at atime t =t;, when

the collector-emitter voltage reaches the supply bus voltage. Carrier lifetime determines
the exponential decay rate with faster decay when carrier lifetime is smaller. Higher
carrier lifetime requires more time for extraction or removal when the device turns-OFF.

This power output depends upon the injected carrier lifetime with higher power
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dissipation for higher carrier lifetime. From Figure 16, the switching energy losses are the

integral of the power output over the time interval. The switching energy losses can aso be
displayed as function of the anode current |; as shown in Figure 17. For many

commercialy available IGBT packages, data are provided for the switching losses as a
function of the anode current. The anode current for theses packages ranges from 500 A
to 2500 A. However, for lower ranges of anode currents, data are not readily available.
The current of Figure 19 has a different decay rate during the turn-OFF for different
carrier lifetimes. With lower carrier lifetime, the slope of current decay is very sharp
hence the stored base charge extraction is abrupt. As a result, the energy loss is low and
visaversa. This confirms the behavior of the switching of energy verses the device anode
current. From these results, the power dissipation and energy losses increase with the
increase of the carrier lifetime and anode current. The average error of different
comparisons is within 5%.

For the aternative analytical solution of the numerical model, the transient

behavior of maximum available gradient of voltage a,, is shown in Figure 21. The
transient charge Q(t) value is reduced from Q, to £ Q,. The depletion width in Q,
expression comes from eguation (4-5) and a,, is lifetime and structure dependent. A

valueof B =0.9 wasusedtodevelopthe |-V characteristics of the NPT IGBT.

Figure 18 shows an excellent agreement between the alternative analytical model
and the experimenta data available in literature for the three lifetimes. This confirms the
validity of the assumptions made to develop the simple analytical model.

Figure 20 provides additional comparison between the analytical, numerical and

data obtained from substituting in the equations of reference [2] since experimental data
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are not readily obtainable. The analytical model of [2] with the given parameters can be
used as a reference for the comparison since it is the most developed comprehensive

model in the literature. From this Figure, the average error for lower carrier lifetime
(7, =0.3uS) iswithin 5% with the accuracy increasing for higher carrier lifetime. The

outputs are, in general, in good agreement.

68



6.0 SUMMARY AND FUTURE WORK

This thesis dissertation dealt with the modeling and simulation of the Insulated
Gate Bipolar Transistors, which is a preferred power-switching device. A Physics-based
model for the NPT IGBT during the turn-OFF period was developed based on the
solution of a one-dimensional ambipolar diffusion equation which results from high
injection levels of minority hole carriers. The ambipolar transport equations are analyzed
in detail. This model was compared with Hefner’s model € al. [2] and found to be much
simpler and can be implemented easily in commercia software programs. The output
predictions are in good agreement with the available literature experimenta data.

An analytical solution was introduced in addition to the numerical approach. This
approach has a very simple linear form that is easily solvable. The advantage of this
model is that it is suitable for and can be applied to different structures of an IGBT (PT
IGBT) by applying appropriate charge models.

Since the IGBT sustains high current and voltage simultaneously during the
switching-OFF transient, there is high power dissipation in the device. The turn-OFF
power dissipation and energy losses were introduced and simulated.

The output characteristics for both the collector-emitter voltage and the anode
current can be compared in time point by point and plotted. The interception of the DC
line from KCL in a circuit with the produced |-V characteristics will determine the
operating point.

The validity of the newly developed models was confirmed by comparison to the

available experimental data or the reference model [2].
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A future topic of research would be to expand and apply the ideas used in these
models to new device structures and then implement them in SABER software simulation
to confirm the validity of the developed model compared to the experimental data

availablein the literature.
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APPENDIX A

LINEAR CHARGE CONTROL

From the steady state analysis we have

sinh[(w - x)/L]

PO =Fy sinh(W/L)

(A-1)

Since the diffusion length (L) is larger than the drift layer thickness (Wj; ) because of the
high lifetime of carriers, one can approximate the carrier profile for the holes p(x) inthe

drift layer by alinear expression as shown previously

p(x,t) = P{l—vﬁ} (A-2)

With the aid of the general ambipolar transport hole current expression

_ 1 _ ap(x) .
|p-(1+b)|T(t) qAD—aX (A-3)

we can find an expression for P, from equations (A-2) and (A-3) as

p(x) __ Ry
0x W(t)

(A-4)

+1.(0)=0
01,(00=1,0)

and LO=10= ('T(t) 290, R

1+b) (1+1j W(t)
b
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B 20AD o P

I (t)[l— Q ib)} (1+ 1) WO
b

It)=1,=0=1,(0)

Po - W(t)IT (O_) (A-S)
20AD,

Since total anode current is constant (1, (t) =1,(07)), from the above equation we can

find % as
ot

9P, _ 1:(07) dw(t)
ot 29AD, dt

Substituting for 1, (07) from equation (A-5), the above equation becomes

oR, _ — R dw(t) ' (A-6)
ot W(t) dt

From Figure 8 this slope is negative since the behavior of W(t) tendstowards the minus

x-direction as the device voltage V. (t) varieswith time (moving boundary).

