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Preface

Since the first Application Manual for IGBT and MOSFET power modules was published, these
components have found their way into a whole host of new applications, mainly driven by the
growing need for the efficient use of fossil fuels, the reduction of environmental impact and the
resultant increased use of regenerative sources of energy. General development trends (space
requirements, costs, and energy efficiency) and the advancement into new fields of application
(e.g. decentralised applications under harsh conditions) bring about new, stricter requirements
which devices featuring state-of-the-art power semiconductors have to live up to. For this reason,
this manual looks more closely than its predecessor at aspects pertaining to power semiconductor
application and also deals with rectifier diodes and thyristors, which were last detailed in a SEMI-
KRON manual over 30 years ago.

This manual is aimed primarily at users and is intended to consolidate experience which up till
now has been contained in numerous separate articles and papers. For reasons of clarity and
where deemed necessary, theoretical background is gone into briefly in order to provide a better
understanding of the subject matter. A deeper theoretical insight is provided in various highly-
recommendable textbooks, some of which have been cited in the bibliography to this manual.

SEMIKRON's wealth of experience and expertise has gone into this advanced application manual
which deals with power modules based on IGBT, MOSFET and adapted diodes, as well as recti-
fier diodes and thyristors in module or discrete component form from the point of view of the user.
Taking the properties of these components as a basis, the manual provides tips on how to use and
interpret data sheets, as well as application notes on areas such as cooling, power layout, driver
technology, protection, parallel and series connection, and the use of transistor modules in soft
switching applications.

This manual includes contributions from the 1998 "Application Manual for IGBT and MOSFET
Power Modules" written by Prof. Dr.-Ing. Josef Lutz and Prof. Dr.-Ing. habil. Jirgen Petzoldt,
whose authorship is not specifically cited in the text here. The same applies to excerpts taken from
the SEMIKRON Power Semiconductor Manual by Dr.-Ing. Hans-Peter Hempel. We would like to
thank everyone for granting their consent to use the relevant excerpts.

We would also like to take this opportunity to express our gratitude to Rainer Weif3 and Dr. Uwe
Scheuermann for their expertise and selfless help and support. Thanks also go to Dr.-Ing. Thomas
Stockmeier, Peter Beckedahl and Thomas Grasshoff for proofing and editing the texts, and Elke
Schone and Gerlinde Stark for their editorial assistance.

We very much hope that the readers of this manual find it useful and informative. Your feedback
and criticism is always welcome. If this manual facilitates component selection and design-in tasks
on your part, our expectations will have been met.

Nuremberg, Dresden, limenau; November 2010

Arendt Wintrich
Ulrich Nicolai
Tobias Reimann
Werner Tursky
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1 Power Semiconductors: Basic Operating Principles

1.1 Basics for the operation of power semiconductors

With the exception of a few special applications, power semiconductors are used predominantly in
switching applications. This results in a number of basic principles and operating modes that apply
to all power electronics circuitries. In the development and use of power semiconductors the most
important goal is to achieve minimum power losses.

A switch used in an inductive circuit can turn on actively, i.e. at any given time. For an infinitely
short switching time no power losses occur, since the bias voltage may drop directly over the line
inductance. If the circuit is live, turn-off is not possible without conversion of energy, since the en-
ergy stored in L has to be converted. For this reason, switch turn-off without any energy conversion
is only possible if ig = 0. This is also called passive turn-off, since the switching moment is depend-
ent on the current flow in the circuit. A switch that is running under these switching conditions is
called a ZCS (Zero Current Switch).

Only for vg = 0 can turn-on of a switch under an impressed voltage applied directly at the switch
terminals be ideal, i.e. non-dissipative. This is called passive turn-on, since the voltage waveform
at the switch and, thus, the zero crossing of the switch voltage is determined by the outer circuit.
Active turn-off, in contrast, is possible at any time. Switches that operate under these switching
conditions are called ZVS (Zero Voltage Switches).

Figure 1.1.1 shows current and voltage waveforms at the switches during the basic switching proc-
esses described above. The use of real power semiconductors as switches will result in the fol-
lowing conditions. Before active turn-on, the current-transferring semiconductor is under positive
voltage. To enable the voltage to drop, the current - triggered by the controller - has to increase
by a certain rate determined by the turn-on characteristics of the power semiconductor. Both the
turn-on characteristic and the effective series inductance limit the current rise and voltage distribu-
tion within the circuit between power semiconductor and inductor. As the inductance increases, the
turn-on power losses of the given power semiconductor are diminished to a minimum threshold
value.

During passive turn-off of a live power semiconductor carrying current in positive direction, current
drops to zero due to the voltage polarity of the outer circuit. Current is conducted back as reverse
current by the charge carriers still stored in the semiconductor; this happens until the semiconduc-
tor has recovered its blocking capability to take up the negative circuit voltage (reverse recovery).

Active turn-off of a live power semiconductor will initially produce a voltage rise in positive direc-
tion triggered by the controller (turn-off characteristic). Then, an effective parallel capacitance at
the switch terminals can take over the current flow given by the turn-off characteristic of the power
semiconductor. For the given power semiconductor, the energy loss caused by the turn-off proce-
dure drops as the capacitance increases (turn-off load reduction).

A passively switched power semiconductor is under negative voltage before turn-on. If this voltage
changes polarity due to processes in the outer circuit, the power semiconductor will take up cur-
rent in positive direction, which, in the case of a substantial increase in current, will lead to turn-on
overvoltage (forward recovery).
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Figure 1.1.1 Basic switching processes

The basic operating principle behind power semiconductors is clearly defined in the aforemen-
tioned active and passive switching processes during cyclic switching of individual switches (turn-
on and turn-off of connecting lines between energy-transfer circuits) and inductive or capacitive
commutation (alternating switching of two switches each, alternating current-carrying and voltage-
carrying). Figure 1.1.2 shows a summary of the relationships between current and voltage during
the different possible switching procedures.
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Hard switching (HS, Figure 1.1.2 and Figure 1.2.3)

Hard turn-on is characterized by an almost total v, commutation voltage drop across the current-
carrying switch S, for the entire current commutation time, causing considerable power loss peaks
within the power semiconductor. At this point, inductance L, in the commutation circuit is at its
minimum value, i.e. the semiconductor that is turned on determines the current increase. Current
commutation is ended by passive turn-off of switch S,. Commutation and total switching time are
almost identical.

In case of hard turn-off, the voltage across S, increases up to a value exceeding commutation
voltage v, while current i;, continues to flow. Only then does current commutation begin as a result
of passive turn-on of S,. The capacitance C, in the commutation circuit is very low, meaning that
the voltage increase is determined mainly by the properties of the power semiconductor. The total
switching and commutation time are therefore virtually identical, and very high power loss peaks
occur in the switch.

Soft switching (ZCS, ZVS, Figure 1.1.2, Figure 1.2.4 and Figure 1.2.5)

In the case of soft turn-on of a zero-current switch (ZCS; S, actively on), the switch voltage will
drop to the forward voltage drop value relatively quickly, provided L, has been dimensioned suf-
ficiently, meaning that there are no or only very low dynamic power losses in the switches during
current commutation. Current increase is determined by the commutation inductance L,. Current
commutation ends when switch S, is passively turned off. This means that the commutation time
t. is higher than the switching times of the individual switches.

Active turn-off of S, will initialize soft turn-off of a zero-voltage switch. The decreasing switch cur-
rent commutates to the capacitors C,, which are positioned parallel to the switch, and initialises
the voltage commutation process. The size of C, determines the voltage increase in conjunction
with the commutation current. Dynamic power losses are reduced by the delayed voltage increase
at the switch.

Resonant switching (ZCRS, ZVRS, Figure 1.1.2, Figure 1.2.6 and Figure 1.2.7)

Resonant switching refers to the situation where a zero-current switch is turned on at the moment
when current i, drops virtually to zero. The switching losses are thus even lower than in the case
of soft switching of a zero-current switch. Since the switch cannot actively determine the time of
zero-current crossing, overall system controllability is somewhat restricted.

Resonant turn-off of a zero-voltage switch, in contrast, occurs when the commutation voltage
drops virtually to zero during the turn-off process. Once again, switching losses are lower than for
soft turn-off of the zero-voltage switch; here, too, there is less controllability.

Neutral switching (NS, Figure 1.1.2 and Figure 1.2.8)

Neutral switching refers to the situation where both switch voltage and switch current are zero at
the moment of switching. This is commonly the case when diodes are used.
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Figure 1.1.2 Types of switching processes (v, = driving commutation voltage, i = load current to be com-
mutated)
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1.2 Power electronic switches

A power electronic switch integrates a combination of power electronic components and a driver
circuit for the actively switchable power semiconductors. The internal functional correlations and
interactions within this integrated system determine several characteristics of the switch.

Figure 1.2.1 shows a power electronic switch system including interfaces to external electric cir-
cuitry (normally high voltage) and the control unit (information processing, auxiliary power supply).
Optical or inductive transmitters are normally used to ensure the necessary potential separation.
The combination possibilities for power semiconductors with different switch current direction and
voltage direction are shown in Figure 1.2.2.
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Isolation Driver (e.g. MOSFETSs; IGBTs; Diodes)

_______________ . External
| . Snubbers
Control Lwr 'A = or .
Unit NN o Parasitics
; = 1 :
: D ‘| N | = Cir : = Cexr
G|.2 = |
Power !
Supply . T 0B °
: : ; Lexr
o L
Internal

Parasitics

Figure 1.2.1 Power electronic switch system
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Figure 1.2.2 Possible combinations of power semiconductors in power electronic switches
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On the one hand, the parameters of a complete switch result from the semiconductor switching be-
haviour, which has to be adapted to the operating mode of the entire switch by way of semiconduc-
tor chip design. On the other hand, the driver circuit is responsible for the main switch parameters
and performs the key protection and diagnosis functions.

Basic types of power electronic switches

Owing to the operational principles of power semiconductors, which are clearly responsible for the
dominant characteristics of the circuits in which they operate, power electronic switches may be
split up into the following basic types. The main voltage and current directions clearly result from
the requirements in the actual circuit, in particular from the injected currents and voltages in the
commutation circuits.

Hard switch (HS)

Except for the theoretical case of pure ohmic load, a single switch with hard turn-on and turn-off
switching behaviour can be used solely in a commutation circuit with minimum passive energy
storage components (C , .:L, ) in combination with a neutral-switching power semiconductor.
Compared to the neutral switch which has no control possibility, a hard switch may be equipped
with two control possibilities, namely individually adjustable turn-on and turn-off points. This re-
sults in the possibility of operating the entire circuit using pulse width modulation (PWM). These
topologies dominate in power converter circuits in industrial applications.

Figure 1.2.3 shows the possible circuit configurations (in IGBT technology) and commutation cir-
cuits. Examples of typical circuits are the three-phase voltage source inverter (VSI) or the current
source inverter (CSl). In symmetrical switch arrangements, only one alternating current-carrying
switch will operate actively with two control possibilities, while the other one switches neutrally.
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Figure 1.2.3 HS commutation circuits and examples of typical circuits




1 Power Semiconductors: Basic Operating Principles

Zero current switch (ZCS)

In zero-current switches, the power semiconductors are always turned on actively and turned off
passively (for i;=0). Accepting the loss of one control possibility compared to a HS, active switch-
ing may be performed with far lower power losses thanks to sufficient series inductance L. This
makes it possible to achieve higher switching frequencies than for hard switching.

The single remaining switch control possibility calls for the use of the control process "pulse shift
modulation" (PSM). In concrete circuits applications with zero-current switches, this control proc-
ess is also known as "phase-angle control". Figure 1.2.4 shows the possible switch configurations
of a ZCS in IGBT technology operating in an equivalent commutation circuit; these switch con-
figurations can also be used in circuits with cyclic switching and no commutation. An example of a
typical circuit is a impressed-current parallel resonant converter. The resistance R _, symbolises
load connection in series with the resonant circuit. A further group of circuit topologies that work
exclusively on the basis of zero-current switches are line-commutated thyristor rectifier circuits.
LK LK
2

Parallel Resonant Converter

Figure 1.2.4 ZCS commutation circuits and example of a typical circuit




1 Power Semiconductors: Basic Operating Principles

Zero Voltage Switch (ZVS)
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Figure 1.2.5 ZVS commutation circuits and example of a typical circuit

Zero-voltage switches are designed such that they may be turned off actively and turned on pas-
sively when the switch voltage drops to zero (v =0). Active turn-off will produce very low losses if a
sufficiently high parallel capacitance is selected. Compared to hard switching, a decrease in power
losses is obtained by dispensing with one control possibility. The lower switching losses, however,
allow for higher switching frequencies than is the case in hard switching.

The single remaining switch control possibility calls for the use of the control process "pulse shift
modulation" (PSM). In concrete circuits applications with zero-voltage switches, this control proc-
ess is also known as "phase-angle control". Figure 1.2.5 shows the possible switch configurations
of a ZVS in IGBT technology operating in an equivalent commutation circuit; these switch con-
figurations can also be used in circuits with cyclic switching and no commutation. An example of a
typical circuit is a voltage-impressed parallel resonant converter. The resistance R __, symbolises
load connection in series with the resonant circuit.

Zero Current Resonant Switch (ZCRS)
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Figure 1.2.6 ZCRS commutation circuit and example of a typical circuit
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A zero-current resonant switch is controlled such that active turn-on begins at the very moment at
which the current i displays zero crossing. Thus, actual current commutation does not take place.
Consequently, even if there is a minimum commutation inductance L. the turn-on losses are lower
than in zero-current switches and are caused by the necessary change in charge of the junction
capacitances of the given power semiconductors. At the same time, the further power loss reduc-
tion compared to ZCS means another loss of controllability, since the turn-on moment is not con-
trollable, but is triggered by the zero-current crossing given by the outer circuitry. In circuits with
ZCRS, only indirect control of the energy flow is possible and is done by conducting and blocking
the switches across several periods of alternating current. This is referred to as pulse density
modulation (PDM) or even pulse group modulation.

Figure 1.2.6 shows a commutation circuit with ZCRS, as well as a sample circuit in IGBT tech-
nology. For ideal switching at zero crossing of alternating current, the switches would not need
antiparallel switch diodes for the second current direction. In practice, however, these are included
owing to non-ideal behaviour. The resistance R, symbolises load connection in series with the
resonant circuit.

Zero Voltage Resonant Switch (ZVRS)

This basic type of switch is to be considered a borderline case of the ZVS. If a ZVS actively turns
off exactly at the point of zero-crossing of the applied alternating commutation voltage V,, the in-
creasing switch voltage will trigger the current commutation process (between the switches). Even
for a very low capacitance C, in the commutation circuit, the switching losses are lower than for
the ZVS, in combination with the loss of a further control possibility, because the turn-off moments
are no longer independently adjustable but are triggered by the zero voltage crossing given by the
outer circuitry. Similar to the case for ZCRS, in circuits with ZVRS, only indirect control of the en-
ergy flow is possible and is done by conducting and blocking the switches across several periods
of alternating current. This is referred to as pulse density modulation (PDM) or even pulse group
modulation.

Figure 1.2.7 shows a commutation circuit with ZVRS, as well as a sample circuit in IGBT technol-
ogy. For ideal switching at zero crossing of the alternating voltage, the switches would not need
antiparallel switch diodes for the second current direction. In practice, however, these are included
owing to non-ideal behaviour. The resistance R __, symbolises load connection parallel to the reso-
nant circuit.
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Figure 1.2.7 ZVRS commutation circuit and example of a typical circuit
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Neutral Switch (NS)

A commutation process is started or ended by neutral turn-on or turn-off of a neutral switch. Here,
both voltage and current across the switch are zero at the moment of switching. Owing to its natu-
ral switching behaviour, a diode displays these properties. Neutral switches can also be imple-
mented by integrating actively switching power semiconductors (e.g. IGBT) provided this is given
"diode properties" by way of suitable intelligent control.
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Figure 1.2.8 NS commutation circuits and example of a typical circuit

Figure 1.2.8 shows commutation circuits with neutral switches, as well as a diode rectifier topology
as an example of a typical circuit for neutral switches. Table 1.2.1 shows a summary of all basic
types of power electronic switches incl. the aforementioned turn-on and turn-off processes. The
blank fields are modifications of the basic types which are required in almost all applications. If
the resonant conditions in a circuit working with soft or resonant switches are not met at certain
operating points, the switches have to be able to cope with hard switching - something that is not
normally within their original features (modified ZVS = MZVS; modified ZCS = MZCS) - in order to
ensure that the entire system continues to work. Normally, the switches are operated in this de-
viating mode for a very short time only. In the case of hard active turn-off of a ZVS or hard active
turn-on of a ZCS, the switches are operated as ZVHS or ZCHS, respectively.

10
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ON hard soft resonant neutral
OFF L, in series ii=0 V=0
hard HS MZCS ZVHS
 soft MZVS ZVS
C, in parallel
r(i/sozaont ZVRS
K
”ie“:trg' ZCHs zCs ZCRS NS
S

Table 1.2.1 Basic types of power electronic switches

11



1 Power Semiconductors: Basic Operating Principles

12



2 Basics

2 Basics
21 Application fields and current performance limits for power
semiconductors

The development of power semiconductors saw the onset of lasting success for power electronics
across all fields of electrical engineering. Given the ever increasing call for resource conservation
(e.g. energy saving agenda), the use of renewable energies (e.g.wind power and photovoltaics)
and the need for alternatives to fossil fuels (e.g. electric and hybrid drives for vehicles), this suc-
cess is gaining more and more momentum today.

This development is also largely driven by the interactions between system costs and market pen-
etration, as well as the energy consumption required for production and the energy saving poten-
tial of products in operation. In addition to the general aim to expand the performance profile, the
development aims "low materials consumption/ low costs" and "high efficiency" are gaining more
and more importance.

Figure 2.1.1 shows maximum current and voltage values for controllable power semiconductors
on the market today. Today, the use of parallel and series connections for power semiconductors,
as well as power converters equipped with semiconductors, means that virtually any amount of
electric power can be transformed, converted into another form of energy or "generated" from
another type of energy.
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Figure 2.1.1 Present current and voltage limits for controllable power semiconductors

Figure 2.1.2a) shows common switching frequency ranges for various power semiconductors.
Figure 2.1.2b) illustrates the current key application fields and limits.
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IGBT (Insulated Gate Bipolar Transistors) have become especially important for the "mass mar-
kets" of mains-powered systems and equipment with a medium or high switching performance in
the range of some kW and several MW, this is particularly true for potential-free power modules.
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Figure 2.1.2 a) Switching frequency ranges for various power semiconductors;
b) Current application areas and limits [1]

Since the mid-eighties, these are other actively switchable power semiconductors such as power
MOSFET (Metal Oxide Semiconductor Field Effect Transistor), GTO (Gate Turn Off-) thyristors
and IGCT (Integrated Gate Commutated Thyristor) have almost completely pushed back conven-
tional thyristors to line-commutated applications. Compared to other switchable power semicon-
ductors, such as conventional GTO-thyristors, IGBT and MOSFET have a number of application
advantages, such as active turn-off even in the event of a short circuit, operation without snubbers,
simple control, short switching times and, consequently, relatively low switching losses. The pro-
duction of MOSFET and IGBT using technologies from the field of microelectronics is compara-
tively simple and low-priced.

Today, most applications for currents of some 10 A use power semiconductors with silicon chips
integrated in potential-free power modules. In 1975, it was SEMIKRON who launched them
commercially for the first time. These modules often contain several silicon chips of identical or
different components (e.g. IGBT and freewheeling diode, or thyristor and line rectifier diode), and
more components (e.g. temperature and current sensors) or control and protective circuits ("intel-
ligent power modules"/IPM), if required.

Despite the disadvantage of one-side cooling only, for up to high power ranges, potential-free pow-
er modules are gaining more ground than disk cells, even though the latter are able to dissipate
about 30% more of the heat losses thanks to double-sided cooling and are better suited to series
connections from a mechanical point of view. The reason that modules are more popular than disk
cells is that, apart from easy assembly, they boast "integrated", well-proven electrical isolation
between chip and heat sink, almost any combination of different components in one module and
relatively low costs thanks to batch production.

Today, important areas of application for power MOSFET are power supply systems, low-voltage
switch applications in automotive electronics and applications featuring very high switching fre-
quencies (50...500 kHz), where standardised power modules are of rather low importance.

The following chapters will detail the layout, function, characteristics and applications of line recti-
fier diodes and thyristors, power MOSFET and IGBT, and fast diodes required as freewheeling
diodes, and outline development trends in these areas. Based on the requirements described at
the beginning of this chapter, the general aims and directions for the further development of power
semiconductors can be summarised as follows:

14
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The key aims for further development are as follows:

- Increasing the switching performance (current, voltage)

- Reducing losses in the semiconductors as well as in control and protective circuits

Expanding the operating temperature range

Improved service life, ruggedness and reliability

Reducing the amount of control and protection required; improving component behaviour in the
event of error / failure

Cost reduction

The development directions can be broken down as follows:

Semiconductor materials
- New semiconductor materials (e.g. wide bandgap materials)

Chip technology

Higher permissible chip temperatures or current densities (reduction of chip area)

Finer structures (reduction of chip area)

New structures (improvement of chip characteristics)

Integration of functions on the chip (e.g. gate resistance, temperature measurement, monolithic
system integration)

New monolithic components by combining functions (RC-IGBT, ESBT)

Improved stability of chip characteristics under different climatic conditions

Packaging

- Increase in thermal and power cycling capability

- Improvement of heat dissipation (isolation substrate, base plate, heat sink)

- Wider scope of application as regards climate conditions thanks to improvements in casing and
potting materials or new packaging concepts

- Optimisation of internal connections and connection layouts regarding parasitic elements

- User-friendly package optimisation to simplify device construction

- Reduction of packaging costs and improvement of environmental compatibility in production,
operation and recycling

Degree of integration

- Increasing the complexity of power modules to reduce system costs
- Integration of driver, monitoring and protective functions

- System integration

Figure 2.1.3 shows different power module integration levels
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Figure 2.1.3 Power module integration levels
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More complex technologies, smaller semiconductor structures and precise process control are
inevitably driving the properties of modern power semiconductors towards the physical limits of
silicon. For this reason, research into alternative semiconductor materials, which began as early
as the 1950s, was pushed in recent years and has since resulted in the first mass products.

Today, the "wide bandgap materials" silicon carbide (SiC) and gallium nitride (GaN) are the main
focus of this research. Compared to silicon, they display a far higher energetic gap between va-
lence and conduction band, resulting in comparatively lower forward on-state losses and switching
losses, higher permissible chip temperatures, and better heat conductivity than silicon.

Table 2.1.1 contains quantitative data on the key material parameters [2], Figure 2.1.4 shows the
impact they have on material properties.

Parameters Si 4H-SiC GaN
Bandgap energy Eg eV 1.12 3.26 3.39
Intrinsic density n, cm 1.4*10° 8.2*10° 1.9%10"°
Breakdown field intensity | E_ MV/cm 0.23 22 3.3
Electron mobility [T cm?/Vs 1,400 950 1,500
Drift velocity ot cm/s 107 2.7*107 2.5*107
Dielectric constant € - 11.8 9.7 9.0

Heat conductivity A W/cmK 1.5 3.8 1.3

Table 2.1.1  Wide band-gap semiconductor materials versus silicon: a comparison of material properties
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Figure 2.1.4 Impact of different physical parameters of semiconductor materials [3]

Today, the key to more widespread use of SiC, however, is to enable the cost-efficient production
of suitable monocrystalline chips that are sufficiently high in quality to eliminate crystal degrada-
tion (micropipes), and that are available in optimum wafer sizes for the power electronics industry.
While Si is currently produced on 8“ wafers virtually defect-free for € 0.10/cm?, the defect density
for SiC wafers with a diameter of 4 is one order of magnitude higher, multiplying costs in compari-
son to Si. GaN, which displays slightly poorer properties than SiC, has been used mainly in opto-
electronic components so far. The carrier material employed today is sapphire. Since this material
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is non-conductive, GaN components must have planar structures. The most common type of diode
on the market today is the SiC Schottky diode.

Owing to the advanced development stage of Si power semiconductors, there is no technical need
to introduce other semiconductor materials for MOSFET and IGBT in the voltage range < 1000 V.
In this voltage range, wide bandgap semiconductor materials are more likely to be competitive in
junction-gate driven power semiconductors such as JFET (junction gate field-effect transistors),
bipolar transistors and thyristors, whereas MOS-driven transistors clearly outplay silicon compo-
nents when higher voltages are applied.

Owing to high material costs, power semiconductors made of "wide bandgap materials" are used
first and foremost in applications where a particularly high efficiency ratio or minimum absolute
losses are required, as well as in applications whose requirements — e.g. temperature, voltage or
frequency — cannot be met with Si power semiconductors.

In order to to fully benefit from the main advantages that power semiconductors made of SiC or
GaN have over conventional components, such as

- low conduction and switching losses

higher blocking voltages

higher possible power densities

higher permissible operating temperatures

shorter switching times, higher switching frequencies,

it is vital for packaging to be further developed and improved on accordingly.

2.2 Line rectifiers

2.2.1 Rectifier diodes

Cathode

Circuit symbol

Anode

2211 General terms

Forward direction

Direction of current flow where the rectifier diode has the lower resistance.
Reverse direction

Direction of current flow where the rectifier diode has the higher resistance.
Anode terminal

Terminal into which the forward current (on-state current) flows.

Cathode terminal

Terminal out of which the forward current (on-state current) flows.
On-state current (forward current)

Current flowing in forward direction.

On-state voltage (forward voltage)

Voltage applied between the terminals as a result of the forward current.
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Reverse current

Current flowing in reverse direction as a result of blocking voltage (reverse voltage). If the off-
state current is displayed using a plotter, an oscilloscope or a similar measuring instrument with a
screen, DC voltage should be used for measurements if possible. If measurements are taken us-
ing AC voltage, it is important to note that the capacitance of the pn-junction causes a split in the
characteristic curve. Depending on the rising or falling voltage, there will be a positive or negative
displacement current which splits the characteristic into two branches. The point in the peak of the
measurement voltage is not distorted by capacitive influences and shows the true reverse current
(Figure 2.2.1).

N reverse

current | capacitive hysteresis

I reverse current i, at v,

N

) 7z
&, | measured voltage v
v

Figure 2.2.1 Blocking characteristic with capacitive splitting as a result of AC measurements.

Blocking voltage (reverse voltage)
Voltage applied between the terminals in reverse direction
2.2.1.2  Structure and functional principle

Rectifier diodes are components with two terminals and are used to rectify alternating currents.
They have an asymmetrical current-voltage characteristic (Figure 2.2.2).

| A /

Forward direction

Equivalent slope
resistance

direction

Break through Blocking area
— D E— ,‘/Threshold voltage
: e v
| Reverse — Conducting area

Figure 2.2.2 Current-voltage characteristic of a rectifier diode with voltage directions,
current/voltage areas and equivalent resistance line

Today, the semiconductor diodes used to rectify line voltages are produced mainly on the basis of
monocrystalline silicon. A distinction is made between diodes whose rectifying effect is caused by
the transition of mobile charge carriers from an n-doped to a p-doped area in the semiconductor
(pn-diodes) and Schottky diodes, where a metal-semiconductor junction produces the rectifying
effect.
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Glass passivation Anode (metallised) Guard ring Anode (metallised) Oxid

pn-junction  Cathode (metallised) Schottky- Cathode (metallised)
Contact

a) b)

Figure 2.2.3 Schematic layout of a pn-diode (a) and a Schottky diode (b);
The glassivation and the guard ring with oxide cover provide protection from environmental
impacts and stabilize reverse currents.

pn-diodes (pin-diodes)

A pn-diode consists of a heavily p-doped p*-layer with many free-moving holes, a heavily n-doped
n*-layer with many free-moving electrons and a weakly n-doped n-—-layer (also called i-layer, i
meaning intrinsic) in between, whose width W and doping determine the maximum blocking volt-
age. The electrons and holes present in the vicinity of the pn-junction recombine with each other,
which is why they are no longer available for current transmission. Thus, an insulating thin layer
with no free-moving charge carriers is created. This is called the space charge region, since a
potential difference between p-doped and n-doped silicon is built up here as a result of the non-
mobile charges of ionised doping atoms. This happens without external voltage being applied.

If a negative voltage is applied to the p-silicon and a positive voltage to the n-silicon, free electrons in
the n-silicon are sucked toward the cathode, and the holes in the p-silicon toward the anode. Owing to
this effect, the insulating space charge region is widened and the electric field intensity in the vicinity of
the pn-junctionincreases. The diode is poled in reverse direction and there is (almost) no current flow.
Even if a diode is poled in reverse direction, a small current will flow. This is called the leakage
current. This current results from the fact that free charge carrier pairs are generated in the space
charge region as a result of thermal energy or irradiation. These charge carrier pairs are separated
in the field of the space charge region and drained toward the terminals.

If a positive voltage is applied to the p-silicon and a negative voltage to the n-silicon, the free
electrons in the n-silicon and the holes in the p-silicon are pushed into the space charge region.
The space charge region is flooded by mobile charge carriers and disappears. A current flows and
more charge carriers are supplied from the outer circuit. The diode is poled in forward direction
(Figure 2.2.2).

Schottky diodes

In Schottky diodes, the metal-semiconductor contact (Schottky contact) carries out the tasks of the
pn-junction. The biggest difference between pn-diodes and Schottky diodes is that in pn-diodes
both electrons and holes assist in current transmission (the pn-diode is a bipolar component),
whereas only one type of charge carrier is responsible for current transmission in Schottky diodes
(unipolar component). This has a particularly strong affect on the dynamic behaviour (also see
chapter 2.2.1.4 and 2.3.1.1).

19



2 Basics

2.2.1.3 Static behaviour
On-state behaviour

When forward voltage is applied, the current will increase steeply as soon as the threshold volt-
age for silicon this is approx. 0.7 V) has been reached (Figure 2.2.2). Only at very high currents
which are far above the permissible continuous current will this on-state curve level out slightly.
For low and medium currents, the temperature coefficient of the on-state voltage is negative,
which means that, at constant current, the higher the temperature, the lower the on-state volt-
age. With very high currents this behaviour is reversed. When the on-state current flows, on-state
losses are created (= on-state current * on-state voltage), heating up the diode. This heat build-up
limits the forward current, since excessive heat may damage the diode.

Blocking behaviour

If voltage is applied to a diode in reverse direction, the reverse current will initially rise until it
reaches a level - at just a few volts - which will barely increase further as the voltage is increased.
The reverse current is highly temperature-dependent and rises proportionate to temperature, an
effect that is particularly strong in the case of Schottky diodes. Under normal operating conditions,
however, the losses that occur (= blocking voltage * reverse current) are so small that they can be
neglected when calculating the overall losses (exception: Schottky diodes). If the voltage applied
in reverse direction is increased until it reaches the breakdown region (Figure 2.2.2), the reverse
current will rise more or less steeply. Two mechanisms may cause this rise: the Zener effect and
the avalanche effect.

Zener effect

In diodes with a very highly doped n- middle region, the field intensity in the space charge region
may become so high that electrons are snatched away from the silicon atom bonds, thus creating
free charge carrier pairs (Zener effect). This causes the reverse current to rise very steeply. The
Zener voltage which is present when this rise occurs drops as the temperature increases. The
Zener effect appears only in combination with extremely high field intensities in the space charge
region. Such field intensities are only observed in diodes with a relatively low breakdown voltage.
The limit is 5.7 V. In the case of higher breakdown voltages, this effect is known as the avalanche
effect.

Avalanche effect

Within the space charge region, free charge carriers (electrons or holes) are generated as a re-
sult of thermal or optical energy. In the avalanche effect, these charge carriers are accelerated
by the electric field intensity prevailing in the space charge region to such an extent that, due to
their kinetic energy, they may create more charge carrier pairs by bumping into valence electrons
(ionisation by collision). The number of free charge carriers increases like an avalanche, which
is also true for the reverse current. The avalanche voltage which is present when this effect ap-
pears has a positive temperature coefficient, i.e. it increases proportionate to the temperature. All
breakdown voltages greater than 5.7 V are caused by the avalanche effect. Avalanche diodes are
often wrongly called Zener diodes. Operating a diode in avalanche breakdown is only permitted if
explicitly specified in the datasheet.

2.21.4 Dynamic behaviour
Turn-on behaviour

When the diode switches to conductive state, the voltage will initially increase to the maximum
turn-on voltage V_,,. Only when the n-region has been completely flooded by charge carriers will
the on-state voltage drop to its static value V_ (Figure 2.2.4). Forward recovery time t_is in the
range of 100 ns. The steeper the current rise and the thicker the low-doped n--region in the diode,
the higher V_,, will be. The turn-on peak voltage may be 300 V and above.
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Figure 2.2.4 Diode turn-on behaviour
Turn-off behaviour
pn-diodes

In conductive state, the entire volume of the diode is flooded with electrons and holes. If voltage
polarity is then reversed, the diode will also conduct in reverse direction, meaning that no block-
ing voltage can be built up. Owing to the reverse current and the recombination of electrons and
holes, excess charge is depleted in the diode. As soon as all excess charge carriers are depleted
to zero at the pn-junction, the diode can take up blocking voltage again, the peak reverse recovery
current |, is reached, and from this point on the reverse current will decline again (Figure 2.2.5).
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Figure 2.2.5 Turn-off behaviour of a pn-diode: definitions (a) and current curve, voltage and switching
losses (b)

The red triangle Q_ is the charge stored in the diode. When the peak reverse recovery current | .,
has passed, voltage is present at the diode and a current flows through it. This results in switch-
ing losses, which may reach considerable levels when higher frequencies are applied and must
be taken into account in the total losses. Reverse recovery time t , storage charge Q, and peak
reverse recovery current | increase strongly at higher temperatures. Diodes with a short reverse
recovery time t , small storage charge Q_and low peak reverse recovery current | are called
fast diodes (see chapter 2.3). Fast diodes are obtained by reducing the carrier life, for example.
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Schottky diodes

Schottky diodes are unipolar components; only one type of charge carrier is responsible for cur-
rent transmission. While the on-state current is flowing, no excess charge which could appear
as storage charge when the diode is turned off (reversed polarity) is built up. This means that
Schottky diodes have no reverse current | ..., apart from a very low current for recharging the junc-
tion capacitance. A reverse recovery time is not defined.

Owing to their minimal switching losses, Schottky diodes are highly suitable for use in high-fre-
quency applications. Their blocking voltages, however, are limited due to the reverse currents
which rise steeply when the temperature rises and the unipolar on-state character. Silicon-based
Schottky diodes are currently available with a blocking voltage of up to around 200 V; those made
of gallium arsenide (GaAs) are suitable for up to 300 V, while Schottky diodes made of silicon car-
bide (SiC) are available for up to 1200 V. The suitability of SiC for high-blocking Schottky diodes is
down to the material's breakdown field intensity, which is nine times higher than silicon.

2.2.2 Thyristors

Cathode

Gate
Circuit symbol

Anode

2221 General terms
Forward direction, switching direction

The direction of current flow through the main terminals in which the thyristor can assume two
stable operating states, i.e. off-state and on-state.

Reverse direction
The direction opposite to switching direction.
On-state

Operating state at a certain operating point or operating point range where the DC resistance is
small (compared to the resistance in off-state).

Off-state

Operating state where the DC resistance is high (compared to the resistance in on-state).
Anode terminal

Main terminal where the forward current enters the thyristor.

Cathode terminal

Main terminal where the forward current leaves the thyristor.

Gate

Terminal through which only gate current flows. The device intended for control is connected to
the gate and the cathode terminal. For this purpose, larger thyristors are equipped with a second
cathode terminal.

Forward current

The current flowing in forward direction through the main terminals.
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Reverse current

The current flowing in reverse direction through the main terminals.
On-state current

The current flowing through the main terminals in on-state.
Off-state current

The current flowing through the main terminals in off-state. If the off-state current is displayed us-
ing a plotter, an oscilloscope or a similar measuring instrument with a screen, DC voltage should
be used for measurements if possible. If measurements are taken using AC voltage, it is important
to note that the capacitance of the pn-junction causes a split in the characteristic curve. Depend-
ing on the rising or falling voltage, there will be a positive or negative displacement current which
splits the characteristic into two branches. The point in the peak of the measurement voltage is not
distorted by capacitive influences and shows the true reverse current (see Figure 2.2.1).

Forward voltage

Voltage applied at the main terminals in forward direction.
Reverse voltage

Voltage applied at the main terminals in reverse direction.
On-state voltage

Voltage applied at the main terminals in on-state.
Reverse voltage

Voltage applied at the main terminals in off-state.
Breakover voltage

Blocking voltage in forward direction, where the thyristor suddenly transits into on-state without
gate current flowing.

Gate current
The current flowing through the gate. This is called positive when it flows into the gate.
Gate voltage

Voltage between gate and cathode terminal. This is known as positive if the gate has the higher
potential.

2.2.2.2 Structure and functional principle

A thyristor is a semiconductor component with a minimum of 3 pn-junctions which can be switched
from off-state to on-state. Often, "thyristor" specifically designates the reverse-blocking triode thy-
ristor which cannot be switched in reverse direction but blocks. In addition to the two terminals that
a diode provides, a thyristor has a gate which serves to switch the thyristor to the on-state (Figure
2.2.6).
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Figure 2.2.6 Current-voltage characteristic of a thyristor with voltage directions and operating states.

Gate (metallised) Cathode (metallised)

Glass passivation Anode (metallised)

High blocking pn-junction

Figure 2.2.7 Diagram of a thyristor (glassivation acts as protection from environmental impacts and stabi-
lizes reverse currents).

A thyristor consists of four alternate n-doped and p-doped regions (Figure 2.2.7). Together with
the adjacent p-doped regions, the middle n-region forms the high-blocking pn-junctions in forward
and reverse direction. Passiviation (here: glassivation) must be performed for both pn-junctions.
In order to be able to understand how a thyristor works, you can first imagine the thyristor divided
into an NPN transistor and a PNP transistor (Figure 2.2.8)

Cathode
Cathode Cathode

I I

n n Gate
Gate— p |—:> Gate — p p

n n n

p p

| |

Anode
Anode Anode

Figure 2.2.8 Splitting a thyristor into two coupled NPN and PNP transistors

If the cathode is negatively polarized with respect to the anode, a current will flow from the gate
to the cathode; as a result, the cathode, which is the emitter of the NPN transistor, will inject elec-
trons. The gate current is amplified by the NPN transistor. Some of these electrons will reach the
low-doped region which simultaneously acts as collector of the NPN transistor and basis of PNP
transistor. In the PNP transistor, this current is further amplified and conducted to the basis of the
NPN transistor. This coupling of the transistor parts is crucial for the functioning of the thyristor.
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The current amplification in the transistor is current-dependent. As soon as the current in the gate

region becomes so high that the sum of current gains (in basis circuit) results in O R o 1, the

current is amplified beyond all measure and the thyristor is triggered, meaning it turns into an on-

state. A short current pulse to the gate (e.g. lasting 10 ps) is sufficient to trigger the thyristor. If the

main current has exceeded the latching current | _at the end of the trigger pulse, the thyristor will

stay in on-state. Only if the main current falls below the holding current |, will the thyristor switch

back to forward off-state (blocking state) (see chapter 2.2.2.3). Every current flowing through the

pn-junction from the gate to the cathode acts as trigger current if it is high enough:

- External trigger current from gate to cathode

- Off-state current by exceeding the maximum blocking voltage (breakover voltage) ("break-over
triggering")

- Current generated in the space charge region by light incidence (light triggering)

- Excessive temperature (thermally generated off-state current)

- Capacitive displacement current owing to steeply rising anode voltage (dv/dt).

2.2.2.3 Static behaviour
On-state behaviour

The on-state behaviour of thyristors corresponds to that of diodes. When forward voltage is ap-
plied, current will increase steeply as soon as the threshold voltage has been reached (Figure
2.2.6). Only at very high currents which are far above the permissible continuous current will
this on-state curve level out slightly. For low and medium currents, the temperature coefficient
of the on-state voltage is negative, which means that, at constant current, the higher the tem-
perature, the lower the on-state voltage. With very high currents this behaviour is reversed.
When the on-state current flows, on-state losses are created (= on-state current * on-state volt-
age), heating up the thyristor. This heat build-up limits the forward current, since excessive heat
might damage the thyristor.

Blocking behaviour

If voltage is applied to a thyristor in reverse direction, the off-state current will initially rise
until it reaches a level - at just a few volts - which will barely increase further as the voltage is in-
creased. The off-state current is highly temperature-dependent and increases in proportion to the
temperature. If the voltage applied in reverse direction is increased until it reaches the breakdown
region (Figure 2.2.6), the off-state current will rise steeply as a result of the avalanche effect (see
chapter 2.2.1.3).

If voltage is applied to a thyristor in forward direction, it initially behaves as it would if voltage
were applied in reverse direction. If breakover voltage is reached, the thyristor will suddenly transit
into on-state and stay in this condition until this value falls below the latching current. Forward off-
state voltage is also temperature-dependent. This dependence can vary greatly from one thyris-
tor to another. At high temperatures, the forward off-state current is often higher than in reverse
direction. The reason for this is usually the off-state current gain from the NPN transistor for which
this off-state current is a base current. High forward off-state currents do not limit the functionality
and reliability of thyristors; they do not constitute a quality impairing characteristic. Under normal
operating conditions, the losses that occur (= blocking voltage * off-state current) are so small that
they can be neglected when calculating the overall losses.
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22.2.4 Dynamic behaviour
Turn-on behaviour
Firing by way of an external trigger current from gate to cathode

Thyristor firing starts locally at the point where the highest trigger current density is present. The
triggered area spreads relatively slowly (depending on the conditions, at a rate of between 30 um
and 100 ym per ys), meaning that for a thyristor diameter of 100 mm, it will take some 1,000 mi-
croseconds for the entire thyristor surface to become conductive (Figure 2.2.9).
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Figure 2.2.9 Current distribution in the thyristor after gate current turn-on (a) and
immediately after firing (b)

After the thyristor has been fired, the forward voltage will drop very slowly to the static value V_.
This results in a power loss peak which grows in proportion to the current rise slope (Figure 2.2.10).
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Figure 2.2.10 Current and voltage curves (a) and losses (b) during thyristor turn-on.

Since the area fired initially is very small, the turn-on losses caused by the gradual decline of the
on-state voltage to its static value V_ are concentrated on a small area. This causes the silicon to
heat up locally. In order to avoid damage to the thyristor, the rate of current rise must be limited to
the maximum permissible critical rate of current rise (di/dt)_.

For larger thyristors, the critical rate of current rise (di/dt)_ is increased by integrating an auxiliary
thyristor (pilot thyristor). Here, a smaller thyristor whose cathode is connected to the gate of the
main thyristor serves to amplify the trigger current for the main thyristor (Figure 2.2.11). The trigger
energy for the main thyristor is taken from the main circuit. This is called internal turn-on amplifica-

tion or amplifying gate-thyristor.
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Figure 2.2.11 Trigger energy amplification using an auxiliary thyristor (amplifying gate).

The ratio of (di/dt)_ is further improved by the finger-shaped amplifying gate which extends the
edge length between auxiliary and main thyristor. A shortcoming of this, however, is that the active
emitter area is reduced, as is the current carrying capacity.

Thyristor firing using capacitive displacement current (dv/dt firing)

Every pn-junction is a voltage-dependent capacitance. This capacitance will be biggest if no volt-
age is applied, and will drop as the blocking voltage applied is increased. Changes in voltage (high
dv/dt) cause a capacitive displacement current to flow through the pn-junction. If this current is
high enough, it can, like any other current through the p-base—emitter-junction, induce thyristor
firing.

Triggering by exceeding the breakover voltage ("overhead firing")

If the breakover voltage is exceeded (Figure 2.2.12), the off-state current will become so high that
it will fire the thyristor. Since the off-state current rises in proportion to the temperature and the
necessary trigger current decreases in proportion to the temperature, the breakover voltage will
decline in proportion to the increase in temperature.
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Figure 2.2.12 Triggering a thyristor by exceeding the breakover voltage
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Triggering by light or excessive temperature

Light incidence creates charge carrier pairs which are separated in the space charge region and
flow through the pn-junction to the cathode. They therefore act like a trigger current. The same is
true for thermally generated charge carrier pairs.

Turn-off behaviour

As is the case for line rectifier diodes (see chapter 2.2.1.4), the volume of a thyristor semiconduc-
tor is also flooded by charge carriers when a forward current flows. The maijority of these charge
carriers have to be depleted when the voltage is reversed for the thyristor to be able to pick up
voltage in reverse direction. That said, residual charge carriers will still be present in the semicon-
ductor volume and these may cause thyristor firing if voltage is applied in forward direction.

The circuit commutated turn-off time t, refers to the time that elapses from the moment of zero-
current-crossing until the moment that blocking voltage can be re-applied without the thyristor
re-firing (Figure 2.2.13). The typical t, for thyristors is about 100 to 500 ps. Fast thyristors (fre-
quency thyristors) are thyristors where the circuit commutated turn-off time has been shortened
to between 10 and 100 ps by reducing the carrier life. More details on the dependency of the circuit
commutated turn-off time on the parameters can be found in chapter 3.2.5.2. The characteristics
are explained in chapter 3 "Datasheet parameters".

A

I, v Voltage v,

Current i,

Figure 2.2.13 Current i_and voltage v, curves of a thyristor during turn-off and circuit commutated recov-

ery time t,
2.3 Freewheeling and snubber diodes
2.31 Structure and functional principle

Modern fast switching devices require fast diodes as freewheeling diodes in the power circuit. In
the predominant applications which use inductive loads, the freewheeling diode is commutated
from conductive to blocking state with every turn-on operation of the switch. Here, storage charges
are to be depleted gently in order to avoid induced voltage spikes and high-frequency oscillations.
For this reason, these diodes are also referred to as soft-recovery diodes. They are also instru-
mental to switch performance. When designing these devices, a compromise between conflicting
requirements has to be found. Two main types of fast diodes exist: the Schottky diode, and pin-
diodes in epitaxial or diffused design.
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Figure 2.3.1 Schottky, pin-epitaxial and pin-diffused diode
a) basic structure
b) doping profile diagram

2.3.1.1  Schottky diodes

In Schottky-diodes, the metal-semiconductor junction serves as a blocking junction. In on-state,
only the small potential barrier between metal and semiconductor material must be overcome
(around 0.3 V for silicon). There is no diffusion voltage at the pn-junction as is the case in pin-
diodes (approx. 0.7 V for Si); this ensures a lower on-state voltage than occurs in any pin-diode,
provided the n-region is thin. With n-doped material, only electrons participate in the current flow
(unipolar). When diodes are operated close to the blocking voltage range, the off-state current will
considerably increase. This must be taken into account for power loss ratings, otherwise thermal
stability cannot be ensured.

When switching from conductive to blocking state, ideally only the low capacitance of the space
charge region has to be charged. For this reason, the component storage charge is some powers
of ten lower than the pin-diode, thus causing very low switching losses. As a result, the Schottky
diode comes very close to being an ideal diode. The Schottky diode is particularly well suitable
for use at very high frequencies and as a snubber diode with an extremely low on-state voltage.

For silicon, these advantages are limited to voltages < 100 V. When higher blocking voltages are
to be applied, the n-region must be extended and the on-state voltage will increase considerably.
In this voltage range, materials with a higher permissible electric field intensity such as GaAs (<=
600 V) or SiC (<=1700 V) are used. They have similar on-state characteristics to pin-diodes, but
the advantages they offer as regards switching properties are retained. The costs for the base
material and the manufacture of diodes made of the materials mentioned last are so high, how-
ever, that it only makes sense to use them in applications that require a particularly high efficiency,
switching frequencies or temperatures.

29



2 Basics

2.3.1.2 PIN diodes
Epitaxial diodes

The advantages of pin-diodes become effective from 100 V upwards. In diodes produced today,
the middle region is not "i" (intrinsic), but n-type, with a much lower doping level than in the outer
regions. In epitaxial PIN diodes (Figure 2.3.1 mid) an n-region is first separated from the highly
doped n*-substrate (epitaxy). Then the p-region is diffused. In this manner, very small base widths
w, in the region of just a few ym can be obtained. By integrating recombination centres (mostly
gold), ultra-fast diodes can be achieved. Owing to the small base width w,, the on-state voltage
will remain low despite the recombination centres. That said, it will still always be greater than the
diffusion voltage of the pn-junction (0.6 to 0.8 V). The main field of application for epitaxial (epi)-
diodes are applications with off-state voltages of between 100 V and 600 V; some manufacturers
even produce epi-diodes for 1200 V.

Controlled axial lifetime (CAL) diodes

From 1000 V upwards, the n-region is being enlarged to such an extent that a diffused PIN diode
(Figure 2.3.1 to the right) can be obtained. The p- and n*-regions are diffused into the n-wafer.
Recombination centres are also used. Recombination centre profiles similar to those shown in Fig-
ure 2.3.2 can be generated by implanting protons or He**-ions into silicon. Implantation requires
particle accelerators performing up to 10 MeV.

N, N,

N rec ™, ,,{79’

Figure 2.3.2 Narrow region with a high concentration of recombination centres at the pn-junction, gener-
ated by light ion irradiation

The arrangement of the high recombination centre density at the pn-junction (Figure 2.3.2) is an
optimum set-up [4], [5]. In [6] it is demonstrated that the closer the arrangement of recombina-
tion centres at the pn-junction, the better the relation between peak reverse recovery current and
forward on-state voltage will be. In on-state condition, charge carrier distribution will be inverted,
with a higher charge carrier density at the n-n*-junction. As shown in Figure 2.3.3, the peak of
radiation-induced recombination centres is even placed in the p-region close to the pn-junction in
a CAL diode, since this will result in lower off-state currents. He** implantation is combined with
an adjustment to the basic charge carrier lifetime, preferably achieved by electron beam radiation.
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Figure 2.3.3 Recombination centre profile in the CAL diode (diagram)
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The height of the recombination centre peak can be adjusted by varying the dose of He**-implan-
tation: The higher the peak, the smaller the peak reverse recovery current. The lion's share of the
CAL diode storage charge occurs in the tail current. The tail current itself can be controlled by the
basic recombination centre density. A reduction in basic charge carrier lifetime will reduce tail cur-
rent duration; however, this is to the detriment of the diode on-state voltage. The two parameters
"basic charge carrier lifetime" and "He** implantation dose" enable the recovery behaviour be con-
trolled to a large extent. In this way, the diode will display soft-recovery behaviour under any oper-
ating conditions, especially when low currents are applied. CAL diodes manufactured in this way
boast excellent dynamic ruggedness. CAL diodes dimensioned for 1200 V and 1700 V have been
tested under lab conditions at dl/dts up to 15 kA/cm?us and did not result in diode destruction.

A comparatively narrow base width w, can be chosen for CAL diodes regarding the PT dimension-
ing described in chapter 2.3.2.2. This provides a comparatively low on-state voltage or results
in a better compromise between switching characteristics and on-state voltage. The base width
w, also has a considerable impact on the turn-on behaviour of the diode. The forward recovery
voltage V., rises in proportion to the increase w;. In contrast to conventional diodes, 1700 V-CAL
diodes were shown to result in a more than a 50% reduction in V . [7].

Freewheeling diodes for IGCT with high reverse voltage ratings, as well as snubber diodes [8] are
manufactured in line with the CAL concept, since dynamic ruggedness is one of the most important
requirements. Optimised dimensioning in the direction of PT dimensioning now becomes possible,
resulting in improved cosmic ray stability. This also allows for a more favourable trade-off between
diode on-state voltage and switching characteristics. In snubber diodes, this enables a minimum
V to be reached. In addition, a lower reverse current can be obtained than is the case for the
conventional gold-diffusion process.

Emitter concept

In a common PIN diode, the pn-junction is flooded by more charge carriers than the n-n*-junction
(Figure 2.3.11). The idea behind the emitter concept is to invert this charge carrier distribution: the
n-n*-junction is to be flooded by more charge carriers than the pn—-junction. This is achieved by
reducing the injection quantity at the p-emitter.

(o o o e e e e o e e e e o e e [ ul e e el e el Gl el el el el e el el
+ +
ESARRTE P
Schottky-
Barrier
n- n-
nt nt
[ ul e e el e el Gl el el el el el e el el [ ul e e el e el Gl el el el el el e el el
a) b)

Figure 2.3.4 p-emitter to improve soft recovery behaviour:
a) Emitter structures, e.g. merged PIN/Schottky diode
b) Fully reduced p-doping

A number of emitter structures whose functions basically result in this effect have been proposed.
One example is the "Merged PIN/Schottky diode", which consists of a series of p*-regions and
Schottky regions [9] (Figure 2.3.4a). A number of similar structures also exist, including structures
with diffused p-regions and n-regions.
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The advantages of Schottky regions or similar regions, however, are restricted to voltages below
600 V. For blocking voltages of 1000 V and above, the ohmic voltage drop outweighs this effect.
What is left is the reduction of the area of injecting sub-areas at the p-region. The same effect as
with emitter structures can be achieved with a uniformly low-doped p-region (Figure 2.3.4b).

2.3.2 Static behaviour

The statements made about the static behaviour of line rectifier diodes in chapter 2.2.1.3 essen-
tially apply to fast diodes, too.

7

Figure 2.3.5 Definition of reverse and forward diode voltage

2.3.21 On-state behaviour

The maximum forward voltage V. indicates that, at a specified current, the forward voltage drop
across the diode must not exceed the specified limit value. This specification is made for room tem-
perature and a higher temperature, typically the maximum recommended operating temperature. In
forward direction, the current must overcome the diffusion voltage of the pn-junction and the resist-
ance of the adjacent n-region. The voltage drop is composed of

VF = Vdiff+ V

The diffusion voltage at the pn-junction depends on the amount of doping of both sides of the pn-
junction and it is typically in the range of 0.6...0.8 V. The drift share depends on the base width w,
(proportionate to the blocking voltage) and the charge carrier density. For fast diodes with a block-
ing voltage of 600 V and above, the drift part dominates. The charge carrier lifetime of freewheeling
diodes has to be kept short.

drift

In the classic approximation derived by Hall [10], V. is given by

2
WB

vV, = 8
o (1, +lvlp)'THL

The on-state voltage will depend quadraticaly on the base width w, and inverse proportional on the
high-injection charge carrier lifetime 1, , for not too short 1., . Due to this exponential correlation, it is
important to select the smallest possible w,. Further, y_and Mo represent electron and hole mobility,
provided the n- -region is flooded with free electrons and holes. However, in this equation there is no
direct dependency of V.. from the current. This obviously contradicts measurements. The experi-
mental forward voltage is noticeably higher and increases stronger with current than according to
above equation. The reason is that the characteristics in modern power devices including freewheel-
ing diodes are strongly determined by emitter recombination.
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In one way, this can be expressed by an effective carrier lifetime t_ [11]:

2
WB

Vd it N
T (M ) Ty
where 1_. includes the emitter recombination, is current dependent and decreases with current den-
sity since the emitter efficiency decreases with increasing current. Also it can be written as
2

w
Vdrift -_ B . 14_ 1+E.THL

(Mg U T | 2 4 g wg

Here, j is the current density and H stands for the emitter influence of both the p-emitter and the n*-
emitter of the diode, compare Fig. 2.3.4b. Small H means strong emitter efficiency, and for very small
H this equation approaches to the classical Hall approximation. The last equation is very useful for a
fit of measured forward characteristics of freewheeling diodes. In very most cases a dependency of
V. to the square-root of the current density is found. A detailed consideration is given in [17].

The diffusion voltage V . has a negative temperature coefficient, while u_and y_ decrease with tem-
perature, and 1, increases with temperature. Depending on which part is dominant, there will be an
intersection of the on-state characteristic “Hot” and “Cold” at different current levels, typically within
the rated current range or up to 3-4 times the rated current.

2.3.2.2 Blocking behaviour

The reverse voltage V, indicates that, at a specified value, the reverse current must not exceed the
limit for | .. Specifications in the databooks are made for an operating temperature of 25°C. In case
of lower temperatures, the blocking capability will decrease, for example by about 1.5 V/K for a
1200 V diode. For components which are operated at temperatures below room temperature, this
has to be taken into account in the circuit layout. At higher temperatures, the blocking voltage will
increase accordingly. At the same time, the reverse current will also rise, doubling roughly every
10 K. For this reason, a reverse current is also specified for a high temperature (125°C or 150°C).
For gold-diffused components, the reverse current increase may be very strong, possibly causing
problems due to thermal instability in systems operated at high temperatures.
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Figure 2.3.6 Example of the reverse current of a 1700 V CAL diode, parameter TJ.

The base width w, not only affects the on-state voltage, but also has a crucial impact on the block-
ing voltage. Two cases can be distinguished between (Figure 2.3.7): if w, has been dimensioned
such that the space charge zone cannot protrude into the n*-region (triangular field shape), this is
called Non-Punch-Through (NPT) dimensioning in line with the terminology used for IGBT [12]. If
w, has been dimensioned such that the space charge region protrudes into the n*-region, the field
shape will be trapezoidal and the diode is called a Punch-Through (PT) diode. This, however, is
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not actual punch-through, where the space charge region would reach the area of the other doping
type. This designation has nonetheless become widely accepted.
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Figure 2.3.7 Diode dimensioning for triangular (a) and trapezoidal (b) field shape for
Oswsw,

For an ideal NPT diode, w, is selected such that, at maximum reverse voltage, the end of the tri-

angular field is located at this point. For optimum doping, the minimum width would then be
2 17
Wgnpr) = 2306\/9?0

where C = 1.8-10-% cmbVv~

The minimum doping needed for PT diodes can be calculated in the same way. In the extreme

case, the field would be rectangular, E, = E, (Figure 2.3.7). This results in
1 7

W& pT Grenzfall) = C® Vg

Compared to w, for the NPT diode, the following applies:
2

W er srenctaty = 2 ° Weer) = 0,63 Weer)

Although this extreme case cannot be achieved, available technology allows us to come close to
this, i.e.:
Wger = 0,66 - Wg o

For the charge carrier lifetimes presently in use, the difference in forward voltage for PT dimen-
sioning and NPT dimensioning is approximately 0.8 V. For this reason, PT dimensioning is to be
given preference if possible.

2.3.3 Dynamic behaviour

2.3.31 Turn-on behaviour

When the diode is turned on, it has to overcome the resistance of the low-doped base. The turn-
on peak voltage thus increases proportionate to w,. The turn-on peak voltage becomes especially
critical if a significant base width w, has to be chosen due to a high blocking voltage of more than
1200 V. For this reason, optimum turn-on behaviour is once again achieved with PT diodes.

Freewheeling diodes always contain recombination centres to reduce charge carrier lifetime. Re-
combination centres (e.g. gold) causing an increase in base resistance are to be avoided for di-
odes with a high blocking voltage.
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Recombination centres generated by platinum diffusion, electron beam radiation or light ions will
only slightly increase the turn-on overvoltage in comparison to diodes without recombination cen-
tres.

When the diode turns into the conductive state, the voltage will initially increase to the repetitive
peak forward voltage V_.,, before dropping to the forward voltage level again (Figure 2.2.4). When
the current is actively switched at a very high di/dt ratio, V_.,, may reach between 200 V and 300
V for an unsuitable 1700 V-diode, a level which is more than 100 times the value of V_. Turning the
diode on from a blocked state will result in a far higher V_.,, than turning it on from a neutral state.
Alow V_.,, is one of the most important requirements of snubber diodes, since the snubber circuit
becomes effective only after diode turn-on.

The repetitive peak forward voltage is also of importance for freewheeling diodes in IGBT which
are designed for a blocking voltage > 1200 V. When the IGBT is turned off, a voltage spike is
generated across the parasitic inductances which still superimposes the V__, of the freewheeling
diode. The sum of both components may cause critical voltage peaks. However, this measurement
is not trivial, since the inductive component and V., cannot be told apart in application-oriented
chopper circuits. Measurements can be taken on an open construction directly from the diode
bonding wires. Turn-on behaviour of a diode is rarely important for the total power losses, since
turn-on losses only amount to a small percentage of the turn-off and forward on-state losses and
are therefore negligible.

2.3.3.2 Turn-off behaviour

When turning from the conductive into the blocking state, the internal diode storage charge has to
be discharged. This causes a current to flow in reverse direction in the diode. The waveform of this
current characterises the reverse recovery behaviour.
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Figure 2.3.8 Current and voltage characteristic of the reverse recovery process of a soft-recovery diode
in a circuit as shown in Figure 2.3.15 and definition of the characteristics of the recovery
behaviour

Commutation velocity di/dt (Figure 2.3.8) is determined either by the switching speed of an ac-
tive switch (IGBT) or by the commutation inductance. At t, the current reaches its zero crossing.
At t  the diode starts to pick up voltage. At this instant, the pn-junction in the diode becomes free
of charge carriers. This constitutes a turning point in the current flow. At t _the reverse current
reaches its maximum. After t _has elapsed, the current declines to the reverse current. The cur-
rent characteristic depends solely on the diode. A steep decline in current is referred to as snappy
recovery behaviour. A slow decline in current is referred to as soft recovery behaviour. Di/dt de-
termines the overvoltage present in the diode, which is why soft recovery behaviour is aimed at.
Reverse recovery time t_is defined as the period between t; and the moment where the current
has fallen to 20% of the maximum I__, .
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Soft recovery behaviour and switching overvoltage

As shown in Figure 2.3.8, differentiating between t. and t_for t helps to define a "soft factor" as a
quantitative characteristic for recovery behaviour:

Soft factor S= L
tS

The soft factor should be greater than 1 in order to minimise switching overvoltages. This defini-
tion, however, is imprecise. For, according to it, the current characteristic shown in Figure 2.3.9a
would be regarded as snappy, whereas the current characteristic as in Figure 2.3.9b would be con-
sidered soft. Despite s > 1, there is a steep edge in a part of the reverse current flow. A definition
that refers to the maximum di/dt during the fall time t, would be better. For a soft recovery diode,
di/dt is within the range of di/dt for t_.

a) b)
Figure 2.3.9 Current characteristic for two different possibilities of snappy
reverse recovery behaviour

Specifying the recovery behaviour at the nominal operating point only is likewise not sufficiently

meaningful. It varies as a function of different circuit parameters.

- Current: Measurements have to be taken at a current flow of less than 10% and at 200% of the
specified current. This approach gives proper consideration to the fact that small currents are
particularly critical for the reverse recovery behaviour.

- Temperature: High temperatures are often more problematic for the recovery behaviour. For cer-
tain fast diodes, however, the recovery behaviour will deteriorate at room temperature or below.

- Voltage applied: Higher voltage results in poorer reverse recovery behaviour.

- Rate of rise for di/dt: The dependency of di/dt varies greatly in diodes made by different manu-
facturers. One type of diode will become "softer" when the di/dt increases, while another will
become "snappier".

The best way to charaterise soft recovery behaviour is to measure the turn-off overvoltage under
different operating conditions (I, TJ., V.. di/dt). In a typical application, where the chopper is in a
semiconductor module, the parasitic inductance L____is in the range of some 10 nH. This reduces
the overvoltage generated. Due to a lack of ideal switches, the voltage applied to the IGBT will
drop to a certain degree during the reverse recovery phase. The voltage measured becomes
'di + VCE(t)

- V(t) =-V- Loges dt

where V() is the voltage across the IGBT at the given moment in time. In a 100 A soft recovery
diodes with moderate rates of rise of up to 1500 A/us and minimum parasitic inductances, V(t) will
very often be smaller than V. at any time and no voltage spikes will occur.
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Figure 2.3.10 Peak voltage during commutation in dependence of the forward current as a parameter for
diode switching behaviour

Figure 2.3.10 compares the overvoltage of a CAL diode to that of a platinum-diffused diode with
soft-recovery behaviour owing to reduced p-emitter efficiency. At rated current (75 A), the plati-
num-diffused diode is just as soft as the CAL diode. For lower currents, however, overvoltages
caused by snappy switching behaviour will be present in the diode. The maximum overvoltages
at 10% rated current will be as over 100 V. The IGBT used will switch even lower currents more
slowly, and the overvoltage will decrease. By way of contrast, CAL diodes don't display significant
overvoltages under any condition. Considered from the point of view of semiconductor physics,
Figure 2.3.11 shows the concentration of charge carriers in the cross section of the semiconductor
material during turn-off in a snappy diode and Figure 2.3.12 depicts the same for a soft recovery
diode.
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Figure 2.3.11 Diffusion profile and simulation of the decline in charge carriers (hole density) in a snappy
diode

Under on-state load, the n-region of the diode is flooded by > 10" cm of electrons and holes; the
concentration of electrons (n) and holes (p) may be assumed to be equal. During the switching
operation, a charge carrier hill is formed between t, and t, in the n-region; at the same time n =
p. Charge carriers are reduced toward the cathode as a result of the electron flow and toward the
anode owing to the hole flow, which appears as reverse current in the outer circuit. In the case of
the snappy diode (see Figure 2.3.11), the charge carrier hill will have been consumed shortly after
t, has elapsed. Between t, and t, the diode will suddenly turn from its state with charge carrier hill
to a state without charge carrier hill; the reverse current will snap off.
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The process in a soft-recovery diode is shown in Figure 2.3.12. Throughout the entire process, a
charge carrier hill which feeds the reverse current is retained . At t,, the diode will already have
picked up the voltage applied. The dynamic behaviour described results in a tail current, as shown
in the measurement in Figure 2.3.17.

Charge Carrier Hill
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1E+14 L

100 200 W [um]

Figure 2.3.12 Diffusion profile and simulated decline in charge carriers (hole density) in a soft recovery
diode

Whether soft recovery behaviour will be achieved depends on how successfully this charge carrier

reduction is managed. The following measures will result in softer recovery behaviour:

- The width w, in the n--region is enlarged, NPT dimensioning is used, and a region is also inte-
grated into the diode which cannot be reached by the field at nominal voltage. This, however, will
result in a stark increase in on-state voltage or in the V_/Q__ relation.

- In order to restrict the increase in w, somewhat, a two-stage n-region can be used [13] with
increased doping close to the n-n*-junction. Figure 2.3.11 and Figure 2.3.12 demonstrate how
a similar effect is achieved by a flat gradient at the n-n*-junction. This measure alone, however,
will not be enough to achieve soft recovery behaviour.

- Charge carrier distribution is inverted by a low-efficiency p-emitter ( see "Emitter concept").

- An axial charge carrier lifetime profile according to the CAL concept, providing for a low charge
carrier life at the pn-junction, and a longer charge carrier life at the n-n*-junction.

To ensure soft recovery behaviour under any conditions, several of these measures normally have
to be taken at the same time. That said, the achievements made in this respect must always be
assessed with a view to the extent to which a higher on-state voltage or a higher Q.. is accepted.

Minimum turn-on time

In order to reach the "soft" switching characteristics described above, the charge carriers must be
granted sufficient time to reach the state of quasi-static charge carrier distribution. This is not the
case for very short conduction times.
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Figure 2.3.13 a) Turn-off at high interference level (pink) at V..=1200 V (V,, -yellow) and 1.=400 A (green)
att=0.8 ps (200 ns/Div); b) Turn-off at "normal" interference level (pink) at t =2 ps
(500 ns/Div)

Figure 2.3.13 shows switching operations during very short diode turn-on times with inductive
load. The fact has been taken into account that the real turn-on time of the diode is reduced by
about 1 ps, since the driver short-pulse suppression and t, . of the IGBT are subtracted from tp(oﬁ)-
IGBT. For a very short turn-on time, oscillations with a high amplitude can be detected in the the
current curve (green). The interference level (pink) is only a relative measurement, taken with a
conductor loop above the module. These high-frequency oscillations may influence signals and
logic devices and impair safe and reliable operation. For this reason, we recommend suppressing
switching signals for less than 3 ps for 1200 V IGBT and < 5 us for 1700 V.
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Figure 2.3.14 Relative interference level related to the maximum value at 200 A and 125°C for IGBT turn-
off signals of different durations as a function of current and temperature (a) T,=125°C, b)
T=-40°C)
J

Owing to the lower mobility of charge carriers, this effect is particularly strong at high tempera-
tures. At -40°C, the interference levels read were only around 50% of the values measured at
125°C. The highest interference level readings were taken at half the rated current (200 A) (Figure
2.3.14). For lower currents and turn-off signals of under 2 us, the delay and switching times were
so high that the diode was no longer capable of fully turning on.
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Switching losses

The easiest way to charaterise turn-on and turn-off behaviour is to use a step-down converter cir-
cuit as shown in Figure 2.3.15.
Lo

G

Sensor {» [

Figure 2.3.15 Reverse recovery test circuit

The IGBT T, is turned on and off twice by means of a double pulse. The rate of rise of commutation
current di/dt is set by the gate series resistor R, . V. is the DC link voltage. Parasitic inductances
L., ,are generated in the connections between capacitors, IGBT and diode. Figure 2.3.16 shows
the IGBT control signals ("driver") and the current flow in the IGBT and diode during double-pulse
operation. By turning off the IGBT, the load current in the inductance L, will be taken up by the
freewheeling diode. As soon as the IGBT is turned on next time, the diode will be commutated, and
at that very moment its recovery behaviour will be charaterised. In addition, the IGBT takes over
the reverse current of the freewheeling diode during turn-on. This process is depicted at a higher
time resolution in Figure 2.3.17 for a soft recovery diode.
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Figure 2.3.16 Driver control signal, IGBT and freewheeling diode current flow in a circuit during double-
pulse operation

When the IGBT conducts the peak reverse current, the IGBT voltage is still on DC-link voltage
level (Figure 2.3.17a). This is the moment of maximum turn-on losses in the IGBT. The diode
reverse recovery characteristic may be divided into two phases: The phase of increase up to the
reverse peak current and the subsequent drop in reverse current with di /dt.
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Figure 2.3.17 Current, voltage and power losses during turn-on of a 150 A/ 1700 V IGBT (a) and diode
turn-off (b) during recovery behaviour measurements

The second part is the tail phase where the reverse current slowly declines to zero. At_can no
longer be reasonably defined. The tail phase causes the greatest losses in the diode, since voltage
is already applied to the diode. A snappy diode without tail current generates less switching losses
in the diode but also high overvoltages during turn-off. The tail phase is less harmful to the IGBT,
since the applied voltage has already decreased at this time.

Diode switching losses in Figure 2.3.17b are represented in the same scale as for the IGBT in
Figure 2.3.17a. In application, they are low compared to the switching losses in the IGBT. For
the overall power losses of both IGBT and diode, it is important to keep the peak reverse current
low and to have the main part of the storage charge discharged during the tail phase. The trend
towards increasingly faster switching - thus reducing the switching losses in the IGBT - results in
ever increasing stresses on the diode. Depending on the type of application, it may be useful with
regard to the total losses to switch more slowly than recommended in the datasheet ratings.

Switching losses largely depend on 4 parameters:

- The rate of rise of commutation current di/dt or the gate resistance of the switching IGBT (Figure
2.3.18 a): switching losses tend to fall in proportion to the increase in resistance; with a very
small gate resistance, the existing stray inductance will limit di/dt. The range shown corresponds
to a gate series resistor of 0.5 Q up to 8.2 Q.

- The blocking voltage (DC link voltage V_.; Figure 2.3.18 b), which builds up in the component
after turn-off. The dependency can be approximately calculated using an exponent of 0.6:

0,6
V,
Err(VCC) = Err (Vref) [V_CCJ

ref
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- Forward current | (Figure 2.3.19 a): The higher the current, the greater the losses. However,
this dependency is not linear and can be approximated using an exponent between 0.5 and 0.6:

Err (IF) = Err(lref) (ILJ |

Iref

- Junction temperature TJ. (Figure 2.3.19 a): Switching losses initially rise linear to the temperature.
Only above 125°C does the increase become slightly disproportionate. Using a temperature
coefficient of 0.0055...0.0065, the switching losses can be calculated as a function of the tem-
perature.

Err (TJ) = Err (Tref) ’ (1+ TCErr ’ (TJ - Tref ))
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Figure 2.3.18 Dependencies of 100 A/1200 V CAL diode switching losses;
a) on di/dt (@100 A, 600 V, 150 °C);
b) on the DC link voltage (@100 A, R,=1 Q — 2700 A/us, 150 °C)
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Figure 2.3.19 Dependencies of switching losses of a 100 A/1200 V CAL diode;
a)onl_(R,=1Q, 600V, 150 °C);
b) on junction temperature (100 A, 600 V, R ;=1 Q)
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2.3.3.3 Dynamic ruggedness

Apart from soft switching behaviour, an equally important requirement for freewheeling diodes for
a voltage of 1000 V and above is dynamic ruggedness. Figure 2.3.17b shows that almost the en-
tire DC link voltage is taken up by the diode while it is still conducting a substantial tail current. If
the IGBT is switched very steeply (low gate resistance R ;) the reverse peak current and tail current
will rise, at the same time causing a faster decrease in V. at the IGBT, which is then present in
the diode with a correspondingly higher dv/dt. The electric field can only spread within the depleted
area (t,—t, in Figure 2.3.11 and Figure 2.3.12); here, extreme field intensities occur and avalanche
breakdown in the semiconductor at voltages far below reverse voltage level (dynamic avalanche)
are inevitable. Dynamic ruggedness is the ability of a diode to manage high rates of rise of com-
mutation current di/dt and a high DC link voltage at the same time. An alternative to dynamic rug-
gedness would be to limit the di/dt of IGBT or to limit the maximum peak reverse recovery current
of the diode, which amounts to the same. This will inevitably result in higher switching losses.

While the space charge region spreads, the empty part of the n-region will have a current | flowing
through it. Electrons and holes are generated at the pn-junction by dynamic avalanche. The holes
move through the highly doped p-region. The electrons, however, move though the n--region, re-
sulting in the following effective doping:

Neff :ND+p_nav

Here, n_ is the density of the electrons generated by dynamic avalanche, moving from the pn-
junction through the space charge region. The electrons partly compensate the hole density, thus
counteracting the avalanche effect. With small forward currents, the reverse current will also de-
crease and consequently the hole density p. However, since the switching components have a
higher dv/dt at low currents, the stress caused by dynamic avalanche may be higher, especially
for small currents.

24 Power MOSFET and IGBT

241 Structure and functional principle

Power MOSFET and IGBT chips have up to 250,000 cells per mm? (50 V power MOSFET) or
50,000 cells per mm? (1200 V IGBT) with a chip surface of 0.1 to 1.5 cm? (Figure 2.4.1).

Figure 2.4.1  Cell structure (emitter metallisation) of a Trench IGBT3
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For transistors based on the same technological concepts, the control regions of MOSFET and
IGBT cells have an almost identical structure. As shown in Figure 2.4.2 and Figure 2.4.3, p-charged
wells are embedded in an n-region which has to take up the space charge region during off-state.
Their doping is low in the edge areas (p’) and high in the centre (p*). These wells contain layers
made of n* silicon which are connected to the aluminium-metallised source (MOSFET) or emitter
(IGBT) electrode. A control region (gate) is embedded in a thin SiO, insulation layer above the n*
regions, consisting of n* polysilicon, for example.

In power electronics, the vertical structures depicted in Figure 2.4.2 and Figure 2.4.3 are
used. Here, the load current of each cell is conducted vertically through the chip outside the
channel. This manual only describes transistors of the n-channel enhancement type used al-
most exclusively), where a conducting channel with electrons as charge carriers (major-
ity carrier) is formed in a p-conducting silicon material when a positive control voltage is ap-
plied. Without a control voltage, these components would block (self-blocking transistors).

Other kinds of power MOSFET are p-channel enhancement types (negative control voltage in p-
silicon influencing a channel containing positive charge carriers /self-blocking) and n-channel and
p-channel depletion types (depletion transistors) which are in on-state without any control voltage
(self-conducting). In these transistors, the control voltage generates a space charge zone that cuts
off the channel and interrupts the main current flow. These types are used in some applications;
these will not, however, be discussed in more detail in this manual.

Source 5 'OGate Source
g Drain
Al —
4
e—
G )
Gate !
p’ p’ S Source
D .
Drain
—
G
Gate f—
n n I
In l nl gl Source
. Y
Drain
a) G) b)
A-B: wide of elementary cell

d: length of channel

Figure 2.4.2 Power MOSFET with vertical structure and planar gate; a) Charge carrier flow in on-state; b)
Circuit symbols
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Figure 2.4.3 IGBT with vertical structure and planar gate;
a) Charge carrier flow in on-state;
b) Circuit symbols

The huge differences in properties found in power MOSFET and IGBT result from the different
structures used with regard to the third electrode (MOSFET: drain / IGBT: collector), resulting in
different functional principles. When a sufficiently high positive control voltage is applied between
gate and source (MOSFET), or emitter (IGBT), an n-conducting channel is formed within the p-
region below the gate terminal. This channel conducts electrons from the source or emitter through
the n-drift area to the bottom terminal, where they deplete the charge carrier region. In power
MOSFET, these electrons alone conduct the main current (drain current). Since they are majority
carriers in the n- drift area, the highly resistive n- region will not be flooded by bipolar charge carri-
ers; MOSFET are unipolar components.

While the structure of an IGBT largely corresponds to that of a power MOSFET up to the n-region,
the underside of the IGBT consists of a p*-conducting area carrying the collector terminal. The
effect of this additional n* field stop layer located (in most IGBT concepts) between the n- and p*
region will be discussed in more detail later.

As soon as electrons enter the p* area of the collector region, positive charge carriers (holes) will
be injected from the p* area to the n- area. The injected holes will flow directly from the drift area
to the emitter-p-contact, as well as laterally below the channel and the n*well to the emitter. Thus,
the n--drift area is flooded with holes (minority carriers); this charge carrier enhancement conducts
the biggest part of the main current (collector current). The main current depletes the charge car-
rier region, which results a decline in collector-emitter voltage. This means that, unlike MOSFET,
IGBT are bipolar components.

The flood of minority carriers in the high-resistance n- region causes a lower on-state voltage of
the IGBT than in the case of the power MOSFET. For this reason, IGBT can be designed for much
higher voltages and currents while having similar chip areas to MOSFET. On the other hand, the
minority carriers must be dissipated from the n- drift area again during turn-off, or they have to
recombine there (switching losses).
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24.2 IGBT

The p-storage charges Qs, which recombine during turn-off in the n_region, have an almost linear
characteristic in the low-current range and rise in proportion to the forward current in the rated cur-
rent and overcurrent range in accordance with a square root function [14].

Qs ~ 081 in the lower on-state current range

Qs ~ 19% in the rated and overcurrent range
~ 2..27

Qs ~V ggce”?7-

Storage charge enhancement and depletion processes cause switching losses, storage effects
(storage time) and a collector "tail current" during turn-off. In practice, IGBT properties are strongly
influenced by the parasitic elements in the real IGBT structure. To understand these real proper-
ties and possible failure mechanisms, it is therefore indispensable to look at the equivalent circuit
diagram of the IGBT (Figure 2.4.4).

Emitter Emitter
7 Ce R‘G OGate S(Collector)
J—/ \é \
Rl =
1 14
Rw p Cec p RD
p’ p’
CGC pum— = CCE
[] RD RG — :
"_
= Cee (Gate) -
CGE :|: g RW
n n
D s p'l o (Emitter)
l E
Collector
a) b)

Figure 2.4.4 IGBT cell (NPT structure, planar gate) including the key parasitic elements;
a) Parasitic elements in the cellular structure;
b) Equivalent circuit diagram with parasitic elements

The physical causes and designations of the parasitic capacitances and resistances shown in
Figure 2.4.4 are evident in Table 2.4.1.
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Symbol Designation Physical Description

Overlapping gate and source metallisation; dependent on

Gate-emitter capaci- gate-emitter voltage; independent of collector-emitter volt-

GE tance age
. Junction capacitance between n- drift area and p-well;
Collector-emitter :

C . dependent on cell surface, breakdown voltage and drain-

CE capacitance

source voltage

c Gate-collector- Miller capacitance; generated by overlapping of gate and

GC capacitance n-drift area

Polysilicon gate resistance; additional series resistors are
R Internal gate resistance | often needed in modules with several transistor chips to
minimise oscillations between chips

Resistance of the n- region (base resistance of the PNP

R, Drift resistance transistor)
R Lateral resistance Base-emitter resistance of the parasitic bipolar
w of the p-well NPN transistor

Table 2.4.1 Physical causes and designations of IGBT parasitic elements

Apart from internal capacitances and resistances, the equivalent circuit diagram of the IGBT also
shows an "ideal MOSFET", an NPN transistor at the gate side: n* emitter region (emitter) / p* well
(base) / n-drift area (collector) with the lateral resistance of the p* well below the emitters as base-
emitter resistance R, and - in the sequence p*-collector area (emitter) / n-drift area (base) / p*
well (collector) - a PNP transistor, which, in combination with the NPN transistor, forms a thyristor
circuit. This parasitic thyristor will latch up as soon as the following latch-up condition is met:

M'(anpn + O pnp ):1 where Oy 0oy = Oy Ve

M: multiplication factor;

o, o0 current amplification in the individual transistors in the base circuit;
o base transport factor;

Ve emitter efficiency

This would lead to a loss of IGBT controllability and, consequently, to its destruction. In principle,
this can happen during stationary operation (when a critical current density is exceeded, which
decreases as the chip temperature rises) or even during turn-off (dynamic latch-up due to the
increased hole current compared to stationary on-state operation). Appropriate design measures
will reliably prevent latch-up in all modern IGBT types under any permissible static and dynamic
operating conditions; latch-up would only happen during turn-off if the rated current density was
multiplied in value.

Suitable design measures are, for example, the reduction of the base-emitter resistance R, of the
NPN subtransistor by way of high doping of the p* well directly below the n-emitters and shorten-
ing of the n-emitter length to such an extent that the threshold voltage of the base-emitter diode
of the NPN transistor cannot be reached under any permissible operating condition. Furthermore,
the hole current (NPN transistor base current) is kept at a minimum by setting a low-current am-
plification in the PNP transistor. What must be noted here, however, is that a compromise has to
be found between switching behaviour and ruggedness, on the one hand, and on-state properties,
on the other.
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2.4.21 Static behaviour

Figure 2.4.5 shows the output characteristics of an IGBT with an anti-parallel freewheeling diode
and its transfer characteristic.
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Characteristic Ve Vee
IGBT without hybride b)
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Figure 2.4.5 a) Output characteristics of an IGBT (n-channel enhancement type);
b) Transfer characteristic I, = f(V ;)

The stationary switching states are as follows:
Forward off-state and avalanche breakdown

If a positive collector-emitter voltage V. and a gate-emitter voltage V  is applied below the gate-
emitter threshold voltage level V., only a very small collector-emitter cut-off current I . flows
between the collector and emitter terminal.

When V. rises, | increases slightly at first. Above a specified, maximum rated collector-emitter
voltage V., there will be an avalanche breakdown of the PIN junction p*-well / n-drift area / n*-
epitaxy layer (collector-emitter breakdown voltage V g\ cq). V geces roughly corresponds to the
breakdown voltage V. of the bipolar PNP transistor in the IGBT structure. The multiplication cur-
rent generated during avalanche breakdown in the collector-base diode can lead to IGBT destruc-
tion as a result of bipolar transistor turn-on. Base and emitter regions are, however, almost shorted
by emitter metallisation; between them there is nothing but the lateral resistance of the p*-well.

On-state (1st quadrant)

The forward on-state at a positive collector-emitter voltage V_. and positive collector current |
comprises two characteristic curve areas:
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- Active region

With a gate-emitter voltage V. that hardly exceeds the gate-emitter threshold voltage V. a
relatively high voltage share will be depleted through the channel owing to current saturation (hori-

zontal part of the output characteristics). The collector current |, is controlled by V..

As a measure for the transfer behaviour as described in Figure 2.4.5b) the forward transconduct-
ance g, is defined as

9 = Al/AV e = 1/( VGE'VGE(th))'

Forward transconductance rises in proportion to the collector current |, and the collector-emitter
voltage V., and falls as the chip temperature increases. In the switching mode that is exclusively
permissible for power modules working with several IGBT chips connected in parallel, the active
region is only run through during turn-on and turn-off. Stationary module operation in the active
region is not permissible, because V. falls when the temperature rises, meaning that even small
differences between the individual chips may cause thermal instability.

- Saturation region

The saturation region, which corresponds to ON-state during switching operations (steep part of
the output characteristics) has been reached when | is solely determined by the outer circuit. The
on-state behaviour is charaterised by the residual voltage VCE(Sat) (collector-emitter saturation volt-
age) of the IGBT. Flooding the n- drift area with minority carriers causes the saturation voltage of
an IGBT - from a certain reverse voltage level on - to be far lower than the on-state voltage of a
comparable MOSFET. In the majority of modern IGBT structures, V., rises in proportion to the
temperature; only for IGBT designed according to the PT concept will V., decline in the rated
current range as the temperature increases.

Inverse operation (3rd quadrant)

In inverse operation, the pn-junction of the IGBT at the collector side is poled in reverse direction.
The permissible blocking voltage of this PIN diode is no more than a couple of decavolts owing to
various design conditions and the shaping of the marginal regions. Today, reverse-blocking IGBT
modules are therefore equipped with fast series-connected diodes, whereas reverse-conducting
IGBT modules used in standard applications are equipped with fast, anti-parallel diodes (inverse
diodes). Thus, the on-state features of IGBT modules in inverse operation exclusively result from
the properties of these hybrid inverse diodes. Chapter 2.4.2.3 contains information on the latest
developments in reverse-conducting IGBT chips.

2422 Switching behaviour

The switching behaviour of IGBT power modules is determined by their structural, internal capaci-
tances and the internal and outer resistances. Contrary to the ideal of powerless voltage control
via the MOS-gate, frequency-dependent control power is required owing to the recharge currents
of the internal capacitances which are needed for switching.

Furthermore, the commutation processes are affected by the parasitic connection inductances
present in the components and connections and generated by connecting transistor chips in power
modules; they induce transient overvoltages and may cause oscillations due to the circuit and
transistor capacitances, cf. chapter 5.

The switching behaviour of IGBT can be described as resulting from the transistor's internal ca-
pacitances and resistances:

When the IGBT is turned off, C_. is low and approximately equal to C_.. During on-state, C_ will
increase rapidly as soon as the gate-emitter voltage has exceeded the collector-emitter voltage;
this rapid increase is due to inversion in the enhancement layer below the gate regions.
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The datasheets normally list the input and output capacitances C_, C__and C___ (low-signal ca-
pacitances) of the transistor in OFF state (see Table 2.4.2).

IGBT
Input capacitance C..=Cue +Cpye
Reverse transfer capacitance (Miller capacitance) |C__=C_.
Output capacitance Coos = Cpoc + Ce

Table 2.4.2  Definition of the low-signal capacitances of an IGBT

To calculate the switching behaviour, this data can only be utilised to a very limited extent, since
the input and reverse transfer capacitance (V. <V ;) will increase enormously in a fully switched
transistor, for example. In order to determine switching times and the gate charge by approxima-
tion, the gate charge diagram included in the datasheets, as shown in Figure 2.4.7, is used (for
explanations please refer to chapter 3.3.3).

Below, the IGBT switching behaviour when"hard" switching ohmic-inductive loads with continuous
load current - i.e. the time constant of the load L/R is far greater than the cycle 1/f of the switching
frequency - is looked at from a qualitative point of view.

Figure 2.4.6a) shows the typical waveforms of collector current and collector-emitter voltage as a
function of the gate control voltage V., Figure 2.4.6b) shows the typical waveform of the operating
point for hard turn-on and turn-off as a graph i_ = f(v..). Since the behaviour of power MOSFET de-
viates from this in very few respects only, Figure 2.4.6b) refers to both components — the specifics
of MOSFET are explained in chapter 2.4.3.2.

Typical of "hard switching" is that during turn-on and turn-off, both transistor current and transis-
tor voltage are high for a short time; this is due to the fact that a freewheeling diode in the load
circuit prevents the current from cutting off as a result of the load inductance:

- When the transistor is turned on, the freewheeling diode can only pick up reverse recovery volt-
age (turn off) once the load current has completely commutated to the transistor. The collector
current therefore has to reach the load current level before the collector-emitter voltage can fall
to the on-state value.

- When the transistor is turned off, the freewheeling diode can only take up the load current (turn
on) once it has reached on-state voltage polarity. To this end, the collector-emitter voltage has to
exceed the commutation voltage level before the collector current can drop to the cut-off current
value.

In contrast to thyristors of any type, transistors can handle such modes of operation without pas-
sive snubber circuits thanks to the "dynamic" junction which is generated in the drift area during
switching operations.

In a transistor, however, a considerable amount of switching energy is dissipated:

EgEor = Ju-idt

tonv toff

on’

By means of passive snubber circuit (which are rarely used nowadays), the operating point curve
can be brought closer to the axes. Switching losses are "shifted" from the transistor to the snubber,
causing the total efficiency to decrease in most cases.

Since the "widest" possible operating point waveform is influenced by many (non-ideal) effects in
the transistor and not just by current/voltage markers and switching time, the SOA (Safe Operating
Area) is given in the datasheets for different operating conditions (cf. chapter 3.3.4).

Apart from the non-ideal properties of transistors and diodes, passive circuit components also
influence switching losses and operating point waveforms to a high degree. Their impact will be
discussed in chapter 5 in more detail.
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As shown in Figure 2.4.6, the collector-emitter voltage declines within some 10 ns to a value that is
equivalent to the voltage drop over the n-drift area when the IGBT is turned on. Then the n-area is
flooded by positive charge carriers from the p-collector region; after a period ranging from several
hundred ns to some ps, the dynamic saturation voltage VCE( will have dropped to the value of
the on-state voltage V.
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Figure 2.4.7 a) Gate charge diagram of an IGBT; b) IGBT low-signal capacitances
Turn-on: switching interval 0...t, (blocked transistor)

The gate current i starts flowing when the control voltage is applied.

At first, i, charges only the gate capacitance C_ until it reaches the charge quantity Q,; the gate-
emitter voltage V_ rises in line with the time constant determined by the input capacitance of the
IGBT and the gate resistance. Since V. is still below the threshold voltage V.., no collector cur-
rent will flow during this period.
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Turn-on: switching interval t....t, (collector current rise)

After the threshold voltage VGE(th) (t,) has been reached, the collector current will start to rise. In
the same way, V., which is coupled to the collector current in the active IGBT operating area by
means of the transconductance g, with |, = g, * V., increases until it reaches V., = 1./g. (time
t,). Since the freewheeling diode can only block the current at t,, V. does not drop significantly
before t,. Att =t,, charge Q_, will have flowed into the gate.

During this time interval, most of the turn-off losses are generated in the IGBT. This is because,
as long as i_ is below the load current |, a certain share of | must continue to flow through the
freewheeling diode. This is why, the collector-emitter voltage v.. cannot drop noticeably below
the operating voltage V_.. The difference between V. and V__ outlined in Figure 2.4.6 is mainly
caused by transient voltage drops across the parasitic inductances of the commutation circuit.

Turn-on: switching interval t,...t, (transistor fully switched on in the active operating area,
flat phase)

When the freewheeling diode is turned off, V. will almost drop to its on-state value V. by
t,. Between t, and t,, the collector current and gate-emitter voltage are still coupled through the
transconductance; v . therefore remains roughly constant. While v . drops, the gate current i re-
charges the Miller capacitance C_ with the charge (Q,-Q,,). By t = t,, an amount of charge equal
to Q,, will have flowed into the gate.

After the entire load current |, has been commutated to the IGBT, the freewheeling diode will start
to block. Owing to the reverse recovery time of the freewheeling diode, however, the IGBT collec-
tor current i, initially continues to rise above | _during turn-off of the freewheeling diode by a value
equal to |, and dissipates the reverse recovery charge Q_ of the freewheeling diode (cf. Defini-
tions on switching times and explanations on characteristics | Q, and E_ relating to inverse
diodes, as provided in chapter 3.3).

RRM?’

Turn-on: switching interval t,...t, (saturation area)

At t,, the IGBT is now turned on, its operating point has passed through the active operating area
and has reached the border of the saturation area. V. and I, are no longer coupled by g,.. The
charge quantity (Q,,,, -Q,) now supplied to the gate causes the further rise in V _ up to the level of
the gate control voltage V.. Inmediately after its steep drop, the collector-emitter voltage v has
not yet reached its static on-state value V.. Depending on V. and I, this value will be reached
as soon as the n- drift area starts to be flooded after several hundred nanoseconds or several
microseconds. This "dynamic saturation phase VCE(%Udyn = f(t)" s the period required for (bipolar)
minority charge carrier flooding (conductivity modulation) of the wide n-region of the IGBT.

Turn-off

During the turn-off operation, the processes described above are reversed: charge Q, , must now
be dissipated from the gate with the aid of the gate current. In this process, the internal capaci-
tances are recharged to such an extent that the charge carrier influence in the channel area will
vanish. This helps to quickly reduce any neutrality interference in this area; the collector current
drops steeply to begin with. After the emitter current has stopped, however, many p-charge car-
riers generated by injection from the IGBT collector area are still present in the n-drift area. They
must now recombine or be reduced to zero by backward injection, which causes a more or less
strong collector tail current. Since this current tail will only decline within us after the collector-
emitter voltage has started to rise, its shape and length significantly determine the turn-off losses
of the IGBT during hard switching.

Overshooting of v over V., which was indicated in Figure 2.4.6, results mainly from the parasitic
inductances in the commutation circuit. It grows in proportion to the increasing turn-off speed—di /
dt of the IGBT. The more the transistor application deviates from the "ideal" case of a "hard switch"
discussed here (e.g. owing to parasitic components in the commutation circuit), the more "blurry"
the step-form of the gate-emitter curve becomes. The intervals "decoupled" during hard switching
will then merge more and more, and any description of the switching behaviour becomes more
complex.
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2.4.2.3 IGBT - Concepts and new directions of development

Since IGBT were invented, their basic principles have been utilised in different con-
cepts. IGBT chips have therefore been further developed in separate ways, pur-
suing the objectives and taking the directions outlined for chip technology in
chapter 2.1. In order to both reduce costs by reducing (shrinking) chip area and to get even closer
to the physical limits, three main paths have been followed in the further development of IGBT
chips.

- Finer cell structure / chip area reduction / increase in max. current density

- Reduced chip thickness

- Increase in permissible chip temperature.

Every IGBT concept must — adapted to its main applications — achieve a balance between various
conflicting component properties, e.g. as shown in the example in Figure 2.4.8:

- a) Between on-state voltage V., and turn-off power loss E

- b) Between on-state voltage V. ., and short-circuit behaviour (SCSOA, cf. chapter 3.3.4).

The limits for a) are pushed further in the latest IGBT concepts, e.g. SPT+ (ABB), IGBT4 (Infineon)
and CSTBT (Mitsubishi), by increasing the concentration of free charge carriers among the n-emitter
cells. One negative consequence, however, is often the very steep decline in collector current during
turn-off with the resultant side-effects as regards EMC, for instance. The trade off in b) is improved
by a continuous reduction in chip thickness and the introduction of weakly doped field stop layers.
The IGBT cell pitch has a crucial impact on its properties. This determines, among other things,
the influence the MOS channel has on conductivity modulation.

CE(sat

Figure 2.4.8 [15] shows, using the example of a 1200 V IGBT in Trench-Gate technology, how

VCE(sat) or collector current density JC(Sat) depend on the cell pitch (distance between adjacent gate
centres) for TJ. =125°C.
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Figure 2.4.8 a) Dependency of the on-state voltage V.,
T, =125°C; b) Dependency of the collector current density J
cell pitch for TJ. =125°C [15]

) of a 1200 V IGBT on the cell pitch for
) of a 1200 V IGBT on the

C(sat

Figure 2.4.9 shows the development of chip size and on-state voltage for different component
generations using 1200 V / 75 A IGBT chips from Infineon as an example.
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Figure 2.4.9 Development of chip size and on-state voltage of 1200 V / 75 A IGBT chips from Infineon

[16]

To enable system costs (cooling, chip area) to be reduced, a crucial development target is to in-
crease the permissible chip temperature. This was achieved by Infineon, for example, for IGBT
up to 1700 V in the IGBT4 chip generation, raising the temperature from 150°C to 175°C; 200°C
is planned for future IGBT generations. An increase in the IGBT operating temperature, however,
means that the freewheeling diode (inverse diode), too, has to be suitable for this temperature; this
is increasing the requirements that IGBT module packaging has to fulfil; cf. chapter 2.5.

The pictures below illustrate the most important IGBT concepts, which shall be briefly described
below. Detailed explanations on the physical correlations are provided in [17], et al.
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Figure 2.4.10 IGBT concepts, basic properties and off-state field intensity characteristics (acc. to [18])
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PT concept

The first "Punch Through" (PT) concept, which is still used today as a result of continuous develop-
ments, uses a p*-substrate as a base material , n* and n- region being applied by means of epitaxy.
Today, PT-IGBT can also have a trench-gate structure, as shown in Figure 2.4.10. In forward off-
state, the space charge region comprises the entire n--region. In order to keep the epitaxy layer as
thin as possible even for high blocking voltages, the field at the end of the n- drift area is reduced
by a highly doped n* buffer region.

PT-IGBT have a high emitter efficiency for holes in the p* layer drifting into the n- drift area, be-
cause the substrate is relatively thick and highly doped. The PNP current gain has to be reduced
via the base transport factor (n- drift area, n* buffer), which is achieved by reducing the charge
carrier lifetime in the n* layer by increasing the recombination centres (e.g. gold doping or electron
beam radiation). The hole current amounts to 40...45% of the total current.

NPT concept

The basis of "Non Punch Through" (NPT) IGBT, which was soon introduced by numerous manu-
facturers, is a thin, weakly doped n- wafer; the collector-side p* zone is created by way of back
implantation. Here, the n- drift area is so wide that in forward off-state, the electric field is fully de-
pleted in the n- drift area up to the maximum permissible off-state voltage and cannot — in contrast
to the PT concept — spread over the entire n- region.

NPT-IGBT have a very thin collector-side p* emitter region, which results in a low emitter efficiency
(v = 0.5) of the PNP subtransistor - it is not necessary to lower the base transport factor by reduc-
ing charge carrier life time. The hole current amounts to 20...25% of the total current. In contrast
to PT-IGBT, the saturation voltage of NPT-IGBT has a positive temperature coefficient, improving
both the current symmetry between the cells in single chip and between chips connected in paral-
lel. Switching times for hard switching are comparatively shorter and less dependent on tempera-
ture; overcurrents can be better cut off as a result of improved internal current limiting. On the date
of creation of this paper, SEMIKRON was using the IGBT2 generation in older NPT-IGBT product
series.

SPT- and SPT+ concept

The "Soft Punch Through" (SPT)-IGBT by ABB is a further development of the NPT concept. Here,
too, the base material is a thin, weakly doped n- wafer; the p* region at the collector is generated
by back implantation. Here, an additional p*region has been implanted as a field stop layer above
the collector p* region. This reduces the thickness of the drift area — like the highly doped n* buffer
layer in the PT-concept — by diminishing the electric field at the end of the n- drift area in front of
the collector region. Since this layer needn't curb the high emitter efficiency as is the case in the
PT-IGBT, but has to reduce the field intensity only, it is less highly doped than the n* buffer of the
PT-IGBT.

With the same forward off-state voltage, the thickness w, of the n- drift area can be significantly
reduced in comparison to an NPT-IGBT; this also considerably cuts the on-state voltage (~ w;) of
the drift area. The positive temperature coefficient of the on-state voltage and the high component
ruggedness are maintained. Figure 2.4.11 shows a cross-sectional view of an SPT-IGBT as well
as a comparison of PT-NPT and SPT-IGBT chip thickness.
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Figure 2.4.11 Structure of an SPT-IGBT compared with a PT and NPT IGBT [19]

The next development known as SPT+ (Figure 2.4.12) contains additional n-regions which are ar-
ranged in the n- drift area around the p-channel areas, so that they can impede the drain of minority
carriers in the on-state (hole barrier). This increases the charge carrier density in on-state in order
to reduce the on-state voltage without significantly impairing the switching behaviour. At the n/n
junction between drift area and additional n-region, a diffusion voltage of approximately 0.17 V will
occur, preventing hole drain (hole barrier). In order to produce neutrality, electrons continue to be
supplied from the channel area; the concentration of free charge carriers increases.
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N-Enhancement v
Without
Lﬂ}'ﬁf __hule barrier
N-Base o
=
SPT-Buffer 4 5 —_—
W
TR
T ey R e, A D R s
Collector franssstor c

a) b}
Figure 2.4.12 a) Structure of an SPT+ IGBT [20]; b) Effect of the hole barrier [17]
NPT concept with field stop layer and trench-gate structure

For these very common IGBT chips, a field stop layer was added to the NPT concept and the pla-
nar gate was replaced by a vertical trench-gate structure (Figure 2.4.10).

The basis here continues to be a thin, weakly doped n- wafer into which an additional n* region has
been implanted as a field stop layer on the back above the p* region of the collector. This reduces
the thickness of the drift area — like the highly doped n* buffer layer in the PT-concept — by dimin-
ishing the electric field at the end of the n- drift area in front of the collector region. Since this layer
needn't curb the high emitter efficiency as is the case in the PT-IGBT, but has to reduce the field
intensity only, it is less highly doped than the n* buffer of the PT-IGBT.
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With the same forward off-state voltage, the thickness w, of the n- drift area can be significantly
reduced in comparison to an NPT-IGBT; this also considerably cuts the on-state voltage (~ w;) of
the drift area. The positive temperature coefficient of the on-state voltage and the high component
ruggedness are maintained. During turn-off, the tail current is initially somewhat higher than for an
IGBT without field stop layer, but then it drops faster.

The vertical gate arrangement in the shape of a trench inside every IGBT cell allows for a vertical
channel track in the p-well. Since the active silicon area is enlarged, better control of the channel
cross-section is possible and thus a lower channel resistance can be obtained. For a given silicon
area, the cell area can be reduced even further. This is why higher current densities, lower forward
losses, a higher latch-up strength, lower switching losses and higher breakdown voltages can be
obtained than in IGBT with planar gate structures.

In the IGBT4 generation from Infineon, the latest generation when this manual was written, cell

pitch (i.e. the distance between the gates of neighbouring cells) was further reduced compared to

its predecessor generation IGBT3, meaning that the cells were shrunk in size. Cell optimisation

and chip thickness reduction has helped to improve the static and dynamic properties. However,

smaller chips also mean a higher thermal contact resistance R, or R, .. The performance in-

crease achieved in comparison to the IGBT3 therefore largely results from the higher permissible

chip temperature of 175°C as compared with 150°C for IGBT3. Chips are now available with dif-

ferent settings between static and dynamic properties for different requirements:

- IGBT4 T4: particularly short switching times for modules with rated currents between 10 A and
300 A

- IGBT4 E4: low forward and switching losses for modules from 150 A to 1000 A

- IGBT4 P4: "soft" switching behaviour and particularly low forward losses for high-current IGBT
modules above rated currents of 900 A.

At the time of publication, SEMIKRON was using IGBT3 chips in older product series and IGBT4
chips T4 and E4 in new product series.

CSTBT concept

A combination of the hole barrier above the drift zone and the trench-gate structure can be found
in the Carrier Stored Trench Gate Bipolar Transistor (CSTBT) from Mitsubishi (Figure 2.4.13). In
these IGBT, which were formerly also known as Injection Enhanced Gated Transistors (IEGT), the
charge carrier injection among the n-emitters is increased by a "hole barrier", as described for the
SPT* concept. The additional n-doped region is inside the trench-gate structure below the p-base
areas. Positive charge carriers are enhanced below the hole barriers, which results in an effective
resupply of electrons from the channel and thus a local increase in free charge carrier concentra-
tion.
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Figure 2.4.13 Basic structure, charge carrier distribution in on-state and trade-off between on-state volt-
age V and turn-off losses E . in conventional Mitsubishi Trench IGBT and CSTBT [21]

CE(sat)
In the meantime, Mitsubishi has applied the CSTBT concept to NPT technology as well, in order
to be able to use less expensive thin wafers made of homogenous n material instead of epitaxy
material.

Plugged cells

Rather than bonding individual trench cells, but short-circuiting the polysilicon in the gate area with
the emitter metallisation instead (plugged cells) a further improvement in IGBT features can be
achieved. Increasing the cell spacing and reducing the p-areas increases charge carrier concen-
tration at the emitter, affecting the on-state voltage to a greater extent than the increased voltage
drop over the channel area as a result [22]. Another advantage of plugged cells is the lower collec-
tor current in the event of a short circuit as compared to conventional Trench-IGBT.

RC-IGBT

Various manufacturers are developing reverse-conducting IGBT chips which can be loaded with
the same current density in IGBT and diode mode. These are known as Reverse Conducting
IGBT (RC-IGBT). The aim is to reduce the use of anti-parallel freewheeling diode chips (hybrid-
connected in the module), which has the following advantages:

- Improved performance per module area

Increased overload capability (surge withstand strength)

Improved parallel switching capability

Increased R, | diode/IGBT ratio

Reduction in temperature ripples per chip

Improved flexibility for optimal thermal properties in power module

Figure 2.4.14 shows the basic structure of an RC-IGBT using the SPT concept from ABB. In its ba-
sic structure, n- shorts have been integrated into the p* collector region. This enables the reverse
conductivity of the integrated MOSFET to be used as an inverse diode.
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Figure 2.4.14 Structure of an RC-IGBT from ABB [23]

Hole injection from the p* collector region into the IGBT section also has to be performed when volt-
ages and currents are low. Various structural measures help to attain low turn-off losses and soft
recovery behaviour in the diode across the entire temperature range; IGBT latch-up is prevented.
For this purpose, it is necessary to set very precise doping profiles for the p-emitter regions and
the p*/n* collector regions. The cells are thus not designed with highly doped p* regions but a fine
structure of p-regions in order to obtain a lower injection efficiency. Local control of the p-charge
carriers by means of implantation or proton irradiation allows for diode turn-off losses to be reduced
without affecting the blocking voltage and the IGBT losses too much. Another way of reducing diode
turn-off losses is to introduce a MOS-controlled diode (Bimode Insulated Gate Transistor BIGT).
Nowadays, RC-IGBT with blocking voltages of between 600 V and 3300 V are set to go into pro-
duction. There is still a lot of room for improvement, especially in diode turn-off behaviour.

ESBTs

The Emitter Switched Bipolar Transistor (ESBT) is not an IGBT, but a monolithic cascode circuit
made of an NPN bipolar transistor and power MOSFET and was originally developed for applica-
tions with high switching frequencies at high operating voltages. Figure 2.4.15 shows its principle
structure and the equivalent circuit.
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Figure 2.4.15 ESBT structure and equivalent circuit [24]
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Circuits based on a cascode comprising a low-volt MOSFET and high-volt bipolar transistor were
already being employed in discrete components or hybrid-integrated layouts in the eighties. The
MOSFET is located in the emitter circuit of the bipolar transistor (series connection). In ON-state,
the bipolar transistor and MOSFET are fully controlled. The ESBT on-state voltage is the sum of
the on-state voltages of the high-volt bipolar transistor and low-volt MOSFET.

The ESBT is controlled by the MOSFET gate, the base of the bipolar transistor is permanently con-
nected to a voltage source via resistors. During turn-off, the MOSFET opens the emitter circuit of
the bipolar transistor and the collector current flows through the base to the driver voltage source
until all charge carriers in the bipolar transistor have been discharged or recombined and the col-
lector current is extinguished. Since the emitter is disconnected by the MOSFET during turn-off,
there is no risk of a second breakdown of the bipolar structure; the base current extends the limits
of the RBSOA (cf. chapter 3.3.4) as compared to regular switching, and component turn-off is pos-
sible up to the limiting value V_,, of the collector-base diode. MOSFET gate control enables the
driver output to be comparatively low.

2.4.3 Power MOSFET

While the drain-source ON-resistance R of low-voltage MOSFET is composed of individual
cellular resistances with shares of approx. 5% to 30%, some years ago more than 90% of the
RDS(OH) of MOSFET using higher reverse voltages resulted from the n- epitaxial area resistance.
For the dependency of R, on the power MOSFET drain-source breakdown voltage V ;. ., the

following equation applied:

2,4..2,6
R DS(on) — k- V(BR)DSS

where k: material constant, e.g. k=8,3-10° A™ for 1 cm? chip area

i.e. the on-state voltage
Vosion = I *Rosen) where |: drain current

was far higher for transistors with a blocking voltage above around 400 V than that of a compara-
ble IGBT.

The compensation principle in new MOSFET concepts developed as of 1999 (Superjunction MOS-
FET, see chapter 2.4.3.3) enabled the link between blocking voltage and doping of the n- region
to be broken, thus drastically reducing its resistance. According to [25], for such power MOSFET,
the equation

Rosen = k- V(BR)DSSLS

now represents a far lower dependency of the on-state voltage on the blocking voltage.

For MOSFET applications in practice, its purely ohmic output characteristic is advantageous with-
out the threshold voltage of bipolar components. The essential advantage that the unipolar MOS-
FET has over to bipolar components is, however, that there are no storage effects, because the
majority charge carriers are exclusively responsible for charge transfer; extremely short switching
times can be achieved.

In practice, power MOSFET properties are strongly influenced by the parasitic elements in the real
structure. To understand these real properties and possible failure mechanisms, the equivalent
circuit diagram of the power MOSFET (Figure 2.4.16) must be considered.
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Figure 2.4.16 Power MOSFET cell including the key parasitic elements
a) Parasitic elements in the cellular structure; b) Equivalent circuit diagram with parasitic
elements

The physical causes and designations of the parasitic capacitances and resistances shown in
Figure 2.4.16 are evident in Table 2.4.3.

Symbol Designation Physical Description
C

Gate-source capacitance Overlapping gate and source metallisation;
dependent on gate-source voltage; independ-
ent of drain-source voltage

C Drain-source capacitance | Junction capacitance between n- drift area

DS
and p-well; dependent on cell surface, break-
down voltage and drain-source voltage

GS

Ceo Gate-drain capacitance Miller capacitance; generated by overlapping
of gate and n- drift area

R Internal gate resistance Polysilicon gate resistance; additional series
resistors are often needed in modules with
several transistor chips to minimise oscilla-
tions between chips

R, Drain resistance Resistance of n- region; often the main part of
MOSFET on-state resistance

Ry Lateral resistance of the Base-emitter resistance of the parasitic bipo-

p-well lar NPN transistor

Table 2.4.3  Physical causes and designations of MOSFET parasitic elements

Apart from internal capacitances and resistances, the equivalent circuit diagram of the power
MOSFET also shows an "ideal MOSFET", an NPN transistor at the gate side: n* source region
(emitter) / p* well (base) / n-drift area (collector) with lateral resistance of the p*-well below the
emitters as base-emitter resistance R,. R, and the base-to-collector connection of the parasitic
bipolar transistor form the inverse diode, which makes the power MOSFET reverse-conducting.
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2.4.3.1 Static behaviour

Figure 2.4.17 shows the output characteristics of a power MOSFET with structural reverse con-
ductivity ("inverse diode"), freewheeling diode and its transfer characteristic.
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Avalanche-Breakdo

T
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F = V,q
. VGS< VGS(th) V(BR)DSS

Forward Blocking

Characteristic

a)

Y IF ('ID)

Figure 2.4.17 a) Output characteristics of a power MOSFET (n-channel enhancement type)
b) Transfer characteristic I, = f(V )

The stationary switching states are as follows:
Forward off-state and avalanche breakdown

If a positive drain-source voltage V¢ and a gate-source voltage V . below the gate-source thresh-
old voltage level V, is applied, only a very small cut-off current I ¢ will flow between the drain
and source terminal. When V rises, |, increases slightly at first. Above a specified, maximum
rated drain-source voltage V. there will be an avalanche breakdown of the PIN junction p*-well /
n- drift area / n* epitaxy layer (drain-source breakdown voltage V(BR)DSS). Physically speaking, V g,
oss corresponds roughly to the breakdown voltage V .. of the parasitic bipolar NPN transistor in
the MOSFET structure, generated by the following sequence of layers: n* source region (emitter)
/ p*-well (base) / n- drift area / n* epitaxy layer drain region (collector).

The multiplication current generated during avalanche breakdown in the collector-base diode can
lead to MOSFET destruction caused by bipolar transistor turn-on. Base and emitter regions are,
however, almost shorted by the emitter metallisation; between them there is nothing but the lateral
resistance of the p*-well. Various design-related measures, e.g. small MOSFET cells, a homog-
enous cell field, low-ohmic p*-wells, optimum outer structures and very homogenous technological
processes, can produce a very low breakdown current per cell which - under precisely specified
conditions - will not yet trigger turn-on of the bipolar transistor structure. For these "avalanche-
resistant” MOSFET chips, the datasheets specify a permissible avalanche energy E, for single
pulses or periodic load (limited by the maximum rated chip temperature).

Since absolute symmetry cannot be guaranteed for power modules working with several MOSFET
chips connected in parallel, it is not permissible to use more than the maximum E, value guaran-
teed for a single chip.
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On-state (1st quadrant)

The forward on-state at a positive drain-source voltage V¢ and positive drain current | comprises
two characteristic curve areas:

Active region (pinch-off area)

With a gate-emitter voltage V. that hardly exceeds the gate-emitter threshold voltage V., a
relatively high voltage share will be depleted through the channel owing to current saturation (hori-
zontal part of the output characteristics). The drain current | is controlled by V .. As a measure for
the transfer behaviour as described in Figure 2.4.17b) the forward transconductance g, is defined

as
g, = Al/AV (o = 1/(V -V

Forward transconductance rises in proportion to the increase in drain current |, and the drain-
source voltage V¢ and falls as chip temperature increases. In the switching mode that is exclu-
sively permissible for power modules working with several MOSFET chips connected in parallel,
the pinch-off area is only run through during turn-on and turn-off. Stationary module operation in
the pinch-off area is not permissible, because Ves<m> drops when the temperature rises, meaning
that even small differences between the individual chips may cause thermal instability.

GS(th))'

Ohmic characteristic area

The ohmic characteristic area (steep part of the output characteristics), which corresponds to ON-
state during switching operations, is reached when | is determined by the outer circuit only. On-
state behaviour is charaterised by the drain-source on-resistance R, as a quotient of changing
drain-source voltage Vg, and drain current |,. The on-resistance R ¢ is dependent on the gate-
source voltage V4 and the chip temperature. In the operating temperature range of a MOSFET,
R )is almost doubled in the range between 25°C and 125°C, cf. chapter 3.4.3.

DS(on
Inverse operation (3rd quadrant)

In inverse mode, the MOSFET has a diode characteristic at V, <V, (continuous curve in Fig-
ure 2.4.17). This behaviour is caused by the parasitic diode in the MOSFET structure; the on-state
voltage of the collector-(source)-base-(drain)-pn-junction ("inverse diode"). The bipolar current
flow through this diode determines the on-state behaviour of the MOSFET in reverse direction,
when the channel is closed (Figure 2.4.18a).
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Figure 2.4.18 Inverse operation of a power MOSFET [26] ; a) Closed channel (bipolar current flow); b)
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Generally speaking, the bipolar inverse diode can be utilised within the current limits specified for

the MOSFET. Practice, however, often shows that

- inverse diodes cause relatively high on-state losses which must be dissipated together with the
MOSFET losses and

- that the poor turn-off behaviour and relatively low dv/dt limits of these PIN diodes are responsi-
ble for the practical application limits of MOSFET bridge circuits in processes that require hard
switching.

As shown in Figure 2.4.18, the MOSFET channel can also be conductively controlled when a
negative drain-source voltage is present, provided that a gate-source voltage is applied above the
threshold voltage level.

If the drain-source voltage is then externally limited - e.g. by connecting a Schottky diode in par-
allel - to values below the threshold voltage of the inverse diode, the inverse current will remain
a unipolar electron flow (majority carrier flow) from drain to source. Consequently, the switching
behaviour corresponds to that of MOSFET. The inverse current depends on -V . and V  (Figure
2.4.18b).

Operation according to Figure 2.4.18c occurs, if the channel is additionally controlled while the bi-
polar inverse diode is conducting (drain-source voltage above threshold voltage level). This results
in a lower on-state voltage than for a simple parallel connection for diode and MOSFET, since the
injected charge carriers laterally diffuse as well, thus improving MOSFET conductivity.

Today, this behaviour is made use of in low-voltage power supply systems, where "synchronous
rectifiers" with integrated MOSFET can be used instead of conventional diode rectifiers. If MOS-
FET are triggered during the conducting phase of their inverse diode, switch-mode power supplies
with < 15V output voltage, for example, may substantially gain in efficiency owing to the extremely
low on-state voltage (some 10 mV) compared to conventional diode rectifying (on-state voltage
several 100 mV).

2.4.3.2 Switching behaviour

The switching behaviour (switching velocity, losses) of MOSFET power modules is determined
by their structural, internal capacitances and the internal and terminal resistances. Contrary to
the ideal of powerless voltage control via the MOSFET gate, frequency-dependent control power
is required; this is owing to the recharge currents of the internal capacitances which are needed
for switching. Furthermore, the commutation processes are affected by the parasitic connection
inductances present in the components and connections and generated by connecting transistor
chips in power modules; they induce transient overvoltages and may cause oscillations due to the
circuit and transistor capacitances, cf. chapter 5.

The switching behaviour of power MOSFET can be described as resulting from the transistor's
internal capacitances and resistances:

When the MOSFET is turned off, C_ is low and approximately equal to C.

During on-state, C_, will increase rapidly as soon as the gate-source voltage has exceeded the
drain-source voltage; this is due to inversion in the enhancement layer below the gate regions.

Datasheets (cf. chapter 3.4.3) normally list the low-signal capacitances C_, C__and C__ of the
turned-off transistor, see Table 2.4 .4.
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Power MOSFET
Input capacitance C.=Cs +Cy
Reverse transfer capacitance (Miller capacitance) C..=Cq
Output capacitance Cs = Cqop + Cpg

Table 2.4.4  Definition of MOSFET low-signal capacitances

When calculating the switching behaviour, this data is of very limited use only, for reasons that
have already been explained in detail for the IGBT. The "hard" switching behaviour of MOSFET
when switching ohmic-inductive loads with continuous load current, i.e. the time constant of the
load L/R is much greater than the cycle 1/f of the switching frequency, is looked at below. Figure
2.4.19 shows the basic waveforms of drain current and drain-source voltage in analogy to the
IGBT described in the previous chapter.

Apart from the non-ideal properties of transistors and diodes, passive circuit components also
influence switching losses and operating point waveforms to a high degree. Their influence will be
discussed in more detail later in chapter 5.
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Figure 2.4.19 Typical "hard" switching behaviour of power MOSFET and IGBT when switching ohmic-
inductive load with a freewheeling circuit (current and voltage waveforms)
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Turn-on

As Figure 2.4.19 demonstrates, the drain-source voltage of the power MOSFET drops to the on-

state voltage value within some 10 ns Vg = lp - Roseon -
Turn-on: switching interval 0...t, (blocked transistor)

The gate current i starts flowing when the control voltage is applied. At first, i, charges only the
gate capacitance C_ until it reaches the charge quantity Q,; the gate-source voltage V  rises
in line with the time constant determined by the input capacitance of the MOSFET and the gate
resistance. Since V  is still below the threshold voltage V no collector current will flow during
this period.

GS(th)?

Turn-on: switching interval t....t, (drain current rise)

After the threshold voltage V. () has been reached, the drain current will start to rise. Similarly,
Vs Which is connected to the drain current in the MOSFET pinch-off area by means of the rate of
rise g, with | =g, - V,, will increase up to the value V., = I./g, (time t,). Since the freewheeling
diode can block the current at t, only, V¢ will not drop significantly before t, is reached. Att=t,,
charge Q_, will have flowed into the gate.

The largest amount of turn-on losses is generated in the MOSFET during this time interval. As
long as the i  value is still below | and part of |_still has to flow through the freewheeling diode,
the drain-source voltage v, cannot drop far below the operating voltage V, during this period.
The difference between V and V  outlined in Figure 2.4.19 is mainly caused by transient voltage
drops across the parasitic inductances of the commutation circuit.

Turn-on: switching interval t....t, (transistor fully switched on in the pinch-off area)

When the freewheeling diode is turned off, V_  drops to the on-state value . 3
Vosen =Io *Roseny  N@S been reached. Between t, and t,, drain current and gate-source
voltage are still coupled through the transconductance: V. remains roughly con-
stant. While v . drops, the gate current i, recharges the Miller capacitance C_, with the
charge (Qg,-Qg,)- By t = t,, an amount of charge equal to Q_, will have flowed into the gate.
After the entire load current | has been commutated to the MOSFET, the freewheeling diode will
start to block. Owing to the reverse recovery time of the freewheeling diode, the MOSFET drain
current iy initially continues to rise above | during turn-off of the freewheeling diode (t ) by the
amount | of the diode reverse current and dissipates the reverse recovery charge Q_ of the
freewheeling diode. For explanations of the characteristics I, Q_and E_for inverse diodes, see
chapter 3.4.2.

Turn-on: switching interval t....t, (ohmic operating area)

RRM?

At t,, the MOSFET is now turned on and its operating point has passed through the pinch-off area
and has reached the border of the ohmic operating area. V¢ and |, are no longer coupled by g. .
The charge quantity (Q,,, -Q,,) now supplied to the gate causes the further rise in V¢ up to the
level of the gate control voltage V..

Turn-off

During turn-off, the processes described above run in reverse direction. Charge Q,, has to be
discharged from the gate with the aid of the gate current. In contrast to IGBT, power MOSFET do
not use a negative gate voltage here but V= 0V, see chapter 5.

During turn-off only the internal capacitances of the power MOSFET have to be recharged to such
an extent that there is no charge carrier influence left in the channel area. From this point on, neu-
trality interference in this area will quickly be reduced and the drain current will drop rapidly. The
overshoot of v, over V indicated in Figure 2.4.19 results mainly from the parasitic inductances
of the commutation circuit and increases in proportion to the turn-off speed -di_/dt of the power
MOSFET.

Likewise in the case of power MOSFET: the more the specific transistor application deviates from
the "ideal hard switch" application described here, the more "blurry" the step-form of the gate-
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source voltage curve becomes. The intervals "decoupled" during hard switching will then merge
more and more, and any description of the switching behaviour becomes more complex.

2.4.3.3 Latest versions and new directions of development

Power electronics largely use the vertical structure shown in Figure 2.4.3, where gate and source
terminals are located on the chip surface and the drain terminal is on the underside of the chip.
The load current is conducted vertically through the chip outside the channel. The VDMOSFET
version (Vertical Double Diffused MOSFET) introduced at the beginning of the eighties is still be-
ing used today and is being continuously improved on, e.g. reduction in cell dimensions. Depend-
ing on the application focus on "low" or "high" drain-source voltage, the key developments on the
power MOSFET front have gone in two directions with significant structural differences:

Trench-Gate MOSFET

The example shown in Figure 2.4.20 illustrates the continuous development towards the Trench-
MOSFET, which was introduced around 1997.

a) b)

Figure 2.4.20 a) conventional VDMOSFET,; b) MOSFET with trench-gate (Trench MOSFET) [27]

Similar to the development of the Trench IGBT, the insulated gate plates - and thus the channel
area - are arranged vertically here; the distance to be covered by the electrons in the n-region is
thus shorter. This enables a significant reduction in R mainly in the lower voltage range com-
pared to conventional structures.

Superjunction MOSFET

As mentioned at the beginning of this chapter, the "breakthrough" achieved in the reduction of
RDS(OH) was initiated in 1999 by Infineon with the development of the CoolMOS as the first "Super-
junction" power MOSFET on the market.

The compensation principle used in superjunction components was developed for MOSFET with
blocking voltages between 500 V and 1000 V. Figure 2.4.21 demonstrates the layout and func-

tional principle of a CoolMOS.

DS(on)
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Figure 2.4.21 Layout and functional principle of a superjunction MOSFET (CoolMOS) [25]

With the aid of several epitaxy steps or lateral diffusion from trenches, high-doped conducting col-
umns are injected into the low-doped n- drift area. These columns are connected with the p-wells.
Column doping is dimensioned such that the n-doping of the drift area is compensated for, result-
ing in a very low effective doping level.

In blocking state, the field is almost rectangular and can take up the maximum voltage level in rela-
tion to the thickness of the n--region. Drift area doping can only be increased to such an extent that
still allows for it to be compensated by the same amount of doping in the p-column ("compensation
principle"). This overrides the interdependency of blocking voltage and doping density [17].

As a result, the thickness of the n- drift area can be reduced substantially compared to conven-
tional MOSFET, and drift area conductivity can be increased by way of higher doping. This means
that the on-resistance R, will no longer increase to the power of 2.4...2.6, but almost linear to
the breakdown voltage V .. .; the on-state losses of high-blocking power MOSFET can be re-
duced significantly (to 1/3 - 1/5). Chip area, switching losses and gate capacitance / gate charge
drop accordingly — for the same current capability. Figure 2.4.22 shows the differences in layout

and properties for standard and superjunction power MOSFET.

70



2 Basics

Source Sourca Repi _first approximatim:
o
2-C2-¥pp2
Standard MOSFET: Rqﬂ- = BD-
py, -E-A
E 5
2 B
e nF # Superjunction: Ry = C%-Vpps
Crain Drain {J'f .'H.I'i -‘MD A
[E14 [Eld
C=1810% em?V7
8.00 E i i i i |
7.00 £|- - - - superjunction| 1 ____:
B . - o 6 00 _ _. cc-nuenhcerlaf 4 _________
i = a b [ E 500 _é_____i_____-;—____E______:_____,______:_ S N
5 - = o 1
Standard Superjunction £ 400 —E————4:—————+——--+-___4_____k___ .
w O s boeongdlons
R =— "8 = ; !
api g1, 'j"r_a o &£ 200 _g____J_____JI._____:_____J_ A58

1.00 £-----efooo A ez
0.00 :Hu_:r_:-.--r:l'

0 100 200 300 400 500 600 70O 200
Breakdown Voltage UBD [V]

Figure 2.4.22 Comparison of standard and superjunction MOSFET [28]
Introduction of insulated field plates

In order to be able to transfer the superjunction principle to MOSFET for low voltages, technolo-
gies had to be developed that were much simpler and cheaper than those dealing with high-volt
components. This challenge was met by Infineon, for example, with the product "OptiMOS", which
is suitable for blocking voltages up to 300 V [29]. OptiMOS transistors have insulated field plates
rather than p-columns built up in epitaxy processes. These field plates are arranged in trenches
which are etched into the n- drift area, insulated by a layer of silicon oxide and alternately con-
nected to the source region and the polysilicon gate (Figure 2.4.23).

thick oxid layer field plate

Figure 2.4.23 Principle layout of an OptiMOS [29]

Figure 2.4.24 shows the compensation effect of the field plates and the field intensity characteris-
tics in y-direction compared to a conventional-type blocked pn-junction. The p-charge on the field
plates compensates the doping of the n- region so that it can be increased as described above. In
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off-state, the triangular field shape of the simple structure becomes almost rectangular, permitting
the reduction of the n- layer thickness. Higher doping and reduced n- drift area thickness brings
about the advantages that superjunction MOSFET have over conventional structures, as detailed
above.

E E,

Y ¥

Figure 2.4.24 Field distribution in a conventional pn-junction and a pn-junction
with field plates [29]

2.5 Packaging

Packaging has to fulfil the following main purposes:

- Provide electrical connection between one or more semiconductor chips and the circuit
- Dissipate the heat generated during chip operation to a cooling device

- Protect the semiconductor chip from harmful ambient influences

- Identify component type and terminals

Depending on the packaging technology used, power semiconductors can be divided into the fol-
lowing categories. In some components, solder connections are replaced by a sintered layer.

Power semiconduc- | Soldered/bonded Power semiconduc-
tors power semiconduc- |tors with pressure
double-sided solder- |tors contacts
ing
Bonddraht Druck
Technology Lot I \A Lot l * * * * * * l
Functions Lot Silizium | silziom |
[t ] | ]
Discrete power semi- N A A P
conductors = i \. * ‘ o = )
(non-insulated) v ) g'__-— :
Insulated modules - -
with base plate = a7 - >
_ o J '

Insulated modules e B
without base plate ) \l S # )

IPM (intelligent .
power modules, T

insulated) - Ny ‘&:‘ )

Table 2.5.1 Power semiconductor classification according to packaging technology
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Innovations in packaging technology focus on a number of areas, including:

- Improvement of heat dissipation and thermal cycling capability

- Minimisation of inductances in the module and in the supply leads by means of suitable module
designs

- Highly flexible packaging, easy customer assembly

- Greater degree of integration (converter circuits)

- Integration of monitoring, protection and driver functions

251 Technologies
2511 Soldering

Soldering is the connection of two (metal) materials by means of liquid metal or a liquid alloy. In-
dividual atoms in the solder then diffuse into the metal surface of the components to be soldered
and a thin layer of an alloy made of solder and substrate is created. The prerequisite for void-free
soldering quality are clean surfaces free from oxide for all connection components involved. For
this purpose, fluxing agents are often used to clean surfaces; these agents are activated when
the materials are warmed up for soldering. They also protect the surfaces from re-oxidation during
soldering. Most fluxing agents must be removed again after soldering. Reducing gases, such as
inert gas, can be used as fluxing agents. Applying a vacuum as soon as the solder has liquefied
is a very good way of achieving void-free connections. Solder connections must conform with the
RoHS Directive (Restriction of Hazardous Substances Directive) of the European Union.

A wide variety of soldering processes are available and are mainly distinguished by the manner
in which heat is coupled to the part to be soldered. An interesting process method is the use of
soldering pastes consisting of little solder balls and a paste-like fluxing agent. Using a dispenser,
by screen or stencil printing, the paste is applied onto one of connection parts; the second partner
(e.g. the chip) is pressed into the paste and the connection is heated until the solder melts (reflow
soldering).

Large-area solder connections between materials with very different thermal expansion coeffi-
cients are critical (Table 2.5.4). The bimetal effect causes bending and, under thermal cycling,
solder fatigue which will ultimately result in solder failure. For this reason it is not possible to solder
large-area ceramic parts onto copper base plates, for example.

2.5.1.2 Diffusion sintering (low-temperature joining technology)

Diffusion sintering is a process which can replace soldering in many cases. It may be considered
as being far superior to soldering in terms of its long-term reliability. At a temperature of around
250°C, fine silver powder is sintered under high pressure to form a low-porous silver bond layer
(Figure 2.5.1) between the parts to be connected.

Figure 2.5.1 Silver powder before and after diffusion sintering

Sintered layers are stable up to the melting point of silver (962°C). Fluxing agent is not required.
Sintered layers display better thermal, mechanical and electrical properties than solder (Table
2.5.2).
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Property Solder layer SnAg(3) | Ag sintered layer
Melting point °C 221 962

Heat conductivity W/mK 70 240

Electric conductivity MS/m 8 41

Typical layer thickness um 90 20

Thermal expansion coefficient ppm/K 28 19

Table 2.5.2  Comparison of important properties of SnAg(3) solder and diffusion-sintered silver.

The main advantage of the sintered layer is its resistance to temperature cycles; this is even true
for high maximum temperatures. In contrast, solder tends to lose its strength when subjected too
high stresses caused by temperature cycles. The great potential of sinter technology can best be
demonstrated by specifying its homologous temperature. The homologous temperature (in%) of a
material is defined as the ratio of operating temperature to melting point, both given in Kelvin. For
homologous temperatures below 40%, materials are barely or not at all weakened by temperature.
The creepage area lies between 40% and 60%. This is the area in which material properties are
susceptible to mechanical stress. Above 60% their strength declines considerably; the material is
regarded as unsuitable for this application (Table 2.5.3). The disadvantage of diffusion sintering is
that only materials with a precious metal surface can be connected.

Homologous temperature for Solder layer SnAg(3) Ag sintered layer
Operating temperature 100°C | 76% 30%

(373 K)

Operating temperature 150°C | 86% 34%

(423 K)

Melting temperature (100%) 221°C (494 K) 962°C (1,235 K)

Table 2.5.3 Homologous temperature in% for SnAg(3) solder and a silver diffusion-sintered layer at two
operating temperatures

In series production, sintering technology was first used to replace solders in chip-to-DBC connec-
tion. SKiM63/93 modules are the first fully solder-free modules. Sintering could also be used to
eliminate the shortcomings of large-area DBC to base plate soldering [30] or those of wire bonded
connections. Examples of the latter option are presented in Figure 2.5.2.

Figure 2.5.2 Sintered silver bands [31] or copper litz wires [32] as substitutes for conventional bond wire
connections
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2.5.1.3 Wire bonding

Wire bonding is often used to connect a power semiconductor chip face with other chips or con-
necting elements. This is a cold welding process where ultrasonic energy is used to connect an
aluminium wire (about 100 um to 500 um thick) to a surface made of aluminium, copper or gold.
This process takes place at room temperature. Since a bond wire is limited in its current capability,
several bond wires are used in parallel for higher amperages. Stitching, i.e. multiple bonding of a
wire on a surface, is employed to distribute the current more evenly on a chip (Figure 2.5.3).

Stitches

Diode
Ceramic (DCB)

Figure 2.5.3 Many parallel, "multi-stitched" bond wires on a diode chip, 502 mm? face.

Since wire-bonding is a very flexible and cost-effective solution, this technology will remain the
major connection method for chip surfaces in the near future.

2514 Pressure contact

In contrast to soldering, diffusion-sintering and wire-bonding, pressure contacts are not metallurgi-
cal joints but a positive connection method. This means the pressure-contacted partners can be
offset against each other and can glide on each other. Tensions that would arise in the case of
metallurgical joints during temperature cycles owing to the different thermal expansion coefficients
of the connection partners thus do not appear or to a very limited extent only. Pressure contacts do
not display fatigue caused by temperature change, as is the case with soldered and wire-bonded
connections. This explains the high reliability of pressure-contacted components. With a suitable
design (disk cells), double-sided cooling can be obtained by clamping the component between two
heat sinks, thus cutting the thermal resistance in half. A differentiation should be made between
large-surface and small-surface ("dot-shaped") pressure contacts.

Large-surface pressure contact

Here, the surfaces of the parts being connected, which are pressed against each other under
high force, must be clean and planar. In addition, the contact surfaces must not be prone to cold
welding, because this would prevent them from "floating". This can be ensured by selecting suit-
able surface pairs. Examples of large-surface pressure contacts are disk cells or module/heat sink
connections.

Small-surface pressure contact

Here, the contact area is line-shaped or almost dot-shaped. This extremely small contact area
requires just a small force to apply high pressure to the contact area. The pressure is so high that
oxide layers or other surface pollution of the small-surface contact partner can be penetrated, thus
ensuring safe and reliable contact. In many modules, such contacts are used in the form of spiral
springs for control terminals, as well as in MiniSKiiP modules.

SKiiP® technology

SKiiP® is a purpose-developed pressure-contact technology which provides advantages for all
module power rating classes in terms of performance, service life, reliability and costs. The most
important characteristic of SKiiP® is the elimination of soldered connections to the base plate
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and terminals. For this purpose, the solid, 2 to 5-mm-strong copper base plate is done away with.
Instead, the insulating substrate (DBC) - together with the soldered or sintered chips - is pressed
directly onto the heat sink by the case, pressure elements or the terminals.

The main advantage of this layout is that there is no metallurgical joint between the ceramic sub-
strate (thermal expansion coefficient is about 4 -7+10%/K) and the base plate (thermal expansion
coefficient of copper is about 17.5+10%/K). This means there is no large-area soldering. This helps
to avoid the high mechanical tension between base plate and ceramic parts that occurs in base
plate modules due to temperature changes. Soldered terminals can also be replaced with pressure
contacts. A number of module families covering a wide performance range are based on SKiiP®
technology. Besides the SKiiP® module family, this includes all SKiM, MiniSKiiP, SEMITOP and
most SEMIPONT modules.

2.5.1.5 Assembly and connection technology

Most power modules available today have cases containing screw, plug-in, solder or spring con-
tacts (Figure 2.5.4).

Figure 2.5.4 Transistor module designs (selection)

The highest degree of standardisation is found in module types with screw terminals. The main
terminals may be contacted by busbars or sandwich assemblies. Additional terminals are often
provided for control and sense-units (e.g. control-emitter, sense-collector) in order to minimise the
influence of inductive voltage drop in the main circuit generated during switching. Auxiliary termi-
nals are mostly designed as 2.8 mm flat strip plug connectors for wire connections, or with springs
for direct driver circuit assembly on the PCB.

Components for direct PCB assembly are very important in the current range of up to about 100
A, because they offer cost advantages in production and automatic assembly. Optimised layout
of connectors enables low-inductance assemblies. Solder pins (e.g. SEMITOP, ECONOPACK),
press-fit contacts or spring contacts (e.g. MiniSKiiP) are used as connectors. Current capability
for high load currents is achieved by connecting several terminals in parallel. What is problematic
here is the large track cross-sections (required for high currents) and the introduction of maximum-
length creepage paths on the PCB. This limits both component performance and application volt-
ages.
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The merits of spring contacts

MiniSKiiP*

SEMiX*

Figure 2.5.5 Spring types for main and auxiliary contacts

Spring contacts have a number of advantages over solder and press-fit contacts with respect to

PCB assembly.

- Better utilisation of the PCB area and easier routing, since "vias" are not required

- Easier assembly automation, since no large-surface components with tolerances have to be fit-
ted into holes

- Assembly of the (heavy and expensive) power semiconductor and heat sink after soldering and

PCB pre-testing

Improved thermal cycling capability thanks to "free-moving" contacts

Higher resistance to shock and vibration stress (no solder fatigue)

Quasi-hermetically sealed contact is corrosion-proof

No electromigration

Mechanical natural frequencies: The spring weight is so low that their natural frequencies (> 1
kHz) are far higher the mechanical oscillations produced in "heavy" power modules.

---------

o

Figure 2.5.6 Natural frequency analysis of a non-loaded spring with a 1.1 kHz resonance frequency in
Z-direction

Contact force: The spring contact contact force 2...10 kN/cm?. This ensures safe and reliable
contact even under shock stress of up to 100 G (SKiM63/93). This is within the range for screw
connections and far higher than for plug-in contacts.
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pressura force prassure forcs pressure force
tvpically 50 Nimm® typically 10 Mimm® typically 20 - 100 Nimm*

Figure 2.5.7 Comparison of contact pressures of detachable electrical connections (from left to right:
screw, plug-in, spring contact)

Inductances: The inductance of a MiniSKiiP spring (Figure 2.5.5) only insignificantly higher than
the one of a solder pin. Spiral springs, as used in the control circuit of SEMiX, SKiM and SKiiP,
have a higher inductance. This lies within the range of 100 nH.

Lepn?—"P 11904

441> +D?
u=H,=1.26 pH/m;
=10 mm (length, pressed);
D=2 mm (inner diameter);
n=17 (number of windings);

This can be compared to connection wires of 10 cm in length, as are common in auxiliary terminals
in modules with plug-in contacts. If the driver board is directly connected via the spiral springs,
the total inductance composed of inner and outer inductance in the control circuit is even far lower
than the wire-contacted interfacing of standard modules.

o
-
-

b)

Figure 2.5.8 Control terminals of a SEMITRANS module (a) and a SEMiX module (b)

Landing Pad requirements: The springs have a silver-plated surface, the PCB landing pads must
be tin-plated (chemically: Sn, HAL-Sn Hot Air Leveling) or coated with nickel / gold flash (>3 p Ni,
> 20 nm Au).

2.5.1.6 Modules with or without base plate

Some comparisons are rather inaccurate (e.g. [33]) since they compare the two technologies by
examining a module with base plate to begin with and then simply removing the base plate to per-
form the comparison. Of course, both design variants must be constructed under totally different
aspects. SEMIKRON offers both technologies, because both have advantages and disadvantages.
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Base plate

Such modules are charaterised by the use of few large chips with good heat spreading through
the base plate.

Advantages:
- Mechanically more robust during transport and assembly
- Larger thermal mass, lower thermal impedance within the range of 1 s

Disadvantages of modules with soldered or bonded chips (IGBT modules):

- Higher thermal resistance chip / heat sink R y because base plate bending requires a thicker
layer of thermal paste

- Reduced slow power cycling capability, since the large-area base plate solder pads are suscep-
tible to temperature cycles

- Higher internal terminal resistances (r_.__), since, for thermo-mechanical reasons, the design is
based on small ceramic substrates that require additional internal connectors

- Increased weight

th(j-s

No base plate

Such modules use smaller chips and achieve thermal spreading on the heat sink thanks to heat
sources which are better spread.

Advantages:

- Lower thermal resistance, because layers are omitted, even contact with the heat sink, thinner
thermal paste layers

- Improved thermal cycling capability, because of removal of solder fatigue in base plate soldering
(bec. no base plate!)

- Smaller chips; lower temperature gradient over the chip means a lower maximum temperature
and less stress under power cycling conditions

- Few large ceramic substrates with low terminal resistance

Disadvantages

- No heat storage

- Processable chip size is limited, resulting in more parallel connections
- Increased requirements for thermal paste application

Eliminating the thermo-mechanical stress between base plate and ceramic substrate, rather than
connecting several small substrates soldered onto a common base plate into one circuit with the
aid of additional connection elements, enables very large ceramic substrates to be used in mod-

Figure 2.5.9 Large DBC substrate (115 mm x 80 mm), equipped with the chips of a 350 A/ 1200 V IGBT
three-phase bridge and angle connectors
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What is also important is that the ceramic substrates are not completely rigid, but can be bent a
little without breaking. This ensures that, when pressure is applied, the substrates can properly
adapt to heat sinks that are not ideally even. The crucial point here is that insulating substrate is
not pressed onto the heat sink at the corners only but at many different points, e.g. in the centre
and along the periphery, and also next to and in between the chips. This ensures good adapta-
tion of the DBC substrate to the heat sink surface. As a result, the thermal paste - which makes
the contact with the heat sink - may be much thinner (about 20...30 ym) than for conventional
modules which are only pressed onto the heat sink with screws at the corners or at the edges. For
these standard modules, thermal paste thickness must be 70 ym to 120 um in order to prevent air
bubbles between the module and heat sink surfaces which will never be ideally plane. This much
thinner thermal paste layer results in a lower static thermal resistance in SKiiP® modules than in
standard modules. The transient resistance of SKiiP® modules, however, is slightly higher in the
time range between 0.1 sand 1 s.

Standard Base plate Module Module in SKiiP®-Technology

Base plate Presswure

Solder

VLl Ll 22

e =

\ /
Thermal grease

Figure 2.5.10 Base plate bending and thermal paste requirements regarding thickness for a conventional
module (a) and a module in SKiiP® technology (b)

2.5.2 Functions and features

2.5.21 Insulation

Plastic materials are used as an insulating material for components with electrical isolation be-
tween live parts and the base plate (semiconductor modules); ceramic insulators are used in the
higher power range. Plastic materials, usually thin layers of polyimide or epoxy, have a much
higher thermal resistance than ceramic insulators. One example of plastic insulation is IMS sub-
strates (Insulated Metal Substrates, Figure 2.5.11). IMS substrates are used mainly in the low-cost
/ low-power range and are charaterised by direct contact between the insulating material and the
module base plate. The upper copper layer is attached as a foil and structured by etching. The
main advantages of IMS technology are low costs, filigree track structure (possible integration of
driver and protection devices) and high mechanical substrate stability.

One disadvantage of this very thin insulating layer, however, is the relatively high coupling ca-
pacitances towards the mounting surface. Furthermore, the extremely thin upper copper layer
only provides for comparably low heat spreading. This can be improved by adding metallised heat
spreading layers underneath the chips or Al particles to the insulation layer.

DBC substrates (Direct Bonded Copper) are most commonly used for ceramic insulation. Here,
the insulator is often made of aluminium dioxide Al,O,; the double-sided metal layers are made of
copper. The metal / ceramic connection is made at temperatures of just above 1,063°C with the aid
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of low-viscosity copper / copper oxide eutectic. AMB ceramics (Active Metal Brazing) are almost
equivalent to DBC substrates. These are produced by soldering copper or aluminium foils on to
the aluminium oxide or aluminium nitride (AIN) ceramic with the aid of titaniferous hard solder. The
track structure for the module circuitry is etched into the upper copper surface. The underside of
the DBC ceramic substrate is soldered to the module base plate or directly pressed onto the heat
sink surface by means of suitable case designs.

IMS ¢y (0.035 -0.105 mm) DCB ¢y (0.3 mm)
7 )
Al oder Cu Epoxyd (0.12 mm) Al;O; (AIN)
(1-3 mm) Polyimid (0.025 mm) 0.63 mm (0.25- 1.0 mm)
a) b)

Figure 2.5.11 Comparison of IMS (a) and DBC (b) structure

The advantage of ceramic substrates is that their thermal expansion coefficients are very close to
that of silicon. By way of contrast, IMS expansion is determined by the base plate material (cop-
per or aluminium), resulting in high tension between substrate and soldered-on silicon chip when
temperature changes occur (chapter 2.7). The move towards ever higher voltage ranges places
increasing demands on IGBT modules to provide high insulation voltages and a high partial dis-
charge stability. Dielectric strength and partial discharge stability are dependent on the thickness,
the material and homogeneity of the chip bottom insulation, the module case and filling materials
and sometimes on the chip arrangement, too. Present-day transistor modules are subject to insu-
lation test voltages between 2.5 kV_. and 9 kV_, verified for every module during production.

Figure 2.5.12 shows the maximum attainable insulation voltages for different insulating substrates
when using common standard substrate thicknesses.

13 kV

7kv  7kVv
6 kV

Isolation voltage

ALO, AIN Epoxyd Polyimid
d[mm] 0.38 0.63 0.12 0.025

Figure 2.5.12 Insulation voltages for different insulating substrates
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2.5.2.2 Heat dissipation and thermal resistance

In order to utilise the theoretical current capability as far as possible, power losses have to be
optimally conducted through the connection layers - and for modules also through the insulation
layers - to the heat sink. The quality of dissipation for the heat losses P, generated during forward
on-state and blocking state and during switching is expressed by the temperature difference

ATJ._S = T,- -T,

between chip (chip temperature T) and heat sink (heat sink temperature T ) which is as low as
pos5|ble It is quantified as the (statlonary) thermal resistance R . or (transient) thermal imped-
ance Z -

TJ. -,
th(j-s) — p

\

R

In the past, a "v" for "virtual" preceded the index of the junction temperature (TVJ.), since "the" junc-
tion temperature does not exist, but merely an equivalent measurement or computed value.

For modules with base plate, the value for the outer thermal resistance or impedance is specified
as Ry . OF £, (base plate to heat sink) and is distinguished from the inner value R, . or Z, . .
(chip to base plate)

R = Rth(J -C) Rth(c—s)

ZA=Z. +Z

th(j-s) th(j-c) th(c-s)
For modules without base plate, it is not possible to measure these values separately without seri-
ously interfering with the thermal system. For this reason, only the total resistance between chip
and heat sink is specified for these components. Low-power components are also specified with
reference to the ambient temperature. Figure 2.5.13 shows a schematic of a module with base
plate. The rating equation for thermal resistance

a
A-A
(d = material thickness, A = heat conductivity, A = heat flow area)

Ry =

can be used to deduce which inherent module quantities influence the heat dissipation capability
orR and Z

th(j-s) th(j-s)
Chip (area, thickness, geometry and layout)
DBC substrate design (material, thickness, structure on the substrate upper)
Material and quality of the chip/substrate connection (solder, adhesive, ...)
Presence of a base plate (material, geometry)
Rear soldering of the substrate to the base plate (material, quality)
Module assembly (surface qualities / thermal contact to heat sink, thickness and quality of ther-
mal paste or thermal foil)

In conjunction with the equation for thermal capacitance:
C,=s"V

the elements of the thermal equivalent circuit can be calculated from the geometry layer by layer (s
= heat storage characteristic, V = volume). Heat spreading must be factored in to area and volume
calculations. A conflicting effect that has to be considered is mutual chip heating in complex power
modules (thermal coupling). The calculated theoretical thermal resistance value will often be lower
than the actual measured value. The reason for this often lies in the uncertainties observed in heat
spreading and thermal coupling, as well as impurities at the border layers which have not been
considered in the modelling. For this reason, this type of modelling is not particularly well suited to
complex power electronic systems. Normally, the computed R, values are adjusted to the meas-
ured total of R with the aid of a weighting factor.
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Material Heat conductivity A He_at _storage charac- Z:::::ilon coefficient
[W/(m*K)] teristic s [kJ/(m**K)] o [10°/K]
Silicon 148 1650 4.1
Copper 394 3400 17.5
Aluminium 230 2480 22.5
Silver 407 2450 19
Molybdenum 145 2575 5
Solders ~70 1670 15-30
AL,O,-DBC 24 3025 8.3
AIN DBC, AIN-AMB 180 2435 5.7
AISiC (75% SiC) 180 2223 7

Table 2.5.4 Heat conductivity, heat storage characteristic and thermal expansion coefficient for materials
that are

Silicon
Chip

Solder
Chip-Cu

Upper
Copper
Layer

Isolator
(ALO, or
AIN)

Lower
Copper
Layer

Solder
Copper-
Base plate

Base plate

Thermal
Compound

Heatsi n k & Zth(s—a)
Heatsink
Ambient

frequently used for packaging

Risi Silicon Chip 70...400 pm

. . Solder 80 pm
R Chip 1 cee Chip n Aluminium oxide-
SOl g = Isolation 380 pm

)

\/(> Upper & lower copper
1
J

Ricu = 2 layer 300 pm

Solder 80 um
R Base plate
o (Copper) 3 mm

Thermal Interface
Material 75 pm

Heatsink

th(j-s) = RthSi + thSol + thCul + I:zlhlso + RthCuZ + RIhSOZ + RthBP + thTIM
th(sra) Zth(j-s) = ZthSi + ZthSOl + ZthCul + Zthlso + ZthCuZ + ZthSOZ + ZthBP + Z'[hTIM

Figure 2.5.13 Basic structure of a power semiconductor module and physical modelling of the thermally

relevan

t layers
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In combination with the cooling and ambient conditions, R, . determines the maximum module
ratings for thermal losses. The development of power semiconductor modules is therefore always
associated with the reduction of the number of layers, the reduction of layer thickness (0.63 mm —
0.38 mm for ceramics) and the use of materials with improved thermal conductivity (AIN, graphite).
This development, however, is limited by insulation voltage and mechanical strength requirements.

Solder
. Malybdenum
Silicon
die /" Culayer
— S— ¥ Solder
Base plate Base plate
Heat sink Heat sink
5t generation new 6™ generation

Figure 2.5.14 Development of Semipack rectifier bridges: thermal resistance reduced by the omission of
layers

Heat spreading

Figure 2.5.15 shows a computed value for the temperature curve in the individual layers of a
module without base plate with undisturbed heat spreading. Here, the thermal conductivity of the
individual layers and the heat flow area has been taken into account. Consequently, enlarging
this area by improving heat spread would reduce the thermal resistance of the subsequent layer.
Although a thinner copper layer would lead to a lower thermal resistance in a one-dimensional
model, in the real three-dimensional space R, would in fact increase as a result of reduced heat
spreading. Thicker metal layers in the DBC substrate provide thermal advantages; however, they
also increase thermal stress within the substrates.

Heat spreading depends not only on the material properties of the given layer, but also on those
of the subsequent layer. A sufficiently high potential (temperature difference) must build up so that
the heat flow can overcome a poorly conducting layer. This will then result in increased transverse
heat conduction (heat spreading) in a layer with good thermal conductivity located above.
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Figure 2.5.15 Layer structure with heat spreading (b) and typical temperature profile (a) for a module with-
out base plate (0.38 mm Al,O,ceramic, 25 ym thermal paste, TIM)

A reduction in thermal resistance could be obtained using materials with particularly good trans-
verse thermal conductivity, whereas solutions such as "Silicon on Diamond SOD" will probably

continue to be reserved for niche markets [34].

Proportion of thermal resistance caused by the layers

; Chip
Chip
(IGET) [IEET;
3% -
/ I Ceramic
Solder Ceramic Solder Solder 36%
Chip 33% ceramic Chip
4% Cutop 2% a3
2% Cu bot 2%
1%
a) b)

Figure 2.5.16 Influences on the internal thermal resistance of a 1200 V power module, chip surface
9 mm * 9 mm: a) for DBC substrates (Al,O,) on Cu base plate, 100 ym TIM;
b) for DCB substrates (Al,O,) without Cu base plate, 25 um TIM

Figure 2.5.16 illustrates the shares for the aforementioned variables affecting R, ., for the most
common module layouts described in chapter 2.5.4 using Al,O, Direct Bonded Copper (DBC) sub-
strates with or without copper base plate.
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In both cases, the biggest share of the thermal resistance (approx. 50%) from chip to heat sink is
caused by the thermal paste (TIM — thermal interface material). This seems strange at first, since
the base plate promises better heat spreading and thus a lower influence from the thermal paste
layer. However, base plates never come into full contact with the heat sink across the entire sur-
face owing to inevitable bending due to the ceramic soldering. This effect is known as the bimetal
effect and occurs when two materials with different coefficients of thermal expansion are joined
by soldering. It cannot be compensated for even with pre-bent base plates. Bending is not con-
stant but varies over time, since the solder flows, thus relieving some of the stress. Bending also
changes as a function of the application temperature, even an ideally shaped base plate would
only rest on the heat sink at one temperature point.

Base plates that are bent in this way are only pressed onto the heat sink by means of low-force
pressure screws positioned at the edges (Figure 2.5.18). This is why much thicker layers (typically
100 um...200 pm) of the poorly conducting thermal paste are needed [35]. This problem becomes
ever more critical the bigger the module is. In Figure 2.5.17, the four nests of the soldered DBC
substrate are clearly visible. Sometimes attempts are made to reduce this bending using split base
plates, where each DBC segment is allocated a separate base plate segment [36].

200.00

h0=140.553um
[m]

0.00F~—

Figure 2.5.17 Measurement of PrimPack FF650R171E4 base plate by Infineon

Despite the high thermal conductivity of the material (Cu: A = 393 W/m*K) the base plate also
accounts for a considerable share of the module thermal resistance due to its thickness (2.5...5
mm). Thinner base plates will only reduce this share to a limited extent, since the effect of reduc-
ing base plate thickness is decreased spreading of the temperature field and thus a reduction of
the area through which the heat passes under the chips. Modules in the upper performance range
(>= 1000 A) use AISIiC base plates in conjunction with AIN ceramics. This is necessary in order to
match the thermal expansion coefficients of the ceramic and base plate (a: AIN 5.7 ppm, AISiC
7 ppm, Cu 17 ppm — also see chapter 2.7 Reliability). The poorer thermal conductivity of AISiC
(A = 180 W/m*K) compared to copper increases the thermal resistance, reducing heat spreading.

As mentioned a number of times before, omitting the base plate has proven to be the most effec-
tive way of eliminating the thermo-mechanical stress between base plate and ceramic, as well
as bending. The lack of heat spreading in the copper material is partially compensated for by the
eliminated resistances of base plate and rear soldering. Much more important, however, is that
such layouts make a tighter seat of the chip on the heat sink possible. This permits a drastic re-
duction of the thermal paste layer to 20...30 ym. To this end, pressure elements press the DBC
substrate onto the the heat sink at many points, close to the chips.
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Figure 2.5.18 Problems arising through contact of power module to heat sink
a) Module with base plate prior to assembly (base plate with convex bending)
b) Module with base plate after assembly (highly exaggerated!)
c) DBC module without base plate (e.g. SEMITOP, SKiiP, MiniSKiiP)

Module insulation accounts for the biggest part of the internal thermal resistance. The alternative,
however - for example external insulation by means of foil - would be even worse. Compared to
today's standard type Al,O, with a purity of 96% (thermal conductivity A = 24 W/m*K), improve-
ments can be achieved by using highly pure Al,O, (A = 28 W/m*K) or aluminium nitride (AIN, A
= 180...200 W/m*K), for example. The far better thermal conductivity of AIN reduces the module
thermal resistance considerably, meaning that amperage ratings are higher. Unfortunately, this
is true for the costs as well. The use of modules with improved thermal conductivity is often dis-
pensed with for cost reasons. For this reason, AIN is largely preferred for modules with high insula-
tion voltages (thicker insulating ceramics), since increased dielectric strength plus better thermal
conductivity can be utilised at the same time.

Solder connections between chip and substrate - and (if applicable) substrate and base plate -
also contribute a little to the thermal resistance. Omitting the base plate or replacing these layers
by a thinner, sintered silver layer boasting better thermal conductivity could even half this share.
The thermal resistance share for metal substrate areas depends mainly on the structure of the
upper copper area, which is used as chip carrier and internal electrical connection system for the
module. While the lateral heat flow in the copper substrate layer on the heat sink is virtually unaf-
fected, heat spreading is limited by the geometric dimensions of the copper layers under the chips.
For example, in [37] it was determined that for a 42 mm? chip on an AL,O, DBC ceramic substrate,
the value Rth(j-c) increases by around 15%, if the copper area equals the chip area, as compared
with a case with unimpaired heat spreading.

The thermal resistance accounted for by the silicon chips increases in proportion to the thickness
of the chips, which is determined by the forward blocking voltage and the chip technology. The
size of the chip areas also determines the area through which the heat passes between chip and
base plate or heat sink.

Chip size effects

In accordance with the equation for thermal resistance, R, should decline in inverse linear propor-
tion to the chip area. In real layouts, however, an increase in the chip area-to-circumference ratio
will reduce the relative temperature spread. If a chip sized 9 mm x 9 mm is divided into 9 seg-
ments, the inner segment with an edge length of 3 mm x 3 mm will have no room for heat spread-
ing. This effect results in the dependency of the thermal resistance R on the chip area AChip as
shown in Figure 2.5.19.

th(j-c)
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Figure 2.5.19 Dependency of thermal resistance R, . . on chip area A__ [37]

For high substrate thermal conductivity (e.g. AIN DBC) this effect is less marked. The poorer the
heat conductivity of the ceramic substrate, the more marked the non-linearity of the Rth(j-c) depend-
ency will become. This correlation also applies to the influence of module assembly on the heat
sink, which is done using thermal paste or thermal foils. The relatively low thermal conductivity of
A = 0.8 W/m*K (example: Wacker P12) for this layer causes a thermal transient resistance R,
between module base plate and heat sink. Besides the thickness d of the thermal paste layer, the
relative share of Rth(c_s) in the thermal resistance Rth(j-s) between chip and heat sink will also rise if
chip area is enlarged.

th(j-c) Chip

0.6
150pum
0.5 == 100pm
—=F—75um
E, 04 == 50Lm
g ‘\\
2 0.3 —
X g2 —
0.1 g
0

20 40 60 80 100 120 140 160 180
Achip [mm?]

Figure 2.5.20 R, of a base plate module in relation to a single chip as a function of the chip area and
thickness of the thermal paste layer for undisturbed heat spreading

Due to the heat spreading effect, the thermal resistance will only be reduced by 25% if the chip
area is doubled (100 um: 120 mm? = 0.235 K/W; 60 mm? = 0.315 K/W); according to the dimen-
sioning equation for R, a 50% reduction would be expected. Figure 2.5.20 demonstrates the huge
influence that optimum mounting technology has on thermal properties (thin thermal paste layer).
This figure also shows that thermal limits prevent the use of bigger chips for enhanced power
output. For this reason, the maximum chip sizes currently used in power modules are between 30
mm? (IMS) and 150 mm? (AL,O, DBC). Higher power output can be reached by distributing heat
sources (parallel connection of as many chips as possible).

88



2 Basics

Thermal coupling

For the sake of small module geometry, more or less intensive chip thermal coupling has to be
accepted if transistor and diode chips are to be positioned close to one another. According to cal-
culations in [37], an increase in the chip temperature caused by thermal coupling of heat flow, e.g.
on Al,O, DBC, can always be expected if distance a of the chips equals

a=0,6-\Ag

For the example using 36 mm? chips in Figure 2.5.21 this would be true for a distance of 3.6 mm
or above. This data may serve as a guideline, but depends on the heat spreading layers in the
module in individual cases.

0.4 , —
Base plate 80 °C e
0.35 —=—Without . l"L
\ Base plate
g 0.3 < o
< \ 71°C =
= 025 G\\E —— []
© 02 - =)
e i e
0.15 ]
0.1 ' I
0 1 2 3 4 5 6 :

Distance between chips [mm]

Figure 2.5.21 Thermal resistance R, . , of four 36 mm? chips as a function of the chip distance; (thermal
paste thickness: with base plate 100 um, without 25 pum), right: simulation of chip tempera-
tures assuming same power loss and chip area but increasing distance
(0 mm, 1 mm, 6 mm)

Depending on the closeness of the chips, thermal coupling

- will appear on the upper side of the DBC metallisation (e.g. fully equipped modules with maxi-
mum rated current in case class)

- over the base plate (e.g. IGBT + inverse diode of standard IGBT modules)

- over the heat sink

Thermal impedance

As already mentioned above, in addition to the static behaviour of power modules, the dynamic
thermal behaviour of power modules, which is charaterised by the thermal impedance Z_, is also
of major importance. Figure 2.5.22 shows the development of thermal impedances Zth(j-c) over time
for a module containing an Al,O, DBC substrate for different chip areas.
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Figure 2.5.22 Time curve of thermal impedances Zth(j—c) of a module with Al,O, DBC substrate for different
chip areas [37]

For the given module structure, the Z, curves for different chip areas may be shifted against one
another, i.e. the absolute values will change in proportion to the chip area, however without in-
fluencing the time constants of the exponential functions. Consequently, thermal impedances for
different chip areas, like thermal resistances, may be calculated in a given structure with the aid
of the following equation:

Rth(j—c)z

Zth(j—c)Z = Zth(j—c)l' Rth(j—c)l
Thermal impedances of modules with or without a base plate are similar as long as heat build-
up takes place inside the chip and the DBC substrate (Figure 2.5.23). For times > 100 ms both
curves differ over time. While the base plate module has thermal advantages in the time range up
to 1...2 s owing to the heat storage capability of the copper plate, the module without base plate
has advantages for longer periods owing to the reduced R value.
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Figure 2.5.23 Comparison of thermal impedances of a 600 A/ 1200 V module with base plates (SEMiX4)
and without base plate (SKiiP4); reference point: drill hole in the heat sink 2 mm below the
surface
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2.5.2.3 Power cycling capability

Power cycling, especially at duty cycle operation, e.g. in traction, elevator and pulse applications,
will subject the internal connections in a module to thermal cycling, such connections being:

- Bonded connections

- Rear chip soldering

- DBC / base plate soldering

- And substrate lamination (Cu on Al,O, or AIN)

The different length expansion coefficients of the layers cause thermal stress during production
and operation, which will eventually lead to material fatigue and wear and tear; module life (number
of possible switching cycles) is reduced in proportion to the rising amplitude of the chip tempera-
ture fluctuation during these cycles.

Failure mechanisms, the quantitative correlation between module lifetime and temperature, cur-
rent carrying capacity and time, as well as measures taken to increase module lifetime are de-
scribed in chapter 2.7.

2.5.2.4 Current conduction to the main terminals

Improved semiconductor properties (chip shrinkage) result in ever higher current ratings and pow-

er densities for the same module area. The terminals of older standard IGBT packages, in par-

ticular, are now reaching the limits of their current carrying capacity. This partially calls for current

limiting due to terminal heating (specification of an |, rus) = Maximum current flowing through the

terminals). Losses in the terminals can be calculated with the aid of the parameter r_, __. These

occur in addition to the chip losses and are normally not negligible. A SEMITRANS 3 module (r.
.»=0.9 mQ) , for instance, would produce terminal losses of approx. 80 W at 400 A.

P:l,ms2 Mo oo = 400A2.0,5mQ = 80W

The current carrying capacity is particularly low for high-bonded terminals which are compound-
filled in packages (Econopack), since in this case there is only a poor thermal connection to the
DBC substrate. An advantage of this technology, however, lies in the mechanical connection in the
case. This makes the terminals more robust and resistant to external forces and moments (such
as torque and bending moments).

Soldered angle connectors or solder pins are in direct contact with the DBC substrate, thus display-
ing better heat dissipation. The disadvantage of these soldered connectors is the more complex
production process ("preform soldering" or second soldering with particular chip requirements as
regards soldering capability). Users will notice a higher susceptibility to mechanical and thermo-
mechanical stress. Examples of this are the standard IGBT modules in 63 mm and 34 mm packag-
ing (SEMITRANS) or the SEMiX family.

In spring contacts, the high specific resistance of the spring material limits the amperage; higher
amperages require parallel spring connections (e.g. MiniSKiiP with ca. 20 A per spring). Springs
have good thermal and electrical contact thanks to the quasi-hermetically sealed metal-to-metal
contact.

Large-area pressure contacts, such as those found in disc cells, are ideal contacts. Pressed angle
connectors, however, also provide excellent thermal and electrical contact thanks to numerous
pressure spots. They are non-wearing as regards thermo-mechanical stress. A disadvantage of
this is that the outer mechanical forces have to be absorbed by the package. This means that a
more complex design is needed, as is the case in SKiiP or SKiM63/93.
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2.5.2.5 Low-inductance internal structure

With the example of a halfbridge module, Figure 2.5.24 shows the key internal parasitic induct-
ances in a module resulting from the necessary connections between chips and to the module
terminals (bond wires, internal connection wires, lugs and angle connectors).

mﬂ /N ToP

BOTTOM

LCE = LGC + LﬁECl + L(TEC2+ LﬁEl + L E2

ol

Figure 2.5.24 Parasitic inductances in a dual IGBT module
L . parasitic gate inductances
L .- parasitic TOP-collector inductance
L .. parasitic connection inductance between TOP-emitter and BOTTOM-collector
L . parasitic BOTTOM-emitter inductance
L. total parasitic inductance between TOP-collector and BOTTOM-emitter

Minimisation of these inductances, which induce overvoltages during turn-off and cause a slow-
down of di/dt current rise during turn-on, as well as inductive coupling of control and power cir-
cuit, will directly affect the performance of power modules. Furthermore, parasitic inductances in
modules with internally parallelled chips may cause uneven dynamic utilisation of the chips and
oscillations between the chips. Chapter 5.4 will discuss the impact on the electrical behaviour in
more detail.

Figure 2.5.25 Internal busbar system of a SKiM93 (red :+DC, blue: -DC, grey: AC)

Possible design measures to reduce internal inductance are parallel current routing in the +DC
and -DC terminal and parallel routing of load current paths. An example of such a design is shown
in Figure 2.5.25. The internal busbar system ensures magnetic coupling of the main inductanc-
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es L . and L __,. During current commutation between +DC and -DC, the magnetic field needn't
change much, which is commensurate with low inductance. The many parallel current paths lead-
ing to the individual chips reduce the inductances of the connection parts, which cannot be de-
signed in "sandwich" constructions. The main share of the remaining inductance is generated by
the external screw points. Here, overlapping current routes must be abandoned in order to ensure
clearances in air and creepage distances at the outer terminals. Figure 2.5.26 shows a switching
operation with voltages at different chip positions and the DC terminals. The internal voltage dif-
ference is 150 V, which enables an inductance from +DC to —DC of about 20 nH to be calculated
for the measured rate of current rise. You can also see that barely any voltage differences exist
between the individual chip positions, which indicates an extremely low inductance in the vicinity
of the sandwich busbar system.

1 1
i | Chip at AC-terminal ' =EIE |
! Chip in middle position - .| i

Chip at DC-terminal

Aux.-emitter

———

Terminal screws

s

=i

150V/Div; 80A/Div

Figure 2.5.26 Overvoltage reading in the SKiM93 during turn-off at different chip positions and the outer
terminals at 6.7 kA/us, time scale = 20 ns/Div

For applications, the internal turn-off overvoltage is lost with respect to the maximum voltage to
be utilised. Users must ensure that the turn-off voltages measured at the outer terminals plus the
voltage drop over the internal inductances is always lower than the blocking voltage of the semi-
conductors. The auxiliary emitter terminal may be used to measure voltages for the "BOTTOM"
switch. This terminal is closer to the chip and therefore provides a better picture of the turn-off
overvoltage than the main emitter terminal (also see [AN1]).

25.2.6 Coupling capacitances

The short rates of rise of current and voltage within the ns-range that can be achieved in MOS-
FET and IGBT modules generate electromagnetic interference with frequencies well into the MHz
range. For this reason, the parasitic elements that are typical in the internal and external propaga-
tion paths in the module exert considerable influence on the radio interference voltages generated.
Suitable insulation materials, small coupling areas or conductive shields can reduce, for example,
asymmetrical interference [38]. In addition to this, the internal connections in the module have to
be structured such that malfunctions caused by outer stray fields or transformatory coupling into
control lines are ruled out.

Another aspect is the "earth current”, i.e. the currenti. = C_ - dv_./dt flowing through the normally
earthed heat sink to the protective earth connector due to capacitance C_ of the insulating sub-
strate as a result of the dv_./dt of the IGBT during switching. Capacitances can be calculated using
the equation for plate capacitors:
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e-A
“eT g

d (thickness) Al,O,: 0.38 mm or 0.63 mm; AIN: 0.63 mm;
e =¢,g =9.1-8.85e"? F/m (Al,O, and AIN);

The following shares of substrate area can be estimated for a halfbridge module:
- 40% "+DC"

- 40% "AC" and

- 15% "-DC"

The connection potential to earth and its amplitude when switched will depend on the earthing
concept for the connected load. Suitable measures (e.g. Y-capacitors) must be taken to create a
current path in the converter that closes a circuit close to the semiconductor; this must be done to
ensure that current i does not flow through the controller and monitoring units. This earth current
would be identified as a fault by a residual current protective device and may trigger this device.
For installations where high leakage currents occur for functional reasons, special labelling re-
quirements and mandatory minimum cross sections for the protective conductors exist (EN 50178,
EN 61800-5-1).

Figure 2.5.27 compares the capacitances of the most common substrate materials in their stand-
ard thicknesses. The deviating dielectric constants and the standard thicknesses depending on
thermal conductivity (thickest substrate material being AIN with 630 um, thinnest substrate re-
quired in IMS structures, with 120 ym for epoxy insulation and 25 um for polyimide insulation)
result in different capacitances C_ and thus different limits for the maximum switching speed dv_./
dt for a maximum permissible earth current i_.

Capacity per unit area

d=0.025 mm

140 7
120
100

80

ALO, AIN Epoxy Polyimid
Figure 2.5.27 Capacitance per unit area for different insulating substrates

2.5.2.7 Circuit complexity

Optimal complexity cannot be defined in general. On the one hand, complex modules will re-
duce equipment costs and minimise problems encountered when several components are to be
combined in one circuit (parasitic inductances, interference, incorrect wiring). On the other hand,
increasing complexity restricts module usability, rendering modules less general-purpose (think
production quantities). Testing will become more extensive and the costs per module will increase.
As the number of integrated components and connections increases, modules will be more likely
to fail and the amount of circuitry that will have to be replaced in the event of faults will increase.
Driver, sensor and protection assemblies in modules have to meet considerable requirements re-
garding their thermal stability and electromagnetic compatibility.

Up to now, none of the following module configurations has gained acceptance as a "global stand-
ard" with respect to driver integration. The general-purposeness of power modules is greatly im-
paired by the integration of increasing driver functions; power modules are in fact becoming more
and more like sub-systems. On the one hand, "intelligent" modules are aiming at real mass pro-
duction markets (consumer, automotive); on the other hand, markets where many similar applica-
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tions can be covered with innovative module systems consisting of similar basic units are also be-
ing targeted. In the latter case, despite inevitable redundancies, users can still profit from reduced
system costs thanks to the synergies provided by module manufacturer.

Considering the arrangement of IGBT and diodes in the most commonly used power modules,
the configurations shown in Figure 2.5.28 have managed to gain a strong footing, meeting the
demands of most applications in power electronics and drive technology.
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Figure 2.5.28 Important configurations for power modules with IGBT and diodes
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To identify the circuit topologies shown in Figure 2.5.28, the SEMIKRON component designations

contain the following letter combinations:

a) GA: single switch, consisting of IGBT and hybrid inverse diode (for MOSFET modules here
and in the other configurations, mostly just a parasitic inverse diode). In case of external
bridge circuits, the inverse diodes reciprocally act as freewheeling diodes.

b) GB: dual module (phase module, halfbridge module) consisting of two IGBT and hybrid diodes
(freewheeling diodes)

¢) GH: H-bridge with two arms consisting of IGBT and freewheeling diodes

d) GAH: asymmetrical H-bridge with two diagonal IGBT with hybrid inverse diodes (freewheeling
diodes) and two freewheeling diodes across the other diagonal

e) GD: 3-phase bridge (sixpack, inverter) with three arms consisting of IGBT and freewheeling
diodes

f) GAL: chopper module with IGBT, inverse diode and freewheeling diode on the collector side

g) GAR: chopper module with IGBT, inverse diode and freewheeling diode on the emitter side

h) GDL: 3-phase bridge "GD" with chopper "GAL" (brake chopper)

i) B2U diode rectifiers (to charge the DC link, semi-controlled B2H configurations with 2 thyris-
tors at the +DC are often used instead of pure diode bridges) and IGBT H-bridge

j) B2U diode rectifier and IGBT inverter (three-phase bridge)

k) B6U diode rectifier and IGBT chopper "GAL" (IGBT and freewheeling diode on the collector
side)

I) B6U diode rectifiers (to charge the DC link, semi-controlled B6H configurations with 3 thyris-
tors at the +DC are often used instead of pure diode bridges) and IGBT H-bridge

m)B6U diode rectifier and IGBT inverter (three-phase bridge)

n) B6U diode rectifier, IGBT chopper "GAL" and IGBT inverter (three-phase bridge)

0) Phase module of a three-level inverter

2.5.2.8 Defined and safe failure behaviour in the event of module defects

In the event of module malfunction (e.g. caused by erroneous control signal), the total energy
stored in the DC-link capacitors will be transferred, in a voltage-supplied circuit, for example, in the
module case. Once the bond wires have melted, a large part of this energy is stored in the gener-
ated plasma, which may cause the module to explode. In conventional transistor modules this may
cause circuit interruption, short-circuit of the main terminals or even bridging of the insulation path.
The resultant high kinetic energy could distribute plasma and particles of the module case across
the module surroundings. Module case designs must limit the dangers involved where possible
and ensure safe module rupture (e.g. by defined particle distribution).

There are developments in this field that ensure, for example, that up to a defined energy level of
15 kJ, no particles will leave the module; even at 20 kJ the case might break, but no solid metal
particles would be hurled into the surroundings [39]. IEC 60747-15 provides no definitions for a
case rupture current or case rupture energy for power semiconductor modules.

2.5.2.9 Environmentally compatible recycling

Today’s power modules usually refrain from using toxic materials (e.g. BeO) and the number of
materials used is kept as low as possible. Cases and other materials are flame-resistant and must
not release toxic gas during burn-out (UL approval). In the recycling process, the module has to
be dismantled and separated into metal and non-metal components. This must be easily achiev-
able. For this reason, newer modules are cast solely using elastomeric materials (soft moulding).
All semiconductor modules produced by SEMIKRON conform to RoHS.
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2.5.3 Discrete devices

2.5.31 Small rectifiers

Small rectifiers often have a plastic case and solderable metal terminals. The semiconductor is
connected to the terminals either by soldering on both sides or soldering on one side and wire
bonding on the other. The device is predominantly cooled through the connecting wires or surfac-
es, to a lesser extent through heat dissipation from case to air. A differentiation is made between
wired components and SMD components.

Wired components

As the name suggests, current is fed through the wires. In addition to this, a cooling lug which is
electrically connected to the anode may help to improve cooling. Cooling devices are mounted by
putting the connecting wires through metallised holes in the PCB and soldering them to the con-
ductor tracks at the rear (Figure 2.5.29).

Lead with Axial diode with
upset heads Solder cranked leads

Through hole PCE
" contact track y
X N
- \-\. \t
Plastic Chip W
AR Thyristor in %
Solder PCB TO 220 case

a) b) c)

Figure 2.5.29 a) Structure of an axial diode (diagram); b) Mounting of axial diode on a PCB;
¢) Wired component with cooling and mounting plate

SMDs

SMD (Surface Mounted Devices are made in many different cylindrical or block-shaped designs.
When SMDs are used, the PCB can be equipped very densely and, more importantly, on both
sides. PCBs for SMD parts are often printed with solder paste and soldered in reflow technique af-
ter chip assembly. SMD parts on the underside of a mixed-assembly PCB are first glued to the un-
derside and then wave-soldered together with the conventionally equipped parts (Figure 2.5.30).

Solder /Chip
| Ol
| — |

N\
Copper Plastic

Figure 2.5.30 From left to right: Layout of a Metal Electrode Faces (MELF) diode, view of a MELF diode,
double-sided PCB assembly of MELFs, block-shaped SMD diode

The thermal resistance of SMDs is far lower than that of wired components due to the more solid
connection parts.
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25.3.2 Stud-mounted diodes and stud thyristors

This design is charaterised by a solid copper hexagon with threaded stud which is used to screw
the component onto a heat sink and discharge the heat generated at the chip. A glass or ceramic
cap with a bushing for the cathode terminal ensures hermetical case sealing. Case parts are joined
by welding or brazing. The chip is directly soldered onto the copper, or a disk made of molybdenum
(thermal expansion coefficient 5*10%/K) is soldered between the silicon and copper to prevent high
mechanical tension in the semiconductor as a result of significant differences in the expansion
coefficients for silicon (4.1*10%/K) and copper (17.5*10%/K) (Figure 2.5.31).

cable
(Cu-braid)
Press fit
,H-piece =) CZ/
-
Welding Ceramic
FeNi o
Hard "g? -
solder J S
Mo gl
.

Figure 2.5.31 Sectional view of a stud-mounted diode and example of a stud thyristor

Stud-mounted diodes and thyristors are very reliable and robust, last not least due to their her-
metically sealed cases. Thanks to the close thermal coupling of the active component with a solid
copper part, transient and thermal resistances are very low. The disadvantage is that the heat sink
is not insulated but connected to the anode.

2.5.3.3 Disk cells

Disk cells are also hermetically sealed components, but can be cooled from one or both sides.
When two-sided cooling is applied, the thermal resistance is about half as high as that of the
same silicon chip in a screw-mounted case. For two-sided cooling, however, two heat sinks and
a clamping device are required. Disk cells are pressure-bonded components, meaning that the
semiconductor is not connected to the connection parts by metallurgical joining but by means of
pressure. Pressure contacts are extremely reliable and durable parts, since there are no solder
layers which might show fatigue during frequent temperature cycling. The silicon chip is often
joined with a molybdenum disk by means of aluminium alloying or sintering (Figure 2.5.32), but
layouts also exist where the semiconductor chip floats freely between two molybdenum disks. The
case ring is made of ceramics, glass, or in some rare cases plastic. Disk cell packages are only
used for high-performance diodes and thyristors (some 100 A up to several kA). The voltage range
stretches from a few 100 V (welding diodes) to a blocking voltage of some kV.

One particular kind is the IGCT (Integrated Gate Commutated Thyristor) featuring thyristors that
can be turned off. Their control unit must have especially low-inductance connections and be pow-
erful at the same time. For this reason, disk cell and driver board are only supplied in combination
[40].
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Figure 2.5.32 Sectional view of a disk cell and view of a thyristor disk cell

2.53.4 SEMIiSTART®

For the SEMISTART®, two discrete thyristors have been connected in antiparallel to form one
component. The cathode of the first thyristor is connected to the anode of the second thyris-
tor through the first heat sink. The anode of the first thyristor is connected to the cathode of the
second thyristor through another heat sink. The whole structure is pressure-bonded; disk springs
serve to store pressure. The auxiliary contacts are spiral spring contacts. The thyristors are not in-
sulated against the heat sink but have threaded holes for principal current connection. Owing to its
high short-time overload capability, SEMiISTART® is mainly used in soft starters. The r.m.s. values
for the currents permissible for 20 seconds are 560 A up to 3080 A; the blocking voltage is 1800 V.

‘"

I

Figure 2.5.33 SEMiSTART®, two thyristors connected in antiparallel without insulation in
pressure contact design
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2.5.4 Power modules

2541 Basics

Normally, circuitry in power electronics does not just contain a single power semiconductor com-
ponent, but is almost always composed of several components. When discrete devices are used,
several of them, including their corresponding heat sinks, must be combined into one assembly.
Since the heat sinks are conductively connected to one terminal each of the corresponding semi-
conductor component, they must be electrically isolated during assembly. The electrical connec-
tions are made by cables or busbars. This construction is very costly in terms of the material, vol-
ume and labour time involved. A completely new way is opened up by the idea to put the necessary
insulation of the individual components into the component itself rather than into the mechanical
structure of the module. Such power modules are charaterised by the separation of the paths for
current and heat flow. Internal insulation with good heat dissipation capability ensures that the
metal base is electrically isolated from the circuit which is connected to the outer terminals and that
the heat from several components can be dissipated potential-free to a common cooling device
(Figure 2.5.34).
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Figure 2.5.34 Principle behind a power module exemplified by a SEMIPACK ® halfbridge module (phase
module, dual module) with two series-connected diodes/thyristors

Modules may contain line rectifier diodes, fast diodes, thyristors, MOSFET or IGBT as semicon-
ductors. The complexity of the internal circuitry ranges from a single semiconductor to a maximum
of 20 semiconductor functions (chapter 2.5.2.7). In addition, some modules comprise passive
components, such as temperature sensors, resistors and capacitors. Power modules with inte-
grated driver functions are referred to as Intelligent Power Modules (IPM).

Very common are halfbridge modules (dual modules, phase modules) with the connection se-
quence ~ / + / -/ for the main terminals. This configuration allows for any circuits typical in power
electronics to be created from several of these modules and simple connection elements. Even the
first semiconductor power module, the SEMIPACK® (1975), had this connection geometry. Figure
2.5.35 demonstrates in an exemplary drawing the layout of such a halfbridge module integrating
thyristors in solder technology. A plastic case is glued on the module body and so much silicone
gel is applied that insulation requirements are met permanently. Please note that most casing
materials are not fully impermeable by infrared light. This means that the off-state current has a
higher value in a bright environment, e.g. sunshine, than in complete darkness. This does not af-
fect module functionality or reliability.
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Figure 2.5.35 Schematic layout of a thyristor-halfbridge module

Besides these halfbridge circuits, modules with 1-phase and 3-phase bridge circuits are very com-
mon both as rectifiers and inverters. Modules containing a rectifier bridge plus inverter and brake
chopper are normally referred to as CIB modules (Converter Inverter Brake, the rectifier here be-
ing called a "converter"). Other module configurations are available for special applications.

2.5.4.2 Module families with rectifier diodes and thyristors

SEMIPACK®

SEMIPACK® is the "father" of all power semiconductor modules. It was introduced in 1975 by
SEMIKRON. Since then it has been expanded into a component family with mean forward currents
ranging from 15 Ato 1200 A and is continuously adapted to given market requirements in a number
of versions. All SEMIPACK® modules have a copper base plate.

Configuration | Abbreviation Description

SKET ET 1 thyristor

SKKD D Halfbridge with 2 series-connected diodes

SKKE E 1 diode

SKKH H Halfbridge with diode and thyristor (thyristor "on top")

SKKL L Halfbridge with diode and thyristor (thyristor "at the bottom")

SKKT T Halfbridge with 2 series-connected thyristors

SKMT M Midpoint connection of 2 thyristors, cathodes connected

SKNH N Midpoint connection of thyristor and diode, anodes con-
nected

Table 2.5.5 Overview of circuit topologies available in SEMIPACK case
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SEMIPACK®0 |15 A - D,E,HT Chips soldered on both sides | Plug
1600 V
28 A 800V DEHLT
SEMIPACK®1 |- - M, N’ ’ 77 77 | Chips soldered on both sides | Screws
1M9A [2200V !
122A |[800V
SEMIPACK®?2 | - - D,E,H, T Chips soldered on both sides | Screws
212A [2200V
250A |800V .
SEMIPACK®3 |- _ D,E,H,T VCVR;]'OS} jg;if;efog ?;Q:ed °" | screws
380A |2200V P
330A (800V
SEMIPACK®4 | - - E,ET Chip, pressure contact Screws
600 A |2200V
570A |[800V
SEMIPACK®S5 | - - D,H,T Chips, pressure contact Screws
701 A [2200V
740 A [ 1400V
SEMIPACK®6 | — - E,ET Chip, pressure contact Screws
1180 A [2200V
Table 2.5.6  Overview of SEMIPACK case names and connection technology
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Figure 2.5.36 a) SEMIPACK®1 (soldered chips, soldered / bonded top side, aux. spring contacts)
b) SEMIPACK®5 (pressure-contact chips)

SEMIPACK®fast

This name is used for fast diodes available in D, E, M and N configurations in the case types SEMI-
PACK®1 and 2, or SEMITRANS®4. Blocking voltages range from 200 V to 1700 V.
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SEMIPONT®

Single-phase and three-phase rectifier modules with a DC output current from 2 A to 210 A and
blocking voltages from 200 V to 1800 V form the SEMIPONT® family. In addition to pure diode
bridges for uncontrolled rectifying, semi-controlled and fully controlled thyristor bridges with/with-
out brake chopper or freewheeling diode are also available. 3 antiparallel thyristor pairs in one
case can be used to form AC switches (W3C circuits).

Depending on the amperage, modules are available in many case types with plug-in, solder or
screw connections. Some designs have copper base plates. Especially in the lower power range,
the chips are soldered onto a DBC ceramic substrate which is pressed on the heat sink by the case
and the fastening screw(s).

Figure 2.5.37 Examples of SEMIPONT® designs
SEMITOP®

This module family comprising 4 case sizes does not feature a copper base plate. Just one screw
is needed to press the module on the heat sink. Current and control terminals feature solder pin
connections. Apart from circuits with IGBT (chapter 2.5.4.3)), a number of configurations are avail-
able that incorporate diodes and thyristors, e.g. single-phase and three-phase uncontrolled, semi-
controlled and fully controlled bridges, single-phase, two-phase and three-phase AC switches and
many other variants. With blocking voltages from 600 V to 1600 V, the r.m.s. currents or the DC
mean values lie between 25 A and 210 A.
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Figure 2.5.38 SEMITOP®1, semi-transparent case (a) and SEMITOP®4 as semi-controlled three-phase
bridge with brake chopper (b)

SEMiX®

These modules with copper base plate, which are designed for higher power output, come with
halfbridges and three-phase bridges with diode and thyristor circuits. With a module height of
17 mm, they are mainly intended for use with SEMiX® IGBT modules. With a blocking voltage of
1200 V or 1600 V, the current densities lie between 170 A and 340 A. What should be pointed out
here is the very easy mounting of PCBs used to drive the thyristor above the module by way of
spring contacts.
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Figure 2.5.39 Examples of SEMiX® modules

2.5.4.3 Module families with IGBT and freewheeling diodes

SKiiP®

This is now the 4th generation SKiiP (Semikron integrated intelligent Power) since its commercial
launch in the middle of the nineties. Figure 2.5.40 shows the structure of a SKiiP module.

Driver " _ _
Interface = * Main Terminals (DC)
Driver \Q' - Auxiliary spring

) _ contacts
Main Terminals (AC) Pressure element

Spring foam
Pressure contact bus bars

DCB substrate with
IGBT- and diode dies

Heatsink

Figure 2.5.40 Basic structure of a 4th-generation SKiiP

In contrast to conventional transistor modules, the DBC substrates carrying the IGBT and diode
chips are not soldered onto a copper base plate, but are pressed almost across the entire surface
directly onto the heat sink by means of an elastic spring element. The electrical connection of the
DBC to the terminals is made by pressure contacts and low-inductance tracks. The DC bars are
offset in height and designed for the connection of external laminated, low-inductance busbars. A
metal plate filled in plastic compound serves as a pressure element and shield for the driver circuit,
which is also integrated into the SKiiP case.

By parallelling many, relatively small IGBT chips and with optimal chip-to-heat sink contact, the
thermal resistance R, may be reduced considerably compared to standard modules, since the
heat is spread evenly across the heat sink. Besides transistor and diode chips, temperature sen-
sors are also integrated into the DBCs; temperature sensor output signals directly affect driver
operation (temperature limit) and - due to analogous amplification in the driver - can also be used
for external evaluation. The AC connectors of SKiiP modules accommodate current sensors as
measuring units for overcurrent and short-circuit protection of the IGBT. Signal processing and
linking is done by the internal driver in the SKiiP, which is positioned above the pressure plate. The
potential-free current signals may also be used as actual values for external measuring units and
control loops.
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Four case sizes (2, 3, 4 and 6 IGBT halfbridges) and their matching driver components can be
used to build H-bridges or three-phase bridges in 1200 V and 1700 V technology with the aid of
simple external connections, for example. Converter performance without external parallel con-
nection covers a range of 100 kW up to 1.5 MW.

Advantages of SKiiPs over conventional modules are, for example:

- About twice the temperature cycling capability in long-term use

- Reduced thermal resistance by direct heat transfer between chip, DBC and heat sink

- Very compact designs with high power density

Low switching overvoltages due to consistent low-inductance structure, i.e. high permissible DC-
link voltage and reduced interference

Optimal matching of the intelligent driver integrated in SKiiP

Pre-assembly of power modules on heat sink, optimum thermal paste application in screen print-
ing process

Low-inductance converter design by way of parallel current paths (4x 600 A halfbridge modules
rather than 2x 2400 A single switches)

- Manufacturer-side load testing on complete systems.

In Table 2.5.7 3rd and 4th generation SKiiP cases are listed. Besides the heat sink shown below,
SKiiPs may also be mounted on other air or water-cooled heat sinks.

SKiiP3 . .

1200 V / 1700 V N> \;ﬁﬁ o :
; L = . L

Halfbridges 2 3 4

e 1000 A 1500 A 2000 A

SKiiP4

1200 A/ 1700 V i ‘} i ). - iy

1 = -

Parallel IGBT 3 4 6

halfbridges

logre—osc 1800 A 2400 A 3600 A

Table 2.5.7 Case designs for 3rd and 4th generation SKiiPs
SKiM

SKiM modules have no base plate and are designed for the medium power range between SKiiP
and MiniSKiiP applications. This module features SKiiP technology throughout. SKiM63/93 is the
first IGBT module to contain no solder whatsoever. The elimination of all solder connections re-
sults in 5 times the thermal cycling capability compared to standard soldered modules with base
plate. Thanks to its compactness, this module, which was originally developed and qualified for
the automotive industry, is also an interesting solution for standard drives in the power range from
30 kW to 150 kW. The main terminals are located at the front ends, leaving plenty of space for the
driver board on top. It is mounted without solder by means of spring contacts.
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Figure 2.5.41 Cross section of a SKiM63 module

Like its predecessors, SKiM4 and SKiM5, this module contains a three-phase bridge circuit (GD,
6-pack). Non-standard versions as choppers (3-phase GAL/GAR for asymmetrical H-bridges, e.g.
for reluctance motor applications) or as phase modules for three-level inverters (Multi Level In-
verter, MLI) also exist. SKiM is available in the voltage classes 600 V, 1200 V and 1700 V.

SEMITRANS®

SEMITRANS is the name for transistor module cases whose most important types have been
standardised in case widths of 34 mm and 61 mm in accordance with IEC 60191-2. These mod-
ules feature a copper base plate whose main terminals are designed as exterior screw contacts
(exception: SEMITRANS 6). Owing to the centre position of the DC terminals, which are highly
symmetrical in relation to chip connection (very good current distribution between parallel chips),
these modules are especially low-ohmic and low-inductive compared to the 17-mm-high modules
with load terminals at the front ends (SEMiX). Auxiliary terminals are mostly designed as "fast-on"
plug-in contacts (exception: SEMITRANS 4). Apart from a few MOSFET modules, IGBT and soft
recovery diodes are used in the voltage classes 600 V, 1200 V and 1700 V. These modules are
part of the medium power range with current classes ranging from 20 A (GD, 6-pack) to 800 A (GA,
single switch).
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Figure 2.5.42 Case designs in the SEMITRANS family
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SEMiX®

This module family with base plate, which is part of the same power range as SEMITRANS, is
mainly charaterised by its extremely flat design (17 mm in height), the position of the main termi-

nals at the front ends and easy mounting of the driver board directly on top of the module using
spring contacts.

- L

=

Figure 2.5.43 SEMiX3 with easy and space-saving driver assembly (SKYPER) above the module, connec-
tion by springs

This case design has become a quasi-standard, at least in terms of the basic dimensions and the
position of the main terminals. SEMIKRON offers four case sizes as halfbridge modules (SEMiX1
to 4 - Figure 2.5.44) and two cases sizes as 3-phase bridge versions, too (GD, 6-pack — SEMiX13
and SEMiX33). The case sizes SEMiX3 and SEMiX33, in particular, are offered with similar per-
formance features by various manufacturers. Module sizes 1 and 4 extend the power range in the

lower and upper regions. Using rectifier bridges of the same height, complete converter circuits
can be made in a very flat and space-saving designs.
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Figure 2.5.44 Overview of case types, performance range and integrated circuit topologies in
SEMiX case
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The internal structure of a SEMiX module is shown in Figure 2.5.45. Depending on the module
size, identical DBC substrates are connected in parallel. Each DBC substrate contains a pair of
IGBT and the corresponding inverse diodes. SEMiX modules come in the conventional module
design with copper base plate, soldered ceramic substrates, soldered and bonded chips and sol-
dered terminals and intermediate links. Non-standard here are spring contacts for the auxiliary
terminals and the integrated temperature sensor (NTC).

3x paralled DBC substrates with IGBT and
diode chips in half-bridge configuration

-DC _, |
Terminal L

~AC

TN e ' : Terminals
+DC Skt | 1 i 5§ »/

. —> b
Terminal fgg WSS | LU 1 JLELS /&

IGBT Diode Interconnection Temperature
between DBC sensor
substrates

Figure 2.5.45 Internal structure of a SEMiX3 module

MiniSKiiP

Pressure-contact MiniSKiiP are IGBT modules in SKiiP technology for the lower power range,
boasting flexibility and easy assembly. The basic structure of this module is shown in Figure 2.5.46.

Preasure top with screw

Printed circuit board PCB
Case

Contact spring

Bond wire

Chip

Ceramic substrate DCB
Heatsink

Figure 2.5.46 MiniSKiiP layout

MiniSKiiPs are composed of:

- DBC insulation substrate with soldered and wire-bonded semiconductor chips (e.g. IGBT, MOS-
FET, diodes, thyristors) and other components such as current and temperature sensors

- the silicone filled case with integrated contact springs and glue-bonded DBC

- hard plastic cover with pressure plate

One or two screws are used for the entire electrical and thermal connections (to the heat sink),
making a detachable, friction-locked connection between SKiiP cover, PCB, MiniSKiiP and heat
sink. The contact springs have several functions: they make the electrical connection between the
power semiconductor circuit on the DBC and the other circuits on the base PCB, and also serve
as pressure spring pad for pressing the DCB onto the heat sink in the mounted state.
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The large number of springs spread over the entire MiniSKiiP surface ensures even pressure be-
tween component and heat sink, which ensures a low thermal contact resistance. For the current
range above 20 A, the contacts are connected in parallel. The multitude of spring shafts results in
a high degree of flexibility concerning the creation of many different circuits for drives and power
supply systems, as well as other applications.

Four case sizes designed for different power ranges are available in the 2nd generation, ranging
from MiniSKiiP 0 (600 V IGBT, rated current up to 20 A) to MiniSKiiP 3 (600 V and 1200 V IGBT,
rated currents up to 150 A).
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Figure 2.5.47 Standard MiniSKiiP designs (dimensions in mm) and circuits
SEMITOP

The aforementioned SEMITOP module series comes in 4 case sizes (Figure 2.5.38). Like the
SKiiP, SKiM and MiniSKiiP, SEMITOP also belongs to those modules without copper base plate
that generate large-surface pressure across the DBC-to-heat sink connection using a special type
of plastic case. A single screw makes a friction-locked connection between module and heat sink.
Unlike in MiniSKiiP, contact with the PCB is made by solderable pin connectors.
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Since a maximum of 12 power components can be integrated in such a small module, SEMITOP
modules are preferred in low-power applications with low space requirements. The space between
the solder pins can be fully utilised to accommodate other PCB components.

2.6 Integration of sensors, protective equipment and
driver electronics

A few examples of the integration of peripheral functions in power modules are described below.
These are arranged in order of degree of integration.

2.6.1 Modules with integrated current measurement

Firstly, current measurements in modules are taken to protect the power semiconductors from
overcurrent, and secondly, the current signal is also required for current control loops. Rough
monitoring is sufficient for the first task, which is why the semiconductor itself can be utilised as
a current sensor (V. monitoring). The latter must be very accurate (2%...5%), very dynamic
(response times ~ 1 us) and requires a frequency range from DC to some 10 kHz.

Current shunts

Current shunts for taking direct measurements are integrated into the emitter path (-DC) of IGBT
modules or placed at the AC output. The three square components in Figure 2.6.1 show a solution
for current measurement in the emitter path of three low-side IGBT in a three-phase inverter mod-
ule. Evaluation must be performed using a differential amplifier in the driver electronics stage. The
connecting pads at the sides ensure low-inductance coupling with the main current path.

The problem with the use of shunts is the discrepancy between the low measurable voltage range
in a disturbed environment and the losses in the shunt. A 5 mQ shunt has a voltage drop of just
100 mV at 20 A, but 2 W losses. With such a power loss, the limits for PCB assembly have been
reached. Shunts that are integrated in the DBC provide the advantage that the heat loss can be
directly dissipated through the heat sink. This extends the usable current range on the PCB from
approx. 20 A to approx. 50 A. The disadvantage here is that "precious" DBC space is lost.

Figure 2.6.1 Current shunts (made by Isabellenhitte) in the emitter path of a MiniSKiiP IGBT module
Current sensors

For currents above 50 A, electrically insulated transmitters operating according to various princi-
ples are used (transformer, Hall effect, magneto-resistive effect). SKiiP uses compensating trans-
ducers (Figure 2.6.2), which are charaterised by high precision, a wide frequency range and a high
overload capability. Sensor evaluation is part of the IPM electronics and the protection concept. In
the principle presented here, the magnetic field of the main current is measured in an air gap of
the transmitter core and, with the aid of an amplifier, a current is impressed on an auxiliary winding
which compensates the magnetic field to zero. The compensation current is a direct map of the
main current. It is possible to measure DC current and detect the direction of current flow.
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Figure 2.6.2 Operating principle of the compensation current sensor in SKiiP IGBT modules
Sense IGBT modules

These IGBT require special chip types for which a measurement current that is proportional to
the main current is withdrawn via a small number of separately connected cells. These IGBT re-
quire special chip bonding and signal conditioning which is not available in SEMIKRON modules.
Compared to solutions with shunts in the emitter circuit, a much higher measuring resistance may
be selected here. In contrast to overcurrent protection provided by V. monitoring, either shorter
dead-times are required or none at all. A disadvantage here is the lack of precision as well as the
temperature dependency of the measurement method, meaning that it can only be employed for
protection purposes.
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Figure 2.6.3 Sense IGBT [41]

2.6.2 Modules with integrated temperature measurement

Modules with a high degree of integration increasingly use simple PTC (Positive Temperature Co-
efficient) or NTC temperature sensors (Negative Temperature Coefficient) in SMD designs or as
chip sensors. The PTC sensor of type SKCS2Typ100 is used in MiniSKiiP, in some SEMITRANS
and SEMITOP modules, as well as in SKiM4/5 and SKiiP2/3. At 25°C, the sensor has a resistance
of 1000 Q and a typical temperature coefficient of 0.76%/K.

R(T) =1000€2- (1+ A- (T — 250(:) +B- (T _ 250C)2)
where A=7,635-10°°C"'and B =1,731 - 105 °C?

The measurement tolerance of the sensor in the measured current range 1 mA ... 3 mAis max.
3% at 25°C, max. £ 2% at 100°C.
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Figure 2.6.4 Characteristic curve of the PTC temperature sensor, type SKCS2Typ100

An NTC sensor, e.g. of type KG3B-35-5, is used in SEMiX components, some SEMITOPs, as well
as in SKiM63/93 and SKiiP4. The individual product groups use sensors with different characteris-
tics. For details on the characteristic parameters, see the datasheets. For example, the sensor in
SEMIiX IGBT modules has a resistance of 5 kQ at 25°C and a resistance of 493 O at 100 °C. The
measurement tolerance of the sensor in the measured current range 1 mA ... 3 mAis max. = 5%
at 100°C. Owing to its exponential characteristic, the sensor is more suitable for protection than
for temperature measurement.

where R,/ = 0.493 kQ (+ 5%)
B.iooias = 3990 K (£ 2%)

T, = 373.15 K [T -in Kelvin]
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Figure 2.6.5 NTC sensor characteristic in its relevant temperature range incl. tolerance
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In modules, the sensors are insulated and soldered on the DBC ceramic substrate close to the
chips. For modules with base plate, the sensors approximately render the base plate temperature;
sensors in modules without base plate approximately capture the heat sink temperature. Ideally,
the vertical heat flow between the measuring point and the heat sink areas under the hottest chips
is statically negligible. A suitable evaluation circuit provides static overtemperature protection by
active driver control or by analogue signal processing. However, there are considerable dynamic
time delays, represented for example in the long time constants of thermal impedance Zthu_r) in the
SKiiP3 (shares of t > 200 s for air-cooled systems, > 50 s for water-cooled systems). For this rea-
son, an insulated temperature sensor cannot provide protection from short-time overload.

High-quality protection in terms of dynamics is possible with IPM solutions (see SKiiP4 in the
following chapter). The protective function can be carried out at the secondary side of the driver
and thus at high potential. The sensor can therefore be placed on the same copper pad as the
power semiconductors, directly beside the heat source. Measurements are much closer to the chip
temperature, although not yet equal. The biggest advantage, however, is that the greatest time
constant of Z, is now in the range of 1 s, thus enabling much better protection from short-time
overload. Digital signal transmission in the SKiiP4 nevertheless provides an analogue temperature
sensor S|gnal at the driver mterface WhICh meets the requirements of reinforced insulation.

HHHILH
JLRRAA R

Figure 2.6.6 Temperature sensors in power semiconductor modules, a) Insulated PTC chip in a MiniSKi-
iP (0.7 mm clearance); b) Insulated NTC component in a SEMiX (1.6 mm clearance);
¢) non-insulated chip sensor on collector potential in SKiiP4 module

With the exception of the SKiiP4 described above, all temperature sensors have a basic insulation,
but do not meet the requirements for reinforced insulation. The insulation clearances are between
0.7 mm and 1.6 mm; the required insulation voltage is achieved by filling the modules with silicone
gel. Insulation clearances are so small (Figure 2.6.6 MiniSKiiP example) that in the event of a
fault, plasma - and thus high electrical potential - might be present at the sensor. For this reason,
the insulation of the temperature sensor is regarded basic insulation only, as per EN 50178. Ad-
ditional circuits are necessary to obtain the safety grade "Safe Electrical Insulation" described in
this standard.

Figure 2.6.7 Possible voltage flashover to the insulated temperature sensor if a bond wire melts as a
result of a fault
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2.6.3 IPM (Intelligent Power Module)

In addition to IGBT and freewheeling diodes, IPM modules are able to integrate more components
for drivers and protective units (IPM minimal configuration) as well as complete inverter control
units. Advantages are their high degree of integration and a higher degree of reliability in compari-
son to relevant discrete structures thanks to ASIC solutions. A disadvantage for the user consists
in the fact that he will normally not be able to influence the switching features and logic functions.
IPM are therefore often designed specifically for the individual application (ASIPM = Application
Specific IPM.

The SKiiP modules which were already described in chapter 2.5 with regard to packaging contain
a driver unit that integrates all the necessary protective and monitoring functions. This driver is a
SMD-PCB that is located directly above the power modules. Driving and power supply can be per-
formed on potential of the superordinate control system. The SKiiP driver unit integrates the nec-
essary potential separation, a switched-mode power supply and the driver output stages. SKiiPs
feature current sensors in the AC outputs and temperature sensors, as well as DC-link monitoring
(SKiiP3 optional). The driver acquires the signals transmitted by the sensors for the purpose of
overcurrent, short-circuit, overtemperature and overvoltage protection, as well as faults resulting
from supply-undervoltage. An error status signal and standardised analogue voltage signals for
the actual AC output current value, the actual sensor temperature and the DC-link voltage are
available on separate potentials at the driver connector for evaluation in the superordinate control
circuit. Overcurrent protection is ensured by the current sensors as well as bridge-shorting protec-
tion by way of V_. monitoring. The logic for the control signals provides short-pulse suppression
and interlocking of the control signals for a bridge arm.

--------------------------------------------------

Power . Temperature 4
Supply <+ <1 - Sensor
Under Voltage p LF;LinDC —
Monitoring ToP ¢ Vg Monitoring
3 —> —>
— ' I “—™ Double output
: stage
Switching TOP ’;'
signal 0 I
EJ) processing Logic .......................................... .,
< > & <« -
LL Failure : Double output :
(ﬁf) management : stage ;
d 1 BOT :
—T> —1 > :
A PLD ;
Logic « Ve Monitoring :
BOT :
<« «— . :
Current < DC Link Voltage :
Signal 3 Sensor :
Processing
Over Current
Protection < Current sensor
ASIC’s

Figure 2.6.8 Block diagram of SKiiP4 IPM driver functions using digital driver logic
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2.7 Reliability

Reliability, i.e. maintaining the characteristics relevant to operation over a defined period of time,

is one of the most important quality features of power modules. On the one hand, power modules

are highly utilised electrically and thermally; on the other hand, premature failure may cause dan-

gers, direct and consequential damage and, last but not least, high costs. Owing to the compara-

bly small batch sizes, often extremely long service life requirements (10...30 a) and complex test

specifications, reliability is very difficult to properly evaluate. Reliability statements are possible

thanks to

- exact control of all influences on production processes

- reliability testing under conditions very close to practical application in order to discover typical
failure mechanisms

- testing the components within the system while monitoring the most important parameters

In the context of reliability, the term "Design for Reliability" is often heard [42]; this ultimately
means that when a power electronic assembly is designed, component (here the power semicon-
ductor) aging is already factored in. Exactly so much safety must be considered that the maximum
values of the components at the end of their forecast service life meet the minimum requirements
for this assembly. To be able to do so, however, accurate data on the different manifestations of
aging is needed [43].

Minimum application requirements

End of life
A
Parameter change by aging
Maximum A
parameter variation } Safety margin at the beginning

>

Figure 2.7.1 Design process for reliability. Target: to sufficiently factor in safety and reliability at the
beginning of the service life to ensure that product requirements are still met at the end of
service life.

Some selected tests for power modules will be presented in the following chapter. SEMIKRON's
certified quality assurance system in compliance with ISO 9001 and VDA 6 Part 1 will, however,
not be discussed in greater detail.

2.71 MTBF, MTTF and FIT rate

The FIT rate (Failure in time) refers to the number of times a system fails during one hour in opera-
tion. Normally, this value is standardised to 10-°h.

FIT=2=1
N-t

n, = number of failures; N = number of components in operation; t = monitoring period

Premature failure and failure at the end of service life are not considered for analysis, if possible.
The failure rate corresponds to the flat section of the "bathtub curve" with constant failure rate
(ideal case). The MTBF value (Mean time between failure) refers to the mean expected time be-
tween two failures. The MTBF value is the reciprocal of the FIT rate.

MTBF =MTTF = %
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In connection with power semiconductors, it is generally better to specify the MTTF value (mean
time to failure), since MTBF refers to the time between two repairs. As repair time is obsolete, both
values are identical. In contrast to components for signal processing which are in duty a million
times, there is only a weak data basis for power semiconductors. Besides the significantly lower
quantities in the field, information on operating hours and conditions is rarely available for returned
products. Wikipedia (de.wikipedia.org/wiki/Failure_In_Time) gives a FIT rate of 50...60*10° hours
for power transistors and diodes; this corresponds to an MTTF value of 2 - 107 h. This value
applies mainly to discrete devices and modules with no more than two integrated components
(SEMIPACK, SEMITRANS). Higher integrated components also have a higher failure rate.

The Arrhenius effect is often mentioned in the context of FIT rates, which means that the failure
rate increases exponentially over temperature (cf. next chapter). This statement is only condition-
ally true, since it only considers temperature-dependent failure mechanisms.

2.7.2 Accelerated testing according to Arrhenius

Accelerated service life tests assume that a process which is triggered by an activation energy is
exponentially dependent on the temperature according to the Arrhenius equation. In Figure 2.7.17,
the necessary test period is indicated on the Y-axis which would be required for a specific AT in
the power cycling test. A "slow" power cycling test with AT = 30 K would thus take 30...100 years.
This process can be speeded up if the temperature is increased during testing and the results are
then transferred to "normal” operating conditions.

—Ex
N=B-e*"
E, = activation energy, k, = Boltzmann constant, T = absolute temperature

If a failure rate N for a temperature-related failure mechanism is known, the characteristic for an
entire temperature range can be calculated by adjusting factor B and the activation energy.
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2.7.3

The objectives of reliability tests are:

- To ensure general product quality and reliability

- To establish the limits of systems by exposing them to various test conditions
- To ensure process stability and reproducibility of production processes

- To evaluate the impact of product and process changes on reliability

Standard tests for the product qualification and postqualification

The following tests are minimum requirements for the product release of power modules. The fol-
lowing standard tests are being made for release and re-qualification of new and/or redeveloped
modules to be augmented by further product-specific reliability tests. Reliability tests are destruc-
tive tests made on a number of production samples.

Standard test conditions for:

Reliability Test

MOS/IGBT Products

Diode/Thyristor Products

High Temperature Reverse Bias

1,000 h,

1,000 h, DC,

(HTRB) 95% V max)NCE(maX, 66% of voltage class,
IEC 60747 125°C < T_<145° 105°C =T <120°C
High Temperature Gate Bias

(HTGB) 1,000 R, £ Vs ma/V eemany not applicable
IEC 60747 i(max)

High Humidity High

1,000 h, 85°C, 85% RH,

1,000 h, 85°C, 85% RH,

Temperature Reverse Bias (THB) Voo/Vee = 80%
- , V /V = 80% V max/V max’
IEC 60068-2-67 VDC(maX)/\/CE(miX), max. 80V, o/ VR o 80DV R
GE — v

High Temperature Storage (HTS)

IEC 60068-2-2 1,000 h, T o 1,000 h, T e

Low Temperature Storage

(LTS)IEC 60068-2-1 1,000, Ty 1,000, Ty

Thermal Cycling (TC) 100 cycles, 25 cycles

IEC 60068-2-14 Test Na T -T T -T
stg(max) stg(min) stg(max) stg(min)

Power Cycling (PC) 20,000 load cycles, 10,000 load cycles,

IEC 60749-34 AT, =100 K AT, =100 K

Vibration
IEC 60068-2-6 Test Fc

Sinusoidal sweep, 5 g,
2 h per axis (X, Y, z)

Sinusoidal sweep, 5g,
2 h per axis (x, Y, z)

Mechanical Shock
IEC 60068-2-27 Test Ea

Half sine pulse, 30 g,
3 times each direction
(X, y, +7)

Half sine pulse, 30g,
3 times each direction
(£x, xy, £2)

Table 2.7.1

Overview of SEMIKRON reliability tests, test conditions and relevant standards

Before, during and after test completion, relevant component parameters are measured in order
to estimate the test influence on component lifetime. Faulty means that the component shows the

following change:

Thyristors / diodes

Direct reverse current / direct off-state current |__/I
Gate trigger voltage / current V. /| .
On-state / forward voltage V_/ V_:

IGBT / MOS
On-resistance / saturation voltage R\, Ve .
Max. change in threshold voltage Vs Voem)
Gate leakage current | o /|

Drain-source current/
collector-emitter cut-off current | .. /|

+ 100% above the upper limit
+ 10% above the upper limit
+ 10% above the upper limit

+ 20% of start value

1 20% of the limits

+ 100% above the upper limit
+ 100% above the upper limit

CES”
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All modules
Internal thermal resistance junction to case R, - +20% of start value
Isolation test voltage V,_: specified limit

A datasheet describes a product at the point of shipping to the customer. Changes that occur
throughout the product lifetime are not covered in the datasheet. This is in conflict to some docu-
ments of the semiconductor standard IEC 60747 which requires (latest amendment) that the upper
parameter limits be met even after completion of the endurance tests.

2.7.31 High Temperature Reverse Bias Test (HTRB), High Temperature Gate Bias Test
(HTGB), High Humidity High Temperature Reverse Bias Test (THB)

These three tests are primarily used for qualifying the respective chips regarding their blocking
capability, the passivation and gate oxide quality. They are performed in climatic chambers with
voltage applied. Leakage or respectively reverse currents are monitored during testing. After test
completion, the static electrical parameters are queried as described above.

2.7.3.2 High and low temperature storage (HTS, LTS)

Storage at extreme temperatures ensures above all the case quality when exposed to high thermal
stress. At the end of the test, the cases must not show any signs of damage (e.g. cracks).

2.7.3.3 Temperature cycling test (TC)

In this test, components are periodically moved up and down between a cooling chamber and a
heating chamber with the aid of a lift cage (Figure 2.7.2). The component is passively heated up.
Test times are relatively long so that all parts of the sample will have adopted the chamber tem-
perature. This test shall detect critical mechanical stress in the case itself and between layers with
different thermal expansion coefficients. In particular large solder areas between DBC and cop-
per base plate are under stress. The test simulates passive heating up caused by day and night
change or by heat curves of the cooling medium. 100 changes between minimum and maximum
storage temperature are usually required for industrial applications (-40°C/+125°C). Modern com-
ponents with sintered chips and without base plate will attain 1,500 changes and more.

Climatic chamber

Tmax T(max)

] B e W e

e et T T =, T
//

| el |
/

Test conditions: /
- Data sheet storage

Temperature, e.g.: \

- Trmin/ Tmax = -40/+125°C Tmin) ‘
- duration depends on 0 60 120 180
device size and weight t [min]

/

Figure 2.7.2 Temperature cycling test: test set-up and measurement method
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2.7.3.4 Power cycling test (PC)

During the power cycling test, components are actively heated up by losses in the semiconductor
and cooled down again with the aid of cooling equipment (Figure 2.7.3)

To heat the component up, a constant DC current equalling the rated current is injected into
the component. The cycle time is between some seconds and some 10 seconds. Active heat-
ing produces a temperature gradient from the chip to the case and the cooling medium.

*
T T T
\¢—7 'cool-! 'cool-
I

| | ¥
| T may ing ing

DUT T

i |

ao

SEMIKRON-Standard:

Heating and cooling
times are controlled by
case- T, or heatsink
temperature Ts T
Tjminy = 40°C !

Timax) = 150°C Ti(min) : \ \ w
1 Cycle ~ 10...60s 0 10 20 30 ¢ [s] 40 50 60

T[°C] {

Ts(max)

T T

Figure 2.7.3 Power cycling test: test set-up and measurement method

This test shall detect thermo-mechanical stress between layers with different thermal expansion
coefficients. Connections between chip and DBC as well as bond wire connections are particularly
subject to stress because they heat up most. The test simulates active heating up of the semicon-
ductors as they would be exposed to during normal operation due to different kinds of stress. The
result is presented in form of characteristic curves for the maximum number of cycles as a function
of temperature differences. The curves are based on the simplified assumption of uniform failure
mechanisms over the entire temperature range. In order to speed up testing, tests are performed
with high AT values (e.g. for AT = 80 K and AT = 110 K) and extrapolated to small temperature dif-
ferences to estimate the component lifetime in real applications.

2.7.3.5 Vibration test

Vibration tests are performed in a frequency range between 10 Hz and at least 1000 Hz using an
acceleration force of 5 g. Increased acceleration is possible. Depending on the test equipment,
there may be limitations regarding the minimum frequency to be used in connection with high ac-
celeration. The test purpose is to find weak points in the mechanical construction, for example:

- Mechanical aging of spring contacts

- Stability of solder contacts in case of vibrating masses

- Cracks in cases / structural parts

A low test current monitors safe contact of all auxiliary and main terminals during testing. No ad-
ditional vibrating masses (cables, DC-link capacitors) have been fitted to the samples, as it would
often be the case later in real applications. Comparable tests using the set-up of the final applica-
tion are recommended and may result in different maximum accelerations.
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T

Figure 2.7.4 SKiiP system on a vibrating plate

2.7.4 Additional tests for spring contacts

Additional tests for contact reliability even under extreme conditions are performed to qualify spring
contacts [44].

2.7.41 Micro-vibration (fretting corrosion)

Contact surfaces may corrode under electrical load and the influence of micro-vibrations. Material
abrasion is caused which may result in contact failure. The test objective is to check whether good
electrical contact is ensured for the specific combination of spring material and recommended con-
tact surface of the PCB until the end of service life. The test simulates vibrations through a piezo
actuator (Figure 2.7.5) (frequency: 1 Hz, amplitude: 50 uym). The contacts are monitored during
testing. In order to suppress "clean-burning" of the contacts (i.e. re-establishing good contact),
currents are limited to 20 mA and voltages to 20 mV.

clamping
fixture

plezo actuator

Figure 2.7.5 Schematic drawing and photograph of the micro-vibration test, exemplary test of MiniSKiiP
springs

According to [45], a spring contact is considered "good" if the contact resistance after 100,000
movements is < 10 mQ. The springs of the 2nd generation MiniSKiiP will survive more than 4.5
million movements.
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2.7.4.2 Corrosive atmosphere (pollution gas test)

In a sealed chamber, components are exposed to aggressive atmosphere for several hundred
hours. This is an accelerating test which shall simulate the corrosive effect of environmental im-
pact with the aid of extreme ambient conditions.

Figure 2.7.6  Pollution gas test of MiniSKiiP springs on a PCB (3 ppm H,S, 40°C, 80% RH, 2,000 h, 15 V)

Figure 2.7.6 shows the contact surfaces of a MiniSKiiP PCB after successful testing. In order to
test simultaneously whether there is the hazard of electromigration for this combination of metals
(PCB / spring contact), voltage is applied to the sample. There are no signs of electromigration
visible (ion migration towards the electric field). What is visible are grey spots on the Ni/ gold flash
of the PCB because of the corrosive atmosphere caused by the tarnish protection of the spring
and black traces of oxidation. These are largely symmetrical around the contact point. The metal
/ metal contact areas in the middle are clearly visible as well. Owing to the high pressure of the
springs against the landing pads, