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Abstract:

To be considered as an efficient assistant, power semiconductor devices are being used in many
power converter applications and technologies, particularly with high variable loads. In this
regard, monitoring temperature of the device junction is indispensable. In this literature review,
the characteristics of Non Punch Through (NTP) Insulated Gate Bipolar Transistor (IGBT)
during the turn off state has been analyzed with the change in temperature in different carrier
lifetimes. Moreover, the anode voltage, anode current, carrier charge and power loss
characteristics of IGBT is shown by comparing the ideal linear model and parabolic model with

temperature variance.



Acknowledgement

We convey our sincere gratitude to our supervisor, Avijit Das, Lecturer, BRAC University for
uplifting and providing us the valuable guidance to complete this research. . He has provided us
with the necessary materials & instructions which greatly helped us a lot to understand the topic
& analyze it better. He has always been there for us to rescue in case of any problems that we
might encounter while dealing with this issue. Without his keen supervision, it was virtually
impossible for us to finish this report successfully in time. We are grateful to all of our peers and
every other individual who has supported, encouraged and lent us hand whenever it was required
throughout our research.

Again, we would like to thank our parents for the continuous support and encouragement which
makes us complete the work.

Finally, we are very grateful to the Almighty Allah, who has blessed us with knowledge and
ability to write this report successfully.



Contents:

Declaration of Authorship

Abstract

Acknowledgement

iv.
List of figures
V.
List of Table
Vi.
Abbreviations
vii.
Physical parameters
viii.

Symbols

Chapter 1 : Introduction

Chapter 2 : About IGBT
2.1 Standard Structure

2.1.1 Cross Sectional Structure




2.1.2 PT and NPT IGBT 8
2.2 Principles of operations of IGBT 11
2.2.1 Equivalent Circuit of IGBT 11
2.2.2 IGBT operation 13
2.3 Basic Tool Operation 14
2.3.1 The steady state operation 15
2.3.2 Transient operation of IGBT 19
Chapter 3 : Literature Review of some transient model of IGBT 22
3.1 Approach taken by Allen R. Hefner 22
3.1.1 Expression for transient voltage and stored charge decay 22
3.1.2 Redistribution of current and charge control Current 28
Chapter 4 : Transient Analysis through Parabolic Approximation 32
4.1 Approximation of minority carrier concentration 32
4.1.1 Ambipolar Diffusion Equations 36
4.2 Expression for transient anode voltage 39
4.3 Expression for stored charge decay 45

Vi




Chapter 5 : Results & Discussion 49
5.1 Changes in Anode Voltage 49
5.1.1 Low Carrier Lifetime 49
5.1.2 High Carrier Lifetime 50
5.2 Changes in Anode Current 51
5.2.1 Low Carrier Lifetime 51
5.2.2 High Carrier Lifetime 52
5.3 Changes in Anode Switching Power 53
5.3.1 High Carrier Lifetime 53
5.3.2 Low Carrier Lifetime 55
Chapter 6 : Future Scope 58
References 59
Appendix
A. Steady State Charge Control 61
B. Linear Charge Control
C. Effective Depletion width from Poisson's Equation 64
D. Ambipolar Diffusion Length
E. Forth Order RUNGE-KUTTA (RK4) method 66
72

74

Vi




List of Figures :

Figure 2.1: A cross sectional structureof the IGBT half-cell 8
FIGURE 2.2: Cross section structure of (a) NPT IGBT and (b) PT IGBT 9
FIGURE 2.3: Doping Concentration & Electric Field Distribution (a)NPT | 10
IGBT

& (b)PT IGBT

FIGURE 2.4: The equivalent circuit model of IGBT 12
FIGURE 2.5: Circuit symbol of IGBT 13
FIGURE 2.6: 1-D coordinate system used in the modeling of the NPT IGBT | 16
FIGURE 2.7: Typical IGBT turn-off transient showing turn-off phases (1 & | 20
2)

FIGURE 3.1: The collector-base depletion capacitance formation 22
FIGURE 3.2: A comparison of the theoretical and measured 10A infinite | 27
inductive load switching voltage waveforms for devices with different base
lifetimes -

Figure 3.3: The Excess carrier distribution in the base before (a), during (b), 29
and after (c) the redistribution phase of a constant anode voltage switching
transient, for W/L=2.5 and for L, ( x= 0) <<I,(x= 0). The effect of the decay of

the total excess carrier has been left out to illustrate the redistribution process.
Figure 3.4: The carrier distribution in the base indicating the charge in excess | 30
carrier concentration with time due to the moving collector-base depletion

edge boundary

Figure 4.1: The carrier distribution in the base indicating the change in excess | 33

carrier concentration with distance in base for (W > L)

viii



Figure 4.2: The carrier distribution in the base indicating the change in excess
carrier concentration with distance in base for (W < L)

34

Figure 5.1.1: Difference between parabolic model and linear model for
transient anode voltage for low carrier lifetime (Initial Carrier Lifetime, tHL =
0.5 ps) at (a) 27°C, (b)77°C and (c)127°C

49

Figure 5.1.2: Difference between parabolic model and linear model for
transient anode voltage for high carrier lifetime (Initial Carrier Lifetime tHL =
7.1 ps) at (a) 27°C, (b)77°C and (c¢)127°C

50

Figure-5.2.1: A comparison between parabolic model and linear model
for the anode current for low carrier lifetime(Initial Carrier Lifetime, THL =

0.5ps) for different temparature, (a)27°C, (b)77°C, (c)127°C

52

Figure-5.2.2: A comparison between parabolic model and linear model
for the anode current for low carrier lifetime(Initial Carrier Lifetime, THL =

7.1 ps) for different temparature, (a)27°C, (b)77°C, (c)127°C

53

Figure 5.3.1 : A comparison between parabolic model and linear model
for the switching power loss for high carrier lifetime(Initial Carrier Lifetime,

tHL = 7.1 ps) for different temparature, (a)27°C, (b)77°C, (¢)127°C

54

Figure 5.3.2 : A comparison between parabolic model and linear model
for the switching power loss for low carrier lifetime(Initial Carrier Lifetime,

tHL = 0.5 ps) for different temparature, (a)27°C, (b)77°C, (¢)127°C

55




List of Tables :

2.1 Characteristic Comparison of NPT & PT IGBT 11
2.3.1: Equations describing temparature dependence of various semiconductor | 17
properties in Silicon

5.1 Data Table for Low Carrier Lifetime- 0.5 us 56
5.2 Data Table for Low Carrier Lifetime- 7.1 us 57

Abbreviations:

IGBT Insulated Gate Bipolar Transistor

BJT Bipolar Junction Transistor
MOSFET Metal Oxide Semiconductor Field Effect Transistor
VDMOSFET Vertical Double Diffused MOSFET

RK4 4™ Order Runga Kutta Method

Physical Parameter:

Ambipolar Diusivities, D

18 cm?/s

Supply voltage, Vius

400V

Dielectric constant of Si, Esi

11.7*8.854*10"-14 F/cm

Charge of electron

1.6 * 10n-19C

Base doping concentration

2*¥10714 cm-3

Hole Diffusivity

14 cm?/s

Metallurgical base width

9.3* 10~-3 cm




Device active area

.1 cm?

Emitter electron saturation current

6*10 A-14 A

ntrinsic carrier concentration

1.45 * 10710 ¢cm-3

Electron mobility 1500 cm?/Vs
Hole mobility 450 cm?/Vs
Ambipolar mobility ratio 3.3

Total current 10A

Symbols:

A Device Active area cm?3

In, 1o Electron Hole Current A

op Excess Carrier Concentration cm3

n, p Electron, hole carrier cm?
concentration

Q Total Excess Carrier Base Charge | C

Qo Steady State Base Charge C

Po Excess Carrier Concentration cm

@n, Op Electron, hole quasi-fermi Y,
potential

E Electric Field V/ecm

Es Dielectric constant of Si F/cm

Xi




Q Electron Charge C
Un, up Electron, hole mobility cm?2/Vs
Dn, Dp Electron, hole diffusivity cm?/s
Tt High level excess carrier lifetime | s
Ir=1ly+1p Total Current A
bz:ﬁf Ambipolar mobile ratio -
Hup
D Ambipolar Diffusivity Cm
L Ambipolar Diffusion Length Cm
X Distance in Base from Emmiter Cm
W Metallurgical base width cm
w guasi-neutral base width cm
Whj base-collector depletion width cm
Chqj collector-base depletion F
capacitance
Ns base doping concentration cm3
Vee built-in potential of base- V
collector junction
Isne emitter electron saturation A
current
Vr Mosfet channel thrershold Y

voltage

Xii




Chapter 1
Introduction

An Insulated-Gate Bipolar Transistor (IGBT) is a three-terminal power semiconductor device
which is a combination of the characteristics of power MOSFET Input and bipolar transistor.
AsIGBT is a minority carrier device with high input impedance and large bipolar current
carrying capability, it was initially used as an electronic switch with efficiency and fast
switching. The internal voltage drop of a bipolar transistor in its turn on state is less than that in a
power MOSFET with comparable current and blocking voltage. On the other hand, a MOSFET
can be turned on at the gate with less energy than a bipolar transistor, which requires a relatively
high current that has to be maintained throughout the on period. That’s why IGBT is a functional
integration of Power MOSFET and BJT devices in monolithic form. The IGBT is also a three
terminal (gate, collector, and emitter) full-controlled switch. Its gate/control signal takes place
between the gate and emitter, and its switch terminals are the drain and emitter. It is a
combination of the low on state resistance of power bipolar transistor and the high input
impedance of power MOSFET gave a major advantage where the high impedance allows
controlled turn-on and gate controlled turn off.[3]

However, IGBT is preferable in many applications in power electronics area, specifically in
Pulse Width Modulated (PMW) servo and the three-phase drives requiring high dynamic range
control and low noise. Furthermore, it switches electric power in many modern appliances:
variable frequency drives (VFDs), electric cars, trains, variable speed refrigerators,
Uninterruptible Power Supplies (UPS), lamp ballasts, air-conditioners and even stereo systems
with switching amplifiers. Since it is designed to turn on and off rapidly, amplifiers that use it
often synthesize complex waveforms with pulse-width modulation and low-pass filters. In
switching applications, modern devices feature pulse repetition rates well into the ultrasonic
range-frequencies which are at least ten times the highest audio frequency handled by the device

when used as an analog audio amplifier.

However, a MOSFET can be turned on at the gate with less energy than a bipolar transistor,

which requires a relatively high current that has to be maintained throughout the on period.
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That’s why IGBT is a functional integration of Power MOSFET and BJT devices in monolithic
form. The IGBT is also a three terminal (gate, collector, and emitter) full-controlled switch. Its
gate/control signal takes place between the gate and emitter, and its switch terminals are the

drain and emitter.