Thetotal chargein the base of the IGBT is

W

c e [1e X | = __x
Q(t) = gAP, { [1 W(t)}dx qAP{x M(t)}

0

Q1) = AR, W(t) —WW“)}

Q1) = GAR| W) —"%}

gAW(t)R,

Q) = >

(A-7)
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Combining equations (A-5) and (A-7) yields

Q= F0R
QAW () 1, (WD)

W=7 20AD,

4D,

I+ (1) :WZ('[)

Q(t) . (A-8)

Equation (A-8) is the linear charge control current and W is constant in this case since

dVCE (t)

o =0. The charge control current (A-8) was derived under much simpler

assumptions than Hefner et a. [2].
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APPENDIX B

% EXPRESSION IN CASE | (W) =0
]

| (0") isthecurrent after theinitial rapid fall when the IGBT is switched OFF.

From the current density of electrons (J,,), the steady state p(x) expression and the fact

that | ,(W)=1,0s =0 in the tun-OFF case, we can find an expresson for

I (t=0")=1,(0")

3, V() = ﬁJT ty+ qp %P

aX X=W (t)
20AD
or W) = 1 (1) + e P
o
b b

sinh{(w () - x)/L]
sinh(W(t)/L)

and p(x) = R,

Set 1,(W)=lyes =0

_ 1<) ,29AD, 9 {Posnh[(W(t)—x)/L]}
0o= - —| =
(“ 1) (“ 1) ox| snhw/L) ],
b b
_ 1) _ 29AD, {Pocosh[(wa) -x)/ L]}
0o= - :
J sinh(W(t)/L) .

[1+1j |_(1+1
b b

i ) L T
0=1,(0+) ZqAD{ Lsinh(W(t)/ L)}
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,0)=10) =] g (-3
Lsinh(W(t)/L)
Using equation (4-5) derived previously, 1(0") and I, (07)arerelated as
.p - LI;:(©0) ]
P ga0, tanh(W/(t)/L) (B-4)
o ey fanhw/L) - 1,0)
J1: ) =10 )sinh(W(t)/L) ~ cosh(W(t)/L). (B-5)

Sincecash(W(t)/L))1, 1, (0") (( 1, (07) ascan be seen from Figure 4. Before the reverse
bias effect, W =W, and cosh(W, /L)is constant and much greater than 1.

Equation (B-5) is similar to the expression found in Baliga [1] but with a different
and simpler approach for the first time.

Since the current in the large base decays exponentially at a rate determined by

the lifetime of hole carriers, |, (t) canberelatedto I,(0") as

() =1, (o*)e(%ﬂj (B-6)

where 1, isthelifetime of the hole carriers.
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APPENDIX C

LO_) EXPRESSION IN CASE |, (W) Z0
1:(07)
The steady state base current |, (W) can be obtained from equations (2-3) and

(4-1) of the developed model as

| (W) = w{coth(W/L) - Cos';[f](x\(lv\; /)|(_))/ L)]Lv .

The steady state anode current 1 (x =W) can be obtained as well from equations (2-

4) and (4-1) as

W)= gP,AD {cah(W/L) , cahf((w - x)/L)]} |

L b sinh(W/L)
For the developed model,l,(x=0)=0 in which 1., =0, I (W) and I (W) are
expressed as

qP,AD

LW) ==

{cah(W/L)—m} (C-1)

(C-2)

Ip(W):qPOAD[coth(W/L)Jr 1 }

L b sinh(w/L)

By adding (C-1) and (C-2) wecan get |, (07) (thetotal steady state anode current) as

1,(07) = @(u %jcah(W/L)
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1,(07) = &EPPO cath(w/L). (C-3)

The charge control current for equation (A-8) for (1,(x=0)=0)is

4D,
W2

I+ (1) = - Q(t) (C-4)

and the excess stored steady state charge in the base Q, was obtained from (4-2)
Q, = gALP tanh(W/2L). (C-5)

From equation (C-4) and (C-5), an expression for the current immediately after the initial

rapid fal in the turn-OFF is

.. _4D, 4D,
(0 =7 Q=1 gALP,tanh(W/2L)

Dividing the above equation by equation (C-3) yields

1;(0") _ 2[(1-sechfw/L)] _
L) )y o

This ratio was found to be the correcting factor F .

e - 21~ sech(V\ZI/ L)) 7
(wrL)
:T Eg_; is plotted as a function of (W/ L) for different lifetimes through L and different
.

Vg,s- Figure 22 shows this relation. As 1, is increased with the increase of Vg,

1, (0")
11 (07)

isincreased aswell. W(t) isafunction of the bus voltage.

Figure 23 shows the ssimulation results compared to the numerical outputs, which show

similar trends.
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APPENDIX D

DERAVATION OF AN ANALYTICAL SOLUTION FOR —dv‘a'i ®
By introducing V. =a,,t where a_, representsatime dependent gradient of

anode voltage at low transient time and almost constant as the time goes on up to almost
a

max *

From equation (4-15) and (4-7)

11
I, ()=4D | > -
dVee (1) _ {T(t) p(Wz(t) GLZJQ(U}

dt  Cy(t (-1
7b°j( )[1+ 1){1+2 Q(t)}
2 b 3gAN W(t)
Q) =qpel ! (0-2
where Q=R
Equation (D-1) can be alternatively expressed by assuming L(t)>>1 and
30AN W/(t)
substituting for Q(t) expression from equation (D-2) to get
4D
RN v )moe""ﬂ
dV (t) _ { W<(t) (D-3)

dt (=t/7)
Cbcj (t)(1+ 1] ﬂQL
b)| 3GAN W(t)
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dVie (1)
dt

By replacing =8, OF (Ve (t) =a,,t)and using the following relations:

A,
W, (1)

Cbcj (t) =
r= A&

1
r(1+6)

= 3RIAN

W(t) =W =W () =W; =Ry ;CE (t)

equation (D-3) becomes

4D
p e(‘t/THL)
L) W) A

- ﬂR—Qoe(_t/THL) ﬂRrQoe(—t/THL)
W(t)yVee (1) W(t)yVee (1)

Multiplying both sides of the above equation by R £Q,e™' ™) (W, — RV (1)t

= — K| [eroe(—“fm) (\NB - R\/ ;CE (t)) =1 (t)\/ ;CE (t) (WB - R\/VCE (t))2 - \ ;CE (t) mmeOe(_ t/THL)D]

dV (t .
From NVee © or V. (t) =a,t, theabove eguation becomes

VCE (t) Eeroe(_“rHL) (\NB - R\/VCE (t)) =1 (t)\/ ;CE (t) (\NB - R\/ ;CE (t))2 - VVCE (t) E*le:BQoe(_ t/THL ) ki

Dividing both sides of the above equation by /VCE (t) , we get

v ;CE (t) Eeroe(_“rHL) (WB - R\/V(:E (t)) =1 (t)(VVB - R\/V(:E (t))z - 4meoe(_ t/THL ) ki

WBV ;Ce(t) |:RnBQoe(_mHL) ~Vee (I)R,BQOR

(D-4)
=1 (W — 2Wa RyVe (1) + RV (1)) O - 4D, Que(- t/7,, ) O

Collecting terms and rearranging for V. (t) yields
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(RR, BQee™ ™) = I (t)R? AV, (t) + (W, R SQ,el V™)
+ 21 ()W ROE) Ve (t) + (-1 ()W, " +4D, SQue(-t/7,, ) I =0

Multiplying by the negative sign and rearranging to get

R(R AQue! ™) + 17 (YRMVee (1) ~We (R AQue! ™) + 05
2l (t)R D]) VVCE (t) + (I T (t)W82 - 4Dp@oe(_ t/rHL )) = O

Using the notations below

R, = R(AR Q™™ + 1, (1)RIT)
Ry =W, (R AQe™™) + 21 ()R0)

R. = (I (WZ = 4D, Q,el "))

the discriminant =b® — 4ac = (R} - 4R, R. ), then equation (D-5) becomes

RaVee (t) —Rg \/VCE ) +R =0
RA\IVCE ®) \/VCE (t) - RB\/VCE () +R. E=0

and has the solution of the form

—(-Ry) £4/(-Rs)? —4R,R.

v ;CE (t) = oR,

_Ry%y-Ry’ —4R,R. [
2R,

Squaring the above equation, we get the final analytical form

RZ + 2R, /RZ —4R,R. [ + R? —4R,R. i

Vee (t) = IR’
A
R: -2R,R. [i+ R;4/R: —4R,R. [
Vee (t) = SR?
A
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RZ - 2R,R. - Ryy/RZ -4R,R. [
oR?

VCE (t) = (D'6)

where

R, = R(AR Q™™ +1(t)Rt)
R, =W, (BR Q,e™™) + 21 (t)Rt)

Re = Wyl (t) 48D, Qe ™)
Equation (D-6) is the analytical form of equation (4-15) and can be easily plotted for

different lifetime with the appropriate a,,, value.
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