The main advantages of IGBT over a Power MOSFET and a BJT are [4]

e Due to havingconductivity modulation and superior on-state current density, it has a very

low on-state voltage drop. So smaller chip size is possible and the cost can be reduced.

e It has lower on-state and switching losses and also lowers thermal impedance.

e Low driving power and a simple drive circuit due to the input MOS gate structure. It can
be easily controlled as compared to current controlled devices (thyristor, BJT) in high
voltage and high current applications.

e Wide SOA: It has superior current conduction capability compared with the bipolar

transistor. It also has excellent forward and reverse blocking capabilities.

The major limitations are:

e A reduction in on-state voltage can cost the IGBT to experience slower switching speed
at turn-off. The reason is that while electron flow can be abruptly halted simply by
reducing the gate-emitter voltage below the gate threshold voltage (as is the case with
the MOSFET), there’s still the matter of the holes that are left in the drift and body
regions (there’s no terminal connection to remove them). The only way to get them out
of there is by sweep-out, which is dependent upon voltage across the device and internal
recombination. As a result, the device displays a tail current at turn-off until the
recombination is complete. This has always been a big drawback for the IGBT.

e Switching speed is inferior to that of a Power MOSFET and superior to that of a BJT.
The collector current tailing due to the minority carrier causes the turn-off
speed to be slow.

e There is the possibility of latch-up due to the internal PNPN thyristor structure.

Several models have been Parabolic 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

behavioral (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( IT ), the base current and the output
voltage of the device ( V=VCE=VBC). 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 have physical meanings and are related to each other based on the device
physics. However, advancinging a physical model is time consuming. Since there are some
simplifying approximations made when developing a physics-based model, accuracy may not be
100%. Additionally, new device or different structural IGBT needs some new model or

modifications.

The analytical model developed by Hefner et al. [1-4] is the most complete in the section of
physics-based IGBT model. The general ambipolar transport electron is In (t) which was used to
find an expression for the voltage, dV (t)/dt. Hefner used the expression of displacement current
In W(t) to obtain V(t) for the transient operation of IGBT. Hefner implemented the concept of
moving the redistribution current. In transient approach Hefner neither used the steady state
expression for p(x) nor did linearize the steady state expression for

p(x). Moreover Hefner assumed Chj(t) to be constant with time, which is not so in reality.

Trivedi et al. [5] provided a numerical solution to obtain voltage, (dV (t)/dt) in terms of the total
current It 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 dV (t)/dt expression. Since W(t) shrinks due to the widening of the depletion
region in the collector-base, the charges are forced to be taken away and In= gp(X)v(X) =
gp(X)dw/(t)/dt .



Ramamurthy et al. [6] provided an analytical expression for the voltage variation with time dV
(t)/dt for the turn-off of the IGBT. The simple expression for the variation of the internal
charges and the boundary conditions with voltages is a non-linear one. For the turn- off analysis,
Ramamurthy linearized the steady state carrier concentration expression p(x).

Ramamurthy used a positive value for d(t)/dt instead of a negative sign, which contradicts the
equality W(t)= Wg-Whj(t) .

Fatemizadeh et al. [7] 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 is limited by the fact that

the analytical semi-empirical model is over simplified.

Yue et al. [8] 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. [9] 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 I-V characteristics. The anode hole currents and the
emitter hole currents are assumed constant. Due to his neglecting of the recombination in the

base, a linear charge distribution instead of the hyperbolic function was derived.

Kuo et al. [10] derived an analytical expression for the forward conduction voltage (VF) 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 IMOS controls the turn-off
process of the IGBT, the MOSFET section should have been included.



Sheng et al. [11] solved the two dimensional (2-D) carrier distribution equations to model the
forward conduction voltages, which can be used in circuit simulation 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 al. [12] 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 [14] claimed that many mathematical models are accurate
and able to predict electrical behavior in different circuit conditions compared to the behavioral
models, it failed to provide a comprehensive physical model for understanding the device

mechanisms.

Leturcq [13] showed a simplified approach to the analysis 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 process in IGBT.

The above literature survey dealt mainly with IGBT having planar structures, namely the Non-
Panch Through (NPT) and the Punched Through (PT) IGBT, although other structures were
parabolic in the literature to improve the 1-V characteristics of IGBTS, temperature operation or

develop better physics-based models.

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 analysis of the most important transient modeling of IGBT. Chapter 4
introduces the parabolic physics-based model 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. In chapter



5, we have showed the changes in characteristics of anode voltage, current and power dissipation
with respect to temparature with figures. Chapter 6 covered our limitations and future work of

this analysis.



Chapter 2
About IGBT

IGBT is a switching device combine with BJT and MOSFET, so in struscture as well as
operation, the combination of BJT and MOSFET can be seen. This chapter will cover IGBT’s

basic structure and operation.

2.1 Standard Structure

2.1.1 Cross sectional structure

A structured IGBT has main three parts, Gate, Emmiter and Collector. In the cross section of
IGBT, different layers are present which are shown in the below figure. It can be compared with
the vertical double diffused MOSFET. The difference between them is that in IGBT, a heavily
doped p-type substrate is placed in lieu of a highly doped n-type drain contact in the
VDMOSFET. In reverse bias mode, a high blocking voltage used to create. To support that, a
lightly doped but thick n-type epitaxial layer (Ng = 101*cm™3 ) is placed up of the p-type
substrate. A highly doped p-type region (N, = 10*°cm™3) s also present in the structure to
prevent the activation of the PNPN thyristor when the device operates. The gate of IGBT is very
simple circuit which has beenn taken from power MOSFET. As power MOSFET is a voltage
controlled device, so little input gate current can operate the device. In IGBT, small gate input

current operates the device and it is easy to use for simple design.
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Figure 2.5: A cross sectional structure of the IGBT half-cell [14]

2.1.2 NPT and PT IGBT

Based on the presense of an extra highly doped n+ buffer layer, there are two kinds of IGBT, one
is PT (Punch Through) and other one is NPT (Non-Punch Through). The PT IGBT is with the
extra n+ buffer layer and without this layer, that called NPT IGBT. The difference between them
is showed in Figure 2.2.

The PT IGBT has an extra n+ buffer layer than the other kind. This layer is placed on P+
Substrate layer. Because of the presense of this layer, the J1 junction gets gets a punch through
from the J2 junction. This layer also acts as a shield to the J1 junction. But during the on state
(turn-on) operation, total charges did not get enough space because of an extra n+ buffer layer.
So, in the time of switching, the n+ layer removes charges more quickly. This layer acts as a
recombination hub where holes and electrons get recombined before the holes get the time to
reach the base region. For this, some lower efficiency holes will be injected into the base region.
Because of this, carrier lifetime of the holes are reduced and switching frequency is increased.

The amount of injected holes in the base region is less than the NPT IGBT, so the on-state
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voltage is increased in PT IGBT but the conductivity modulation(higher base resistance) is

reduced. But the increased on-state voltage acts negetively to the reduced turn-off time.
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() Collector

(a) (b)

FIGURE 6.2: Cross section structure of (a) NPT IGBT and (b) PT IGBT [15]

In this thesis, NPT IGBT is studied. NPT IGBT has no n+ buffer layer, so the n- layer of base
region is more thick than the PT IGBT. For the thickness, NPT IGBT has high resistance and
when the J2 junction is reverse biased, higher reversed voltage can be uninterrupted. As a result,
J2 junction does not punched through to J1 junction, means a non-punch through situation
created. If the punch through happened, the device will more likely to break down as the
breakdown voltage of IGBT is depraved. When J1 junction is forward biased and gate voltage
exceeds the threshold voltage, p+ substrate will inject more holes. These injected holes density
arises slowly and when it crosses the background doping(Ng) density, the resistance of n-layer is
shortened. In NPT IGBT, the turn-off time is more long than PT IGBT as the removal of so
many stored charges in the base region is slow because of less recombination centers. As carriers
are not used to recombine fastly, the carrier lifetime increases. In NPT IGBT, the amount of
injected charges from p+ layer to n- is larger than PT IGBT and the injected holes do not
recombine very fast as PT IGBT. The NPT IGBT has equal forward and reverse breakdown
voltage, so it is totally fit for AC applications. PT IGBT’s has greater forward breakdown

voltage than reverse breakdown voltage, for this it fits to DC circuits where devices do not need



support voltage in reverse direction. Fig.2.3 shows Doping Concentration and Electric Field

distribution between NPT and PT IGBT.
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FIGURE 2.3: Doping Concentration & Electric Field Distribution (a) NPT IGBT
& (b) PT IGBT [15]
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Table 2.1: Comparison of NPT and PT IGBT characteristics

Parameter NPT PT
Switching loss Medium Low
Conduction loss Medium Low
Paralleling Easy Difficult
Short circuit test Yes Limited; high gain

2.2 Principles of operation of IGBT

2.2.1 Equivalent circuit of IGBT

An equivalent circuit has been figured on the basis of the standard structure which has been

shown in Fig. 2.4.
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FIGURE 2.4: The equivalent circuit model of IGBT [14]

The structure has two parts, one is PNP transistor (BJT) and a n channel MOSFET. The PNP
transistor consists of p+ substrate, n-epilayer and p+ base. In the IGBT, the p+ substrate acts as
an emitter of BJT and also the anode terminal of the device. When the p+ substrate is forward
biased (Ves> 0), the transistor current, It produced by the minority carrier injection and it flows

from anode region. This transistor current has two parts at the base. Those are-

o Electron Current- In(W)
o Hole Current- Ip(W)

The Cathode voltage, Vac is-
Vac = Ves + Vie
Where,
Ves=Bipolar Emitter to Base voltage.

Vec=Base to Cathode voltage.

12



Basically Vps of MOSFET & Vgc are same. Since Ves is very small, we can consider
Vac= Vac

From the design of the equivalent circuit of IGBT, a circuit symbol can also be created which is

shown in Fig. 2.5.

T

FIGURE 2.5: Circuit symbol of IGBT [14]

The circuit symbol of IGBT has three parts. These are-
Collector (C) - Anode terminal of IGBT.
Gate (G) - Gate terminal of MOSFET.

Emitter (E) - Cathode terminal of IGBT.

2.2.2 IGBT Operation

In the Gate terminal of IGBT, a positive voltage is applied. When the gate voltage is greater than

threshold voltage(VT), electrons flows to the surface under the gate and these electrons changed

13



the p+ body region into an n channel. This channel is created between n* source and n™ drift

region.

In the anode terminal of the IGBT, when a positive voltage applied, the collector of the IGBT is
lower voltage than emitter. In the emitter section (p+ region), the holes (minority carriers) are
injected and the holes flows to the base region (n” drift region). Through the injected holes, the
positive bias of emitter terminal is increased as well as the concentration of holes. As time passes
by, the concentration of holes goes beyond the background doping level of the n-drift region.
These carriers degrades the resistance of the n- drift region, so the holes recombined with

electrons respectively and produces anode current (on state).

On the other hand, if a negetive voltage is applied in the anode terminal, the emitter-base
junction will become reverse biased and current will be near zero. The depletion region will

widen into the n-drift region and as a result a large voltage drop will occur.

In IGBT, switching operation is done by MOSFET gate voltage. When the gate voltage becomes
less than threshold voltage, the turn-off occurs. In this time, the channel that created to pass the
charges will be off and no electron current will be present in the MOSFET channel. In the mean

time, the holes those were stocked during the on state situation, removes by the time being.

Based on the time that charges which were stored during the turn-on state of IGBT, needs to be

removed from the n-drift region, the switching speed of IGBT is measured.

2.3 Basic Tools for Operation

To describe the operation of IGBT, one Physics-based modeling approach is considered. The

points considered for the operation are as below-

e In the IGBT n-drift region, the carrier distribution is described by the ambipolar diffusion

equation because of the high level injection of holes in this region (p(x) >> Np).

9%p(x) _p&) 4 10p(x)
Jdx2 L2 D 0x
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Here,
Ny = Base background doping concentration

p(x) = Hole concentration

— T
L= W,DTHL’ TyL = 5 X 10 7(%)1'5

e Transport of the bipolar charge is assumed to be one-dimensional (1-D) for the ease of
analysis.

e The emitter region of the BJT part of the IGBT which acts like the recombination centers
for minority carriers (electrons)from the lightly doped areas, has a very high doping
concentration level (p* >> 1018cm™3)

e The depletion region of minority carriers’ space charge region, supports the entire voltage
drop across the collector-base terminals based on Poisson’s equation. But the effect of
mobile carriers in the depletion region is not clarified in this thesis dissertation.

e The 7y, is being changed with temparature, so related parameters like anode voltage and

current characteristics will also change.

2.3.1 The Steady State Operation

For the steady state operation of the NPT IGBT, the equivalent circuit model and the 1-D
coordinate system is used. The 1-D coordinate system is showed in Fig. 2.6. In this figure, IGBT
total current is Ir, hole current is Ip of the BJT and base or MOS electron current is In.

IT can be expressed in other ways:
Ir=L,(x = 0) +I,,(x = 0) (2.1)

Ir=lLy(x = W) +L,(x=W) (2.2)
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Ir=1,(x)+ = [,(x) (2.3)
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(E) (B) (c)

—
v
Depletion region

1)

=

FIGURE 2.6: 1-D coordinate system used in the modeling of the NPT IGBT [14]

The IGBT operation is done under low gain and high level injection case. The current equations

are-

on(x)
Jn = nqu, + qDy T(;xx (2-4)

ap(x)
Jn = Dqty — qDp == (2.5)
Here, J,, is the electron current & J,, is the hole current.

Here, whole J, and J;, is affected by temparature by a simple equation. The below table will show

the changes in various terms of IGBT operation regarding temparature.
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Table 2.3.1: Equations describing temparature dependence of various semiconductor properties

in Silicon.[16]

Parameter Temperature Dependence Equation
Carrier T 1.5
lifetime Ty = 5% 10_7[—]
) 300
Electron 30 2.5
mobility o, = 1400[‘ )
T
Hole 2.5
mobility M, = 450(30(}]
T
16 1.5
Intrinsic n, = 3.88x107(7)
concentration ex [ 7000 ]
P T

The first terms of the equations indicates the drift component and the second terms are indicates

the diffusion component.

If the excess carrier concentration is greater than the background concentration, the transferring

of electrons and holes are coupled by the electric field in the drift region in terms of the transport

equations. The minority carrier current density J, cannot be neglected and ends up affecting the

majority carrier current density Jp. Hence equations 2.4 & 2.5 cannot be separated.

So Jp and Jn created the total current density. It can be written as,

]T:]n +]p

= (”Wn + pq'up)E +q (Dn 61;5:6) - D, a;;ix))

Substituting the electric field from the above equation and put into equation (2.4) gives

n on [nqunDp+pquyp Dp
Jn:[ qUn ]JT + g2 [ n P ]
nqun+pquyp ox nqup+pqip

An ambipolar diffusion coefficient D is specified as

_[nqunDp +pqup Dp]
nquntpqup

So Jn can be written as
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| b on
I =[=]3:+qDZ (2.6)

Here, b ==
Hp

Repeating the same procedure in the equation (2.6) and Jp is as followed,
b ]
3p=||Ir-aD2Z 2.7)
Here, Jr is the total current density
Jr=Jd+Jp [assuming N=p]

By solving the steady state hole continuity equation, the equation for Excess Hole Carrier
Distribution, p(x) can be get,

3%p(x)_p(»)
ox 12 (2.8)

From the coordinate system mentioned in Fig. 2.1, the boundary conditions for the excess hole

carrier distribution can get. These are,
p(x=0)=P, (2.9)
p(x=W)=0 (2.10)

Equation (2.10) indicates that for forward condition, the collector-base junction being reversed

biased and equation (2.10) also indicates that emitter-base junction is forward biased.

Here,
Po is the excess carrier concentration at x=0,
W(t) is the quasi-neutral base width which is
W=Wg—Wh; (2.11)

Here, Ws is the metallurgical base width and Wh; is the collector-base depletion width. Poisson’s

equation is
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d?V _ qNp
dx? - €gsi

(2.12)

From Poisson’s equations, one expression for the collector-base junction depletion width can be ,

— [2€siVp
Wos = o

Here,
Ng = Doping concentration of the lightly doped region of the IGBT
€; = Dielectric constant of silicon.
Vbej = Junction Voltage(V)
=Vpct+Vhi

The junction voltage is the collector-base junction voltage drop of the BJT part of the IGBT and

Vi is the built in potential. Now, from figure 2.6

2€5iV
qNp

W= WB—
Here,

V=Vh:=Vee=Va= collector-base voltage appears across the drift region.

2.3.2 Transient Operation of IGBT

The IGBT switching is fast because of the quick turn-on time. But the turn-off time is slow due
to the open base of PNP transistor on turn-off time. In Fig. 2.7, the turn-off transient
characteristics of IGBT is showed where It (0%) is the current after the initial rapid fall. The
initial drop in the anode current caused by the sudden removal of the MOS channel. As the
lightly doped n- layer stored the carriers, a slower decay can be seen. When the gate voltage goes
under the threshold voltage, turn-off process started. At this time, the channel for passing the

electron is closed, so the MOS current Imos becomes zero.
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Imos= In(W )=0

As a result, the depletion region at the n- (base-collector side or source of MOSFET) is widened

with respect to the increasement of collector-base voltage, Vhc..

Current I7(0”) and I7(0%) is related by Bu. This Biris the ratio of the current immediately after the
initial rapid fall to the magnitude of the fall and is shown along with the ratio of W(t) to L
(W(t)/L) in the appendices.

I(1) 1

1.(07)

Anode Current(A)

1,(07)

Time

FIGURE 2.7: Typical IGBT turn-off transient showing turn-off phases (1 & 2) [14]

In the second period of the turn-off period transient, some losses occurs. These losses are the
main element of switching loss of IGBT. The second phase is slower than other phases because
of the higher time required removing or extracting the injected carriers. This high switching
losses is considered as one of the supreme drawback of IGBT. The consecuences of this
drawback can be solved by lowering the lifetime of the carriers in the base through
recombination of extraction processes as fastly as possible before the device reaches its blocking
voltage state.

IN the period of turn-off, the collector-base junction is reversed biased and its depletion region
widens. At the period of on-state of IGBT, the base-collector junction is reverse biased that

showed in Fig. 2.4. When the IGBT is off, the base-collector junction is remains reversed biased
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and Vi is increased and also helps the depletion region to increase since the current decreases.
This increased depletion region supports the entire voltage drop across the device as mentioned
earlier on the basis of Poisson's equation. As the quasi-neutral base width(W(t)) of the IGBT

changes with time and decreases with the increase of Vuc., an expression for the rate of rise of the
voltage across the deviced‘;—it)(varying ofthe output voltage) during the switching-OFF of the

IGBT from the collector-base junction depletion width Whej can be derived. If equation 2.11 and

2.13 is marzed, a time derivative of Whcj(t) can get.

decj(t): € dV(t)
dt ZqNBV(t) dt

The above equation shows the time rate of the change of the quasi-neutral base width (W(t)) that

covers almost all the length across the drift region during the turn-off since the collector-base

junction is reversed biased.
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Chapter 3

Literature review of some transient modeling of IGBT:

Several models have been Parabolic in the literature to describe both the DC and the transient
behaviors of the IGBT. In this section, we have reviewed the most popular Parabolic model by
Allen R. Linear.

3.1 Approach Taken By Allen R. Hefner

3.1.1 Expression for transient voltage & stored charge decay

In Linear's [1] [2] transient modeling approach, the general ambipolar trans-port electron current

expression

on(x,t)
0x

W(W(t)= T2+ gAD
1+E
This expression was used to find an expression for the voltage rise (dV(t)/dt). In(W (t))=Imos as

shown in Fig. 2.6 and it is important since it controls the operation of IGBT.

Since the reverse bias on junction J> in Fig. 1 does not increase rapidly and the depletion
capacitance of junction J.is partially charged in a short period of time, Ivos current is
instantaneous. An expression for Ivos can be obtained if we consider the collection-base junction

depletion capacitance as in Fig. 3.1.
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0
|

+++++T

FIGURE 3.1: The collector-base depletion capacitance formation [14]

For the voltage V(t) between the plates, the charge per unit area q = S‘d ,Where d is the

distance between the plates and the rate of q change is |,

d_CtI = I(current)

As we know q(t) = Cnj(t)V (t), so

d d
= [V )]

dbc1 ®) dV(t)

=V(t)—, —+Coei(t)— =

and in terms of the junction capacitance of the reverse biased junction, the displacement current
In(W(t)) is

dbC] ®) dV(t)

(W) = V({t)———C q(t) (3.1)

The first term on the right hand side of the equation (3.1) was ignored by Linear. The rate of
change of Chj(t) should be included in calculating the displacement current since the capacitance
varies with time as the depletion width changes with voltage. From equation (2.6) and the fact

that J = I/A, where A is the device active area,

ap(x,
h(W() = 12 + 4D X5
b
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And from Linear's approach

VAV (O _ 2aADp dp(x,t)
7 dt 1+% ax

In(W(t)) = Chqj(t

Or,(l + %) qu dV—(t)

= Iy + 2qAD, 20 (3.2)

Linear 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) nor did he linearize the steady state expression for p(x).
Moreover he assumed Chj(t) to be constant with time, which is not so in reality.

His p(x) expression consists of two parts,

dw (t)

— W(t)x
P(x)= Po [1 W(t)] W(t)D [_ - 3W(t)] (3:3)
From equation (2.6) & (3.3)
bIr(t ]
(WD) = 2282+ gAD
Or In(W(t))—IT(t) Zqul)P p(x) (34)

1
4= - 0Ox
b 1+b

Instead of equation (3.1), Linear applied In(W(t)) = Cbc,(t) |n his approach. Integrating

equation (3.3) in the base and multiplying by gA, the total charge Q,

Q=0Af," p(x)dx

_ _ x2 Py ﬁ _ w(t)x? _ x* 1dw(t)
—qA[x ZW(t)] w(t)D [6 12 12W(t)] dt
_ W(t) _ x w(t)x? _ x* Jdw(t)
_qA[PO(W(t) )~ ZW(t)] w(t)D [6 12 12W(t)] dt
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_ AP W(t) qA

x 0
2 PoWD
:qAPOZW(t) (3.5)

as can be seen 229 has no effect on Q calculation.
We can find % from equation (3.3) as when x=W(t)

op(x)_ Po _ _Po [Z_X _w@® 32 lawe

dx W) Ww()D 6 w(t)l adat
When x=W(t)

ap(x)_ —Py _ m aw(©

ax  w() W(t)D [W(t) W(t)]

dp(x) ——Po _ Podw(t)

dx W() 6D dt
The hole current is -0A— p( 2 and from the above equation

_ dp(x)_qADP, __gAPyD aw (t)

qAD ax  w() 6D  dt

As Q= %W(t), from above equation

— gAD op(x)_ 2QD Q@ aw(®) (3.6)

ax  W2(t) 3W() dt

The first term on the right hand side of equation (3.6) is categorized by Linear asthe charge
control component and the second term is categorized as the moving boundary redistribution

component of the hole current.
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From equation (3.4) and (3.6)

av(t IT(t 4QD Q dw(t
n(W(t)) C ( ) T(l) P + ( )

1+ (143 )Wz(t) 3w(t) dt

This equation can be expressed in a different way if in qA equatlon (3.6) is modified as

6p(x) —2qADp dp(x) 2QD 0 aw(t)
1+l dx W2(t) 3W(t) dt

~2qAD, T2 = 200 (4 4 1) L (1 4 1) 2O

qAD

T w2 b 3W(t) dt
_ op(x) _  4DpDbn@Q 1y @ 1) aw(®)
20ADy dx  W2(t)(Dp+Dy) (1 + b) 3W(t) (1 + b) dt
_ op(x) _ 4DpQ  Q 1) aw(t)
20ADy ax  W2(t) 3w(t) (1 + b) dt 3.7)

From equation (3.4), we have

av _ Ip(t) ,2qADpd
In(W(t))=C — = r() | 244Dp Ip()

1
1+= 1+= ox
b b

That can be rearranged as,

(1+2) cOL = 1y(r) +22422. 20
b

1

Now using equation (3.7), and the fact that C(t)= Chcj(t)= WASS(it) = 22851(1:;; ddwd/t(t) -
bcj
—-C dv(t)
qANB dt
the above equation yields
(1 + b) Cbcj(t) =Ir(t) - WZ(t) B 3W(t) (1 + _> dt
4DpQ
av(t) Q UL
Orrcbcj(t) [ + 3qAW(t)NB] o (1+p)
DpQ
av(y) IT(t)_:VZIEt) (3.8)
dac . D1+—2 — .
CbC](t)(1+b)[1+3qAW(t)NB]
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4DpQ(t)

Where I1(t)=Ir (07) for large inductive loads and I(t) = Wi

[Appendix A] forthe constant

anode voltage in Whichd‘;—(:) = 0 indicating that the voltage W(t) are constants.

400 — ; . — ; ;
T F0.31S 24845 TS
wOL ) - ’ -
0L S 1
=
o 250 . .
50
=
:‘}3 200+ + . i
» Solid: Numerical Model
F Dot : Experimental Data [2]
5 150 . Dash: Reference Model [2] |
100 . -
50+ -
U 1 L L L L Il 1
0 1 2 3 4 5 6 7 8

Time [S ] i D-?

FIGURE 7.2: A comparison of the theoretical and measured 10A infinite inductive load

switching voltage waveforms for devices with different base lifetimes [2]

Equation (3.8) is according to linear model transient d‘;—g) for IGBT and Q(t)is expressed by

solving the following non-linear differential equation Parabolic by Linear

de(t) _ —Q(t)  4Q*(t)isne
at 1y W2(t)A%2q?n? (39)

Where Isne IS emitter electron saturation current (A) and n; is the intrinsic carrier concentration

(cm™?)

In the linear [2] approach, the negative of the collected hole current I,,(W(t)) consists of a

charged control current (I..) and redistribution current (I,), which make this model more
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complex. The expression (3.9) 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, for magnitude. Also,
this model did not considerthe rate of change of C(t) in the calculation of the displacement
current L, (W(t)).

3.1.2 Redistribution of time and Charge Control Current

Representative excess carrier distributions in the wide-base bipolar transient at various moments

during a constant anode voltage turn-off transient are showing Fig. 3.3

When the base current is removed (constant anode voltage case) or the anode clamp voltage is
reached (inductive load case), the carrier distribution in the base changes rapidly to one for
which the total current at the emitter is equal to the hole current at the collector (from
distribution (a) to (b) in Fig. 3.3), so that quasi-neutrality is maintained in the bipolar base. This
reduction in the total device current is responsible for the initial rapid fall in current observed in
the switching transient current waveform. The initial rapid fall consists principally of the steady-
state net electron current at the collector (base current for the constant anode voltage case) and
the component of hole drift current associated with the net electron current there. The remaining
slowly decaying excess majority carrier store is responsible for the slowly decaying portion of

the switching transient current wave form.

The boundary conditions on the electron and hole currents are different between the steady-state
condition and the slowly decaying current phase. As a result, the electrons & holes that
recombine can no longer be supplied be the divergence of their current densities as they are in
steady-state, but are only supplied by (and thus reduce)the local excess carrier concentration. The
curvature in the carrier distributions and the corresponding divergence of the current densities
that remains after the initial rapid fall in emitter current acts to redistribute the excess carriers in
the base from distribution (b) & (c) in Fig. 3.3.After the redistribution is complete, the excess
carrier distribution and the terminal current are given in terms of the total excess carrier charge in
the base, so the remainder of the waveform can be described using a charge control model. The
redistribution time and the relation between the charge and current after the redistribution is

complete are found from the time-dependent ambipolar diffusion equation with
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(a) Steady state

(b)) Redistribufion

FEXCESS CARRIER COMCENTRATION &plx.1)/5p{0,07}

D5+
Q.4 - () After
redistribution
Q3 m
0.2 b=
0.1p .
1 1 i i 1 ] 1 ] |
o 0.2 0.4 0.6 0.8 1.0

AELATIVE DISTANCE |8 BASE FROM EMITTER (% /W)

Figure 3.3: The Excess carrier distribution in the base before (a), during (b), and after (c) the
redistribution phase of a constant anode voltage switching transient, for W/L=2.5 and for I,,( x=
0) <<IL,(x= 0). The effect of the decay of the total excess carrier has been left out to illustrate the

redistribution process. [2]

I,(W)=0 and the total current equal to emitter edge of the base for negligible electron current at

the injected into the emitter to the collector current gives:

OP(x,t) _ 9P(x,t)
at ot

(3.10)

9%8p dp | 198p
ax2 12 ' D at

The general solution to equation,
With the conditions of:

op(x=0,t=0) =P, (3.11)
Sp(W,t) =0 (3.12)
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EXCESS CARRIER CONCENTRATION (5p)

DISTANCE IN BASE FROM EMITTER Ix)

Figure 3.4: The carrier distribution in the base indicating the charge in excess carrier

concentration with time due to the moving collector-base depletion edge boundary [2]

and equation (3.10) foe W independent of time is

e :
Sp(x,t) = Py, (1 - W) e\tHL) + Y0 1 A sin(2nmt)e(%) (3.13)
Where
11 (2mm)? Dy
; = E + Wz (3.14)

The first term of equation (3.13) is the linear charge control component of the distribution and
the sine terms are the redistribution components which decay in timer,,. For the base width Wg=
93x 107®m and other parameters, 7,,= 0.1/m?us.For times much larger than this, the
redistribution terms become negligible and the current is determined by linear charge control

component of the distribution.

The redistribution terms are independent of the total base charge and the integrated charge of the

charge control term is equal to the total excess base charge:

Q(t) = Lo o 5n) (3.16)
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Therefore, the current can only be described by a charge control model after their distribution is
complete. Using equations (3.13) & (3.15) for I,,(W) = 0, the chargecontrol current is [Appendix
Al

Ir() = 22Q(0) (3.17)

Because the integrated charge of each of the redistribution terms is zero, the value of current
obtained by extrapolating the current decay waveforms back to the time of the initial rapid fall in
current corresponds to the value of current obtained from equation (3.16) evaluated for the initial
charge.

In linear model it was assumed that the depletion capacitance (Cucj(t)) to be constant throughout
the whole process. But in reality, the depletion capacitance (Cuj(t)) is a function of base

depletion width (W), (t)) as because

Acgg;
Whej (D)

Choej(t)=

The depletion capacitance is inversely proportional to the depletion width. So when the depletion
width increases, capacitance decreases as well as effective base width (W(t)). This was not

included in linear approach which is the main limitation of the model.
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Chapter 4
Transient Analysis through Parabolic Approximation

The main foundation of the Parabolic model by Linear was based on the assumption that
effective base width must be much less than the carrier diffusion length (W << L). But in case of
base width greater than or equal to the diffusion length, the Parabolic models would give much
variation than the experimental result. We have taken this limitation into account and have tried

to propose a model that would give consistent result in all cases (W > L and W < L).

4.1 Approximation of Minority Carrier Concentration

In case of linear approximation, assuming,

W< L
So,
_, %)

pP(x,t)=Po ()

turns to
_ X
pox=Po (1-7)(41)

But when

W> L

is assumed, the two curves show large deviation.

According to parabolic approximation,

o W—xy W—x 1MW -—x\}
smh( I )= + ( )
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For carrier concentration

1.5¢

Minority Carrier Concentration

wW()-x l(w(t)—x)3
p(xt) = Py ——E L
), 1/W(t)
T+g(T)

(4.2)

_ Linear Model

_ Parabolic Model
"
_— Actual
15 2 25 3 35 -
Distance along Base x10°

Figure 8.1: The carrier distribution in the base indicating the change in excess carrier
concentration with distance in base for (W > L) (MATLAB)

which closely corresponds to the sinh curve for all values of W, unlike the linear approximation.
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x 10’

Linear Model

_ Parabolic Model

c
o
s
§
- Actual
52 "
3
%
O
z 15
g
= 1
0.5+ ”
0 : : ‘ ;
0 1.5 2 25 3 35 4 45
Distance along Base x 10°
Figure 4.2: The carrier distribution in the base indicating the change in excess carrier
concentration with distance in base for (W < L) (MATLAB).
W-x 1/W-x\3
()
— L L
P(X) = Py
(1)
6(W—x)L?+(W-2x)3
_P L3
o 6WLZ+W3
L3
-p W-x)[6L%+(W—x)?]
o w(6L2+W2)
_ (1 _ 1) [6L2+(W—x)?]
o w/)  eL2+w?
2
()
=Fo 1(W\2
145(7)
So we have,

14+=(W(t)-x)?
_ 6
p(X!t) _PO [ 1+1(W(t))2

6\ L

(4.3)
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In linear approximation, the charge was found to be

w
Qo = qAR, % (4.4)

and the actual value was

Qo = qAP,Ltanh () (4.5)

( )

So, we take steady state excess base charge as

00 = aAP.L K_l(ﬂﬂ

2L  3\2L
_ wo w3
=qAR,L [Z o 24L3]
_ wo w3
=q4k, [7 - 24L2]
SO, PO = WQO W3
2 2412
Now,
6P0 1ow )
-2 ;3w
2 0t 24L at
- _L[l_ 1 z]a_W
- E_W_3] 2 8L? at
2 2412
Po__ 2412 1 _W2]ow
T ow@zz-w2) 2 812l at
Now if we assume
W<< L
9Py _ _ Po24L%10W
at  w12L22 at
ory _ _ o oW
at  w at (4.8)

This is the deduced expression by Linear.

|

(4.6)

(4.7)
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4.1.1 Ambipolar Diffusion Equations

62p(x,t) _ p(x,t) + lap(x,t)
dx2 L2 D 0t

Integrating once,

—apa(i't) fp(x t)ox + = fap(x D 5x

Again, integrating equation (4.10), we get

p(x; t) = -

L LPow 1

AWL2(6L2+W?2)

(1212 — 3W2)

(4.9)

(4.10)

[12L2 W=

SUSE N AT

T DW ot 2w (612 + W?) (1212 =

1 1

P
D ‘w2(6L? + W?) at

+1_ 2P
D W(6L2+W?2) at

[W(W2

This is the expression for excess carrier concentration which is a function of x and t.

Boundary conditions:
x=0,p=pg (4.12)
x=W,p=0 (4.13)

w?)
[_ (612

x__ 2
- w= -

X X
+W?) —2W —+ —

-I—W— +Cyx + C,

(4.11)
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Now putting the boundary values from equation (4.12) and (4.13) in equation (4.11), we get

P, _ x)
;t = 4L2 W
p(x ) 4WL2(6L2 + WZ) ( l
1 P, oW 1 1212 — 3W2 W — £)5
__29 ( ) 4L2(W—x)3+¥
DW at 4w (6L? + W2) (1212 — W?2) :
1 1 S
7 Fo —(6L% + W? W—+
DO Wz rwo) at ( W =W+
1L 2 2 x_ _ 2 2 %5
D Wiez+w?) ot [W(W —61%) = — 2W?* - 61*) _|_ Wi

1 Pyx W (2012 + W[ (612 - WP | 1 POxW2 oW [W? — 1012
"D 5 ot (6I2+wW?) [(1212—w2)| D (612 + W2)Z ot 10

_ pox , Pox(20L%+W?)w Po(20L2+w2) [w? 10w (12L2-3W?2) W] (4.13)

w 20(6L2+W?2) L_2 0 20(6L2+W?2) | L2 D at (12L2-w?2) *
This is actual the excess carrier concentration p(x, t)for base n-drift region.

Now we know, the excess base charge can be calculated by the following equation

w
Q) =qA [, p(x)dx (4.14)
Integrating the excess carrier concentration, we get

P, 20L2(W — x)4 w - x)
j p(x, t)dx =
20W L2 (612 + W?2) —4
1 Py oW 1 (1212 = 3W?) [20L*(W —x)* (W —x)°®
" D20W2 9t (612 + W2) (1212 — W?2) —4

5 X6

X
(612 + W) — W —+——
l (OL"+ W5 = W35+ 129

1
P,
D W2(6L2 + W?2) ot

+

1__ 2R 2 nX 2z _ a2 X x°
+1 [W(W —6)E - w2 -3 +w ]

D W(6L2+W?2) ot 120
1P, ow (ZOL2 + WZ) (6L2 — Wz)

D5 at (6L%+ W2) (12L2 —w2)| 2

1 PW?2 oW [w? —10L2
D (6% + W?2)2 at
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_ pox* | Po(20L24+W?) W x? Po(20L2+W?2) [w? 10w (12L2-3W?)

w 2 20(6L2+W?2) L2 2 20(6L24+W?2) L 12 D ot (12L2-w?2)

+p0x _ _— —W]x

Now we putting x = W (upper limit) and x = 0 (lower limit) in [ p(x, t)dx and if we assume W

is much much smaller than L (W << L)

fWPd _1PW2ow
o TD 24 ae

1 P,W*ow 1 P,W?2 6W+ 1 P,w* aW+ 1/1/+100w3
D120I2 9ot D 6 Ot D 7212 0Ot 02 " 1212
P,W3  1P,W2OW  P,W3 1 P,W2oW

62 "D 6z 9t 242 D 4
3
[} Pdx =py Y 2 32 py2 27 (4.16)

Now the excess base charge will be

w

Qo) = qu Pdx
0

_ w PowW?3 _ 3PyW?2 ow

= qAP 2 q4 2412 8D at

_ W PW3 3PoW? oW

=q4 [PO 2 24L2] 8D ot

As we know,
L= 1/ DTHL
SO, L2 = DTHL , THL = 5 X 10_7(3TR)1'5
2
So,D = L
THL
3P0W2 ow 3 L2

~ 0

—  —gA——p,.—
8D ot 1“gwz ° g HL

(4.17)
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As,¥<<1

w  pyw3
Q(t) = qA [PO Z- 2°4L2] (4.18)
Assuming — << 1,W—23 ~0
L L
Q(t) = qA220 (4.19)
4.2 Expression for Transient Anode Voltage
According to Allen R.Linear:
1 0w Py [x? W(t)x x3
P =P |1~ - oe 5 e s e e (4.20)
In Parabolic model,
Py W —x)°
t) = AL2(W — %)% + ———
PCe8) = ez sy | W — 07+
1 P, W 1 (1212 — 3W?) MW — - x)
DW ot 4W(6L? + W?2) (1212 — W?)
1 1

—P,
D ‘w2(6L2 + W?2) ot

— (612 2 p—
I (612 + W2) — w6+20

1 2P,
D W(6L2+W2)2 at

1Px W (012 + W[ (612 =W ] 1 PaxW? W W2—10Lzl

Zww? - 61 % — @w? — 61 + wE
12 20

"D 5 at (6L2+wW2) |(1212—W?)| D (612 + W2)2 ot 10
__pox | Pox(20L2+W*)w _ Po(20L24+W?) tTw? 1 0w (12L2-3W?)
w 20(6L2+W2) L2 *Po 20(6L2+w2) L 12 D at (1212-w2) 'W] (4.21)
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I,(W) = Displacement current
It is created from discharge of Reverse Biased Collector Base Depletion Junction

Capacitance C;(t)

In his journal, Linear assumed C,.;(t) to be constant all through time which is not correct.

Cpcj(t) Varies with depletion width W, ;(t), which is a function of time.

d
L,(W) = i (CbchCE)

dCpei dv,
L(W) = VCETCJ + Cpcj d_tE

Now,
AE;
Cbc; — - si
bcj
Here,
€si Vee
Wy.. =
bcj qNB
So,
_ qNp
Cbcj =4 ESi 2€5VcE
As we know
W = Wg qu
aw _ _ 4Chcj (4.22)
dt dt '
where,

Wy =Total Base Width

W = Effective Base Width
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W)= Depletion Region Width

So we get

decj _ 1 qNB 2 Esi dVCE
dt 2.2 €y Ve qNg dt

_ q€siNp 1 dVcg
2Vce qNp dt

_ Cpcj dVcg
gqANpg dt

aw _ _ Lbej Ve (4.23)
dt qANp dt )

dCpej _ 2 d |q € Np

dt dt | 2Veg

1 1 q€siNp 1 dVcg
2 [assiNB 2 Veg? dt
ZVCE

_ 1 A% qegNp 1 dVcg
2Cpej 2 Veg? dt

dt 4Cpcj VcE dt

v dcbcj _ 1 A? qEsiNp dVcE
CE -

So the displacement current is

Lw) 1 A? q €4 NpdVcg + dVcg
T 4Gy Ve dt bel dt
_ dveg| 1 A® q€gNg

= Cpey 2t | -2 +1]
bcj dt 4'Cbcj2 VcEe
— dVce|_ 1 2Vce 4q&siNB ]
B CbC] dt [ 4 q€giNg VcE +1



= CbC] ek [1 — ]

dVCE

= Cpej =28 (4.24)

Now, Displacement Current Equation with Transistor Current & Diffusion Current

op(x, t
Dp(x)

L(W) =
n(W) 0X  [x=w(o)]

Now,

From Our equation of p(x, t),we get

op(x,t) P,

ot  20WI2(6L2 + W2) [20123(W — x)2(=1) + 5(W — x)*(=1)]

1 P, oW 1 (12L%? — 3W?)
D20W2 ot (612 + W?2) (1212 —W?2)

[20L23(W — x)%(—1) + 5(W — x)*(—1)]

N 1 b 1 oW [3x? (6L2 LWy W4x 5x*
D °W2(6L2 + W?2) at 6 20
1 2P,

[W(W2 61%) = % _ (w2 — 3L2)—+W ]

D w(6L2+W?2)2 9t
1 Py oW (2012 + W?) [ (612 — W?)
D5 at (6124 W?2) |(1212 —W?)
1 PW? oW [w?—10L?
D (612 +W?2)2 ot 10
_Po Py(20L2 + WAHW
~ W 20(6L% + W?2) 12

op(x,t) Py
ot 20WL2(6L2 + W?2)

[20L23(W — x)?(—=1) + 5(W — x)*(-1)]

1 P, oW 1 (1212 — 3W?)

~D20W? 9t G T WD) (122 —w2) 2OV =0 (=1) + 5(W — 1)*(=1)]
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N 1 b 1 oW [3x2 (617 + W) W4x3 N 5x*
D °w2(6L2 + W?2) at | 6 6 20

1 2Pg 2 2 _ (w2 _ 272y 5x*
+D wW(6L2+W?2)2 at [W(W — 6L ) (W 3L ) 6 W 20]

1P, 0W (2012 + W2) [ (61?2 — W?)

D5 ot (6L2+W?2) [(1212 — W?2)
1 PW? oW [w?—10L?

D (612 + W2)2 at 10
po  Po(20L2 + WH W

20(6L% + W?2) I2

W4 W4
4

op(x,t) 1 Py
ot ,—w DW?2(6L2+W?2) ot

1 2P,
D W(6L2+W?2)2 9t

2
[— (612 + W) —

5
[W(W2 612) WT — (W% —3[2) 2% n ‘”—]

4
1 Py OW (2012 + W2) [ (612 — W?)
D5 at (612 +W2) |(1212 — W?)

1 PW?2 oW [w? _10Lzl

" D(6L2+W2)2 ot 10

P, P,(20L2 + WO W
W ' 20(6L% + W?) 12

=— 312 + — —
ot ,-w D(6L2+W?2) ot + 2 12

ap(x,t) 1 P, ow w? SWZI

1 Po
+ —_—
D (6L2+W2)2 9t
1Py oW (2012 + W2)[ (612 —W?) ] 1 P, oW [W* — 10L2 W2
D5 at (612 +W2) |(1212 —W?2)| D (612 + W2)2 ot 10

_po PO+ WHW
w " 20(6L% + W?) 12

4
[W4 6L2W2 — —(W2 —3LOW? + WT]

=— 312 +—
ot ,-w D(6L2+W?2) ot + 12

op(x,t) 1 P, ow Wzl

1 Py

P 4 2 2__ 4 22 4+ W2
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1P, W (2012 + W) [ (612 —W?) ] 1 P, oW [W* — 10L2 W2
D5 at (6% +W?2) |(1212 —W?2)| D (6L2 + W2)2 ot 10

po  Po(2012 + W)W
20(6L2 + W?) L2

ap(x,t) 1 Py 6W
ot x=w D(6L2+W2) at

D312 + 2] 42 0

12 D (6L2+W?2)2 ot

[ w4 — ZLZWZ]

|

1Py oW (2012 + W2)[ (612 —W?) ] 1 P, oW [W* — 10L2W2
D5 at (6L2+W2) |(1212 —W?)| D (612 + W2)2 ot 10

P, P,(20L2 + W2) W
w ' 20(6L2 + W2) 2

We know from parabolic approximation, the excess carrier concentration at x = 0 would be

Q
RTIERE
q 2 2412
So,
ap(xt) _ PO 2 w- Po 4 2 2
qAD == ot x=w =q4 (6L2+W?2) ot [ L 12] *q4 (6L2+W?2)2 ot [ we=2l'w ]
_ Aﬁa_w(20L2+W2) (6L2—W2)] Py W4—10L2W2]
925 5 (612+w?2) L(1212-w2) —q4 (612+W2)2 at 10
1 1 w(20L2+w?)
—aADp |~ oo

|

44



2
3249~
12

Ip(x.t) _ Q (_ Cbej dVcg
qAD w_ws gANg dt l(6L2+W2)

ot x=w qA|=———
w4222
6 2L°W
(6L2+W2)2
2 24L2

2 24L2
Q ( Chej dVCE) (20L2+w2) [ (6L2-W?)
w_ w3 gANg dt J (6L2+w?2) (1202-w?2)

2 2412

A Q ( Chcj dVCE) 1 [W4—10L2W2]
q w WS] gANg dt J (6L2+W?2)2 10

+gA
q w_ws gANg dt

Q (_ Cpcj dVcEg

2 24L2

—qAD

W w3
2 24-L

[ 1w (20L2+W?)
] 2012 (6L%2+W?2)

2
gAD 22D Ip(xt) ___Q (_ Chcj dV(;E) I 3L2+Vf—2 _ 1(2022+w?) (612-W?)

ot x=w g_ WL:"Z gANg dt J|(6L2+w?) 5 (6L2+W?2) (12L2-W?2)
24

Cpcj dV 1 w4-10L2w?
— o (- L 2E) [Fw* —2r2w? 2100
[K_W_ gANg dt ) (612+W?2)2 10
2 24L2

Q
D

2 2412

[1 1 W(20L2+W2)]
W 20L% (6L2+W?2)

As we know, the displacement current

_ I pt)
L(W) = 1+%+ qAD =2 [x=w(t)]

1. dVeg _ Ir Q (_ Chcj dVCE)
2 bej g 145 [w_w? qANp dt
b 2 24L2

2 4 2y72
2 W_ l 4_ 5121072 W*—10L“W
I 3L+ l(ZOLZ"'WZ) (6L2-w?) W' -2L'W _ 10

(6L2+W2) 5 (6L2+W2) (12L2—-W?2) = (6L2+W2)2 (6L2+W2)2

Dl

Q [1 1 w (20L2+w?)
___] W 20L2 (6L24+W?2)

2 2412

45



2
2, W 14 _g212
1c aVcg 14 2Q 3%+ 1(20%4W?) (eL2-W?) | gWT-LW
2 “bej gt qang[%- w3 1\ (6124W2) 5 (6L2+W2) (12L2-W2) = (6L2+W2)2
2 24L2
1 2 2
1| (0)—D Q(1+3) [1 1w (20L2+W )]
| T w_w3llw 2012 (6L2+W2)
b 2 2412
I7(b) 2DpQ(t) [1 1 W(20L2+W2)
T w_ w3 [ [W 2002 (6L2+W2)
Wer _ 2 zal? (4.25)
dt 2 .
1c -(1+3) 1 2Q(t) /3L +% 1(20L24W2) (6L2-W2) | —W4 L2w?
2°bcj\*Tp AN \(6L2+W2) 5 (6L2+W?2) (12L2-Ww?2)" (6L2+W?2)?
4Bz 24L2

This is the analytical expression for transient voltage of Non Punch IGBT.

Now if we assume,
W<<L

— <1

Then,
20L% + W? = 20L?
6L% + W? = 612
2

w
312 +E = 312

I (®) 2DpQ(t) [1 1 w(20L2+W?)
T w_ w3 W 2002 (612+W?2)

dVece 2 2412

Now, =
dt

1c .(1+1) 1+ 2Q(t) /3L2+— 1(20L2+W2) (6L2-w2) —W4 L2w?2
2-bcj b qANBVZV 24L2]\(6L2+W2) 5 (6L2+W?2) (12L2-W2) " (612+ W2)

2
I7(0) “’[’;,_Q]“)[JV ;0;‘2((260;))
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_lC '(1+1) 14200 (312_1(2012) (612) ggW-L2W?
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_ In(®)-4Dp| 5|0t

! ] 1 4Q(t) 1
ECbCJ(Hb) 1+qANBW6]

aves _ Im(O-4Dp[——5]o)

= (4.26)
AW S|V

Assuming,

W<< L

1 os 1

w?2 612
So we neglect é terms find out
4DpQ(t)
dvVcE _ IT(t)_ WFEt)Z (4 27)
dt e ,(1+1)[1+ 20(t) .
2°bcj b 3qANgW

This is the expression for the transient voltage derived by Allen R. Linear Jr & David L.
Blackburn (1988) in the journal [2].

4.3 Expression for stored charge decay:

Here, due to the injection into the emitter, stored charge in the base would decay. The total
charge decay rate would be

do(®) Q)
dat 1y

_In(o)

Using the quasi-equilibrium simplification (i,e. the difference between the electron & hole quasi
fermi potentials is the same on the both sides of the junction) and assuming high-level injection

of the holes into the base, the electron current at the emitter-base junction I,,(0) is related to
F.(0) by:

PO(NB+PO)~P_02

~

In(O) — e%(‘ppej_‘pnej) —

Line n? n?
Where,
@nej=Electron quasi fermi potential at E-B junction.

@pej=Hole quasi fermi potential at E-B junction.
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Isn.=Emitter electron saturation current which accounts or the emitter parameters

(Similar to the emitter Gummel Number).

The approximate form follows from the assumption that the basic is in high-level injection.

Now we presume

e
w w ]

PO ==
qA [?_ 2412

POZ
In (0) = ? Isne

2
h(0) = ——
2 2
A [ 24L2]
QO _ _e® _ @ Ine
at THL quz[ﬂ_W_g’zr ng
2 24L
This is the expression for the stored charge decay rate
If
W<<L
Then
W3
242 >0
So,
do(t) _ Q®)  Q(t)? Im
dt THL q AZ W(t)

0B 400 e
TyL qZAZW(t)Z n2

Q

ao(t) Q) 4Q(1)?Isne

N ——_—

2
dt THL  q2A2[Wp—Whyj(t)] n?

(4.28)

(4.29)
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Chapter 5
Results & Discussion

The consequence of our work on NPT IGBT will be shown in this chapter. We have focused on
the change of anode current, anode voltage and power loss due to rise of temparature in IGBT.
These changes has been comapred with linear model. The simulations of these parameters has
been done on MATLAB. Details of our work are given below-

5.1 Changes in Anode Voltage :

We had experimented the changes in anode voltage for different temparatures with respect to
time. Mainly, voltage changes in accordance to carrier lifetime. As rising of temparature also
hampers the carrier lifetime, so it changes the anode voltage. Below, difference between linear
model and parabolic model is shown for different temparatures.

5.1.1 Low Carrier Lifetime : In the state of low carrier lifetime, voltage rises frequently with
respect to time. In this case, the excess minority carrier removes and arrived at supply bus
voltage (Vuous=400V) in a short time. So, voltage rise is faster but it changes with temparature

rise.

At 27° centigrade, we can see from Flgure 5.1.1 that voltage rises very fastly. In comapre with
Hefnar’s model, the rising time is almost same but the time to reach the top isdifferent. Our
parabolic model shows faster rise in output anode current than the linear model.
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Figure-5.1.1:A comparison between parabolic model and linear modelfor the anode voltage for low carrier
lifetime(Initial Carrier Lifetime, THL= 0.5uS) for different temparature, (a)27°C, (b)77°C, (c)127°C
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When temparature rises, voltage rising time also increases. As for rising temparature, carrier
lifetime also increases a bit. As a result, it takes some more time for the charges to reach
collector-base region, so transient anode voltage rising time increases. We can see in Figure
5.1.2, for this temparature, linear model shows a small deviation with parabolic model, that

means parabolic model’s performance for rising temparature is better than linear model.

5.1.2High Carrier Lifetime:When we consider high carrier lifetime, the affective base width

becomes high than the diffusion lenght. As a result, the voltage rising time increases compare to

low carrier lifetime condition. This increament also varies with temparature.

At 27°C, as for the characteristics of anode voltage, it requires less time for voltage to rise for parabolic
model compared to linear model. As we can see from the below figure 5.1.4, for temparature rise, the
anode voltage curve shift to right. In all the situation, linear curves always stays after parabolic one’s.

That means in parabolic model voltage rise time is bit less than linear model for all the temparature,
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Figure 5.1.2: Difference between parabolic model and linear model for transient anode voltage for high carrier
lifetime (Initial Carrier Lifetime, T = 7.1 ps) at 27°C, 77°C and 127°C

From all the above figures and discussions, it is clearly seen that for both low and high carrier
lifetime, parabolic model shows good agreement for device than linear model. So for anode
voltage, our hypothesis supports parabolic model on top of linear model.

5.2. Changes in_Anode Current:Anode current in IGBT is being affected by charge
destribution in n- drift region and carrier lifetime of the charge. Anode current is directly
proportional to carrier lifetime. In high carrier lifetime, anode voltage rise time increases than the
low carrier lifetime, as a result, current decays slowly which indicates high anode current. In this
situation, the anode current characteristics changes for temparature rise which are discussed
below with figures.

5.2.1 Low Carrier Lifetime:When the carrier lifetime is low, it takes little time for the charges to be
extracted. So, the current decay rate is slower than other carrier lifetime. It also changes with
temparature. In 27°C, the current decay rate is very high for both linear and parabolic model.
Here, parabolic model tells very few current is flowing in IGBT in contrast to linear model. As
temparature grows, charge decay rate becomes high, so current decay rate also goes high. In
77°C and 127°C, the minority carrier failed to reach to collector-base junction, so current decay
rate rises and more current passes through the IGBT. But in case of linear model, less current in
contrast to time is flowing through IGBT in parabolic model. In below figure, the changes has
been showed in different temprature for transient anode current in low carrier lifetime.
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Figure-5.2.1:A comparison between parabolic model and linear modelfor the anode current for low carrier
lifetime(Initial Carrier Lifetime, THL= 0.5ps) for different temparature, (a)27°C, (b)77°C, (c)127°C

5.2.2 High Carrier Lifetime:For high carrier lifetime, the removal of minority carrier has increased.
As the time for removal carrier rises, the anode voltage rise time also increases and as a result,
high anode current passes through IGBT. From the below figure 5.2.2, we can see that the
amount of current is became high than the lower carrier lifetime. For this, current decay rate also
rises drastically.

As temparature rises, the amount of current changes as minority carrier concentration changes.
The current increases and current decay rate increases in temparature rising. In 27°C, the
parabolic model shows less decay in contrast to linear model. Same characteristics we can see in
other two temparatures. In 77°C and 127°C, between parabolic and linear model, current decay
rate is faster in linear model.
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Figure-5.2.2:A comparison between parabolic model and linear modelfor the anode current for low carrier
lifetime(Initial Carrier Lifetime, tTHL= 7.1 us) for different temparature, (a)27°C, (b)77°C, (c)127°C

5.3. Changes in Switching Power Loss:Switching power loss in IGBT occurs during switch off
period. This switch off action is controlled by MOSFET gate voltage of IGBT. When the IGBT is
switched off, the gate voltage becomes less than threshold voltage, so electron current on MOSFET will
stop flowing. In this case, the minority carriers which stored in n-drift region needs some time to be
eliminated. During this time, IGBT has both anode current and anode voltage within it which produces
power. This produced power can not be used anywhere rather it’s becoming switching power loss of
IGBT. We can get the swicthing power loss by multiplying anode voltage and anode current. The amount
of power changes with change in minority carrier lifetime and temparature. Below, the changes in
switching power for different carrier lifetime and temparature are showing with figures.

5.3.2 High Carrier Lifetime: In case of high carrier lifetime, the diffusion length, L is greater than the
effective base width, W (W<L). For this, it takes more time for the minority carriers to be removed and
holds greater current and voltage. As for temparature rise, the minority carrier lifetime increases, so the
time to remove the charges also increases. As a result, power loss will high if the temparature is high.
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Here, both linear and parabolic model showed much consistancy. The more carrier lifetime will increase,
the ambipolar diffusion length will grow larger than the base width and parabolic model will be very
much closer to linear model.

From the below figure 5.3.1, we can see that for 27°C, the power is high than the other temparatures and
parabolic curve is very close to linear curve. When temparature rises to 77°C, the diffusion length
becomes more large and parabolic model gradually forces the excess carrier concentration to the linear
model and there is slight deviation between the two models. At 127°C, the larger diffusion length,L
makes the parabolic model to be mostly matches to linear model.
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Figure 5.3.1 : A comparison between parabolic model and linear model
for the switching power loss for high carrier lifetime(Initial Carrier Lifetime, THL= 7.1 ps) for different temparature,
(2)27°C, (b)77°C, (c)127°C
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5.3.2 Low Carrier Lifetime:When we consider low carrier lifetime, the effective base width, W is

greater than ambipolar diffusion length, L (W>L). In this case, the current in parabolic model
falls but the current decay rate is drastically down. For this, the deviation between parabolic

model and li8near model is clearly seen.

From the below figure, we can see for 27°C, the power is very high in contrast to high carrier
lifetime. When the temparature rises, power for low carrier lifetime falls down. Here, parabolic

model shows much consistancy than linear model and deviation between them is very high.
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Figure 5.3.2 : A comparison between parabolic model and linear model
for the switching power loss for low carrier lifetime(Initial Carrier Lifetime, THL= 0.5us) for different temparature,
(2)27°C, (b)77°C, (c)127°C
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Data Table:

For 0.5 us —

Temperature | Time(10”- | Current Current | Voltage Voltage | Power (W) | Power

(Degree) ! W W V) V) (Parabolic) W)
(sec) (Parabolic) | (Linear) | (Parabolic) | (Linear) (Linear)

127 0 6.495 10 0 0 0 0
1.436 4.273 6.857 176.55 160.7 754.4 1102
2.872 2.614 4.248 479.34 390.1 1253 1657
4,923 .813 1.272 678.062 628.5 551.4 799.7
6 0 0 766.9 696.5 0 0

77 0 6.02 10 0 0 0 0
1.436 4.004 6.682 190.2 184.6 761.6 1234
2.872 2.429 4.04 517.4 442.6 1257 1788
4.923 747 1.171 787.3 693.4 588.3 812.1
6 0 0 831.4 759.2 0 0

27 0 5.447 10 0 0 0 0
1.436 3.501 6.428 222.4 218.5 778.8 1404
2.872 2.041 3.747 641.4 524 1309 1964
4.923 .5642 1.036 921 809.4 519.7 838.4
6 0 0 980 890 0 0
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For 7.1 us —

Temperature | Time(10”- | Current Current | Voltage (V) | Voltage(V) | Power (W) | Power

(Degree) ) " " (Parabolic) | (Linear) (Parabolic) W)
(sec) (Parabolic) | (Linear) (Linear)

127 0 9.638 10 0 0 0 0
1.436 7.283 7.557 52.17 46.54 380 351.7
2.872 4.959 5.145 145.7 133.2 722.7 685.5
4.923 1.791 1.755 271.8 255.5 459.7 448.3
6 0 0 320 304 0 0

77 0 9.561 10 0 0 0 0
1.436 7.214 7.545 55.27 48.26 398.7 367.2
2.872 4.905 5.13 152.7 138.1 749.1 708.6
4.923 1.669 1.749 282.2 263.3 471.1 459.6
6 0 0 331 313 0 0

27 0 9.453 10 0 0 0 0
1.436 7.117 7.529 61.74 53.63 439.4 403.8
2.872 4.829 5.108 172.7 154.3 833.9 788.4
4.923 1.638 1.733 328.3 303.4 537.9 525.9
6 0 0 400 375 0 0
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Chapter 6
Future opportunities

In our research paper, we have investigated the characteristics of NTP IGBT with temperature
variance and deducted anode voltage, anode current and switching power in different carrier
lifetime. We compared the extended parabolic model and linear model and analyzed the
attributes with changing temperature. Although due to unavailability of practical data, we
couldn’t establish any preference of the compared models, we intend to research further on this

area.

However, for a further approach, we can develop a PSPICE IGBT sub circuit for the parabolic

model and examine I-V characteristics and study its switching features.

Moreover, as IGBT is a semiconductor device with integrated characteristics of power MOSFET
and Bipolar junction transistor (BJT), it faces a notable power loss while switching which often
results into hardware damage. To prevent the loss while turn-off and increase the efficiency of
the device, we can determine the power loss approximately and develop the device to tolerate the

circumstances.
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Appendix A

Steady state charge control

Ambipolar Diffusion equation in Base

2%p() _ p) _

dx2 L2
Boundary conditions:
p(x =0) =Py
px=W)=0

Minority carrier concentration in n base region on IGBT is

p(x) = Aetl + Be™

Now at, x = 0
p(0)=A+B
Pp=A+B
Now at, x = w

w _
0=p(x) = Aetl + Be

w
Now multiplying e = to the equation (A.3), we get

_w _w w
Ae L +Be L =Pye L

Subtracting (A.5) from (A.4), we get A

X
L

w
L

w w w

A (eT + e_T) = —Pye L

(A1)

(A2)

(A.3)

(A4)

(A5)

(A.6)
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w
Again we multiply equation (A.3) with e

w w w
Ael + BelL = PyelL
Subtracting (A.7) from (A.4), we find out B
w w w
B (eT_e_T) = PyeL
w
_ Poe L
N 2j sinh(%)
So, the total solution would be
P ‘¥ X P % X
_  —rpe - 0€ -
p(x) - 2j sinh(%) - 2j sinh(%)

WL—x_ _(WL—x)

_ e e

B PO 2j sinh(%)
sinh(?)

p(x) = P, (D)

Now, integrating p(x), we get the total steady state excess base charge

Qo =qA [ p(x)dx

P w . W-x
QO = qA sinho(¥) fO sinh (T) dx

Let,
W—x
=z
L
Differentiating
dx = dz
L
dx = —Ldz

(A7)

(A.8)

(A.9)

(A.10)
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Boundary Limits:
x=0 zZ=
X= z=0
so,we get
_ Py 0 . 0 N
Qo =qA —Sinh(% f¥ sinh(—L) sinh zdz

w

= 24P L [coshz];

sinh(

ZS?:h—OL[cosh( )—1]

=[3)%
N

/\

We know,
cosh(2x) = 1 + 2sinh? (x) (A.11)
sinh(2x) = 2 sinh(x) cosh(x) (A.12)

The total excess base charge

Qo = qAPoL Smhz(zvi)

2 smh(ﬂ) cosh(zL)

Qo = qAP,L tanh (Z—Vi) (A.13)
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Appendix B

Linear Charge Control

From the steady state analysis, we have

sinh(?)
sinh(%)

p(x) = Py (B.1)

Since the diffusion length (L) is larger than the drift layer thickness (Wg) because of the high

lifetime of the carriers, one can approximate the carrier profile for the holes p(x) in the drift layer

by a linear expression as shown previously

p(x,t) = Py 1 - o (B.2)

With the aid of the general ambipolar transport hole current expression

1 d
I, = —Ip(t) — qAD 22 (B.3)

We can find an expression for P, from equations (B.2) & (B.3) as

e o (B.4)
As
1,(0) =0
So
I,(0) = Ir(¢)
And

IT(t) 2qADp Py

1,(0) = Ir(t) =

1+b 142 W(D)
_ 1] _ 2q4Dp Py
Ir () [1 1+b] - 142 W()

Ir(®)=1Ir(t =0) = Iy(07)
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_ w®Ir(©)
Po = = b, (B.5)

Since total anode current is constant/(t) = I(07), from the above equation we can find % as

P, _ W(®)Ir(07) d
at  2qADp dt

W(t)

Substituting for I(0~) from equation (B.5), the above equation becomes

aPy
ot W(t) dt W) (B.6)

From Figure (3.3) the slope is negative since the behaviour of W (t) tends towards the minus x
direction as the device voltage V.5 (t) varies with time (moving boundary). The total excess

charge in the base of the IGBT is

Q) = qAPy [ |1~ s da

w(o)

—_ xz w
=qAP, [x N 2W(t)]

w(t)?*
= qAP, [W(t) e

w(t
= qAPy [W(t) - 22

W(t)

= qAPy— (B.7)

W) W(D)Ir(t)
2 2qADp

Q) =

4Dp

() = 22 (1) (B9)

Equation (B.8) is the linear charge control current and Wis a constant in this case since % =0
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Appendix C

Effective Depletion width from Poisson's Equation

[27] An electric field is created in the depletion region by the separation of positive and negative
space charge densities. Fig. C.1 shows the volume charge density distribution in the pn junction
assuming uniform doping and assuming an abrupt junction approximation. We will assume that
the space charge region abruptly ends in the n region at x = +x,,,and abruptly ends in the p
region atx = —x,, (x, is a positive quantity).

The electric field is determined from Poisson's equation which, for a one-dimensional analysis, is

2 —
a“ox) _ —p _ _dE(x) (C.l)

dx? e dx

Where @(x) is the electric potential, E (x)is the electric field, p(x)is the volume charge density

and €, is the permittivity of the semiconductor. From Fig. D.1, the charge densities are

p(x) = —eN, —xp, <x<0 (C.2)
p (Clem?®) 4
p n
+(’1\"d
+
~x,
+x,
y —eN,

Figure C.1: The space charge density in a uniformly doped pn junction

assuming the abrupt junction approximation
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and,
p(x) = —eNy 0<x<ux, (C.3)

The electric field in the p region is found by integrating Equation (C.1), We have that

E=[=—[Zeqy=-Z0y 40, (C.4)

€s €

Where C; is a constant of integration. The electric field is assumed to be zero in the neutral p
region for x < x,,, since the currents are zero in thermal equilibrium. As there are no surface
charge densities within the pn junction structure, the electric field is a continuous function. The
constant of integration is determined by setting

E = 0atx = x,,. The electric field in the p region is then given by

E=-L2(x +x,) —x, <x<0 (C.5)

€s

Figure C.2: Electric field in the space charge region of a uniformly doped

pn junction

Then the n region, the electric field is determined from

E={ ezd dx =Ly 4 C, (C.6)

€s
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Where C, is again a constant of integration. The constant C,is determined by setting E = 0 at
X = x,, since the Electric field is assumed to be zero in the n region and is a continuous

function. Then

E=-Lax, —x) 0<x<x, (C.7)

€s

The electric field is also continuous at the metallurgical junction, or at x = 0.Setting
Equations (C.5) and (C.7) equal to each other at x = 0 gives

Ngxp = Ngxp (C.8)
Equation (C.8) states that the number of negative charges per unit area in the p region is equal to
the number of positive charges per unit area in the n region.
Fig. C.2 is a plot of the electric field in the depletion region. The electric field direction is from
the n to the p region, or in the negative x direction for this geometry. For the uniformly doped pn
junction, the Electric field is a linear function of distance through the junction, and the maximum
(magnitude) electric field occurs at the metallurgical junction. An electric field exists in the
depletion region even when no voltage is applied between the p and n regions.
The potential in the junction is found by integrating the electric field. In the p region then, we

have

e

B(x) = — [ Edx = [ %2 (x + x,)dx (C.9)

€

B(x) ==

Ng
€s

(Z+x,)+0 (C.10)

where CJ is again a constant of integration. The potential difference through the pn junction is the
important parameter, rather than the absolute potential, so we may arbitrarily set the potential

equal to zero at x = —x,,. The constant of integration is then found as

) =Lay 2 (C.11)

2¢5 P

so that the potential in the p region can now be written as

() =2 (x +x,)° —x, <x <0 (C.12)

The potential in the region is determined by integrating the electric field in the n region, or

d(x) = — [ Edx =feeﬂ(xn —x)dx (C.13)
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Then

D(x) = % (xnx — x?) + Cy (C.14)
@4
P n
Vhi
—Xp x=10 T

Figure C.3: Electric Potential through the space charge region of a
uniformly doped pn junction

where C} is another constant of integration. The potential is a continuous function, so setting

Equation (7.21) equal to Equation (C.14) at the metallurgical junction, or at x = 0, gives

Cp=Day2 (C.15)

2€;

The potential in then region can thus be written as

2
B(x) = egﬂ(xnx —"7) + ‘;Izaxg 0<x<x, (C.16)

Fig. C.3is a plot of the potential through the junction and shows the quadratic dependence on
distance. The magnitude of the potential at x = x,, is equal to the built-in potential barrier. Then

from Equation (C.16), we have

Vi = [B(x = x)] = 5= (Nox? + Ndxi) (C.17)
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We can determine the distance that the space charge region extends into the p and n regions from
the metallurgical junction. This distance is known as the space charge width or Depletion Width.

From Equation (C.8), we may write;

For example

(C.18)

Then, substituting Equation (C.18) into Equation (C.17) and solving for x, we obtain

1

= (20020 () 1

Equation (C.19) gives the space charge width or the width of the depletion region, x,, ,extending
into the n-type region for the case of zero applied voltage.

Similarly, if we solve for x,, from Equation (C.8) and substitute into Equation (C.17), we find

= {2 (29) (2 (€20

Where x,, is the width of the depletion region extending into the p region for the case of zero

applied voltage.

The total depletion or space charge width W is the sum of the two components, or
Waepietion = Xn + Xp (C.21)

Using Equations (C.19) and (C.20), we obtain

1

Wdepletion = {% (M)}E (C.22)

e NgNg
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In case of collector-base region of the IGBT, the collector is highly doped p* region, whether the
base is lightly doped n~. So we can say N; << N, . From equation (C.8) we see
Xp >> Xp (C.23)

and
Xp & Wy (C.24)

where Wy,.; = Waepietion- Here V,;=Vcg (collector-emitter voltage), g=e (electron charge) and

N4=N, (base impurity concentration). So the base-collector depletion width reduces to

1

265V 2
Whej = {—E CE(t)}z (C.25)

qNp

If the metallurgical base width is Wy, then the effective depletion width can be written as

W(t) = Wp = Wp; (1)

w(e) =w, - |{Fred] (C.26)

qNp
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Appendix D

Ambipolar Diffusion Coefficient

At high injection levels, electrons and holes transport cannot be treated separately because the
electrons move in a cloud of holes and conversely. A convenient approach to handle this
situation involves combination of continuity equation for electrons with that for holes, and
introduction of a new parameter, namely, Ambipolar Diffusion Coefficient, which is an algebraic
function of electron and hole diffusivities and concentrations. The defining equation for the

ambipolar diffusion coefficient is

__ nqunDp+pqipDy
nqun+tpqip

Where,

D,, =Electron Diffusion Coefficient
D,, = Hole Diffusion Coefficient
U, = Electron mobility

1y = Hole mobility

n = electron concentration

p = hole concentration

q = charge

The advantage gained from this approach is that the resulting single equation allows focusing our
attention on the minority carrier concentration, while the presence of majority carrier
concentration is automatically accounted for by the ambipolar diffusion coefficient.

Now, we know from Eienstein's Equation

D, _ kT
Un q
Dp _ kT
Up q
Dn _ B _
Dp  wup
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Assumingn = p
_ nQ(HnDp+ﬂpDn)
nq(pn+up)
- (#nDp+pDn)
(Hn+up)
Un
_(#pp,,wn)

(z+1)

Hp

_ bDy+Dn

T b+l

_ Dp+oE
143

Dp+DnZ—Z

143
20,
143

(D.1)
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Appendix E

Fourth order RUNGE-KUTTA
(RK4) method

Fourth order Runge-Kutta (RK4) method is a numerical technique used to solve ordinary
differential equation of the form:
ay _ —
E - f(X,y), y(O) =Yo
So only first order ordinary differential equations can be solved by using the Runge
- Kutta 4th order method.
The most commonly used set of values leads to the procedure:
Yn+1 = Yn +%(k1 + 2k; + 2k5 + ky)
kl = hf(xn' yn)
1 1
ko = hf (n +3h 3 +5k1)

ks = hf (X + 303 + k)
k4_ = hf(xn + h,yn + k3)

The local error term for the fourth-order Runge-Kutta method is
(oh*)
The global error would be
(oh*)

It is computationally more efficient than the modified Euler method because, although four
evaluations of the function are required per step rather than two, the steps can be many-fold
larger for the same accuracy. The Runge-Kutta techniques have been very popular, especially the
forth order method just presented. Because going from two to fourth order was so beneficial, we

may wonder whether we should use a still higher order formula. Higher order (fifth, sixth and so

74



on) Runge-Kutta formulas have been developed and can be used to advantage in determining a
suitable size for h. Still, Runge-Kutta methods of order greater than four have the disadvantage
that the number of function evaluations that are required is greater than the order than the
method, while Runge-Kutta method of order 4 require the same number of evaluations as the
order.

It is important to keep in mind that there are three possible sources of error in numerical
calculations, such as solutions to ordinary differential equations. The one we have discussed the
most is truncation error, the error associated with the number of terms in a series, e.g. Taylor
series. Other sources of error are round-off errors, which will always be present even if our
method is exact, and original data errors, associated with not knowing the initial conditions or
boundary conditions exactly [see Box 3.1]. Errors at each step propagate through the solution, so
the global error is generally about an order larger than the local error. A method is convergent if
the approximate solution tends toward the true solution as

Ax — 0

All of the widely used methods for solving ordinary differential equations (in particular the ones
we have discussed) are convergent. Stability refers to the growth of errors as the solution
proceeds. A stable method is one in which the global error does not grow in an unbounded
manner. For many ODE's, the step size required to obtain an accurate solution is much smaller
than the step size required for stability. As a result, stability is often not a major concern. When a
solution is unstable, it is usually obvious. A smaller step size will generally rectify the problem,
although there are cases that are unconditionally unstable for some methods. Changing methods

is the best approach in such cases.
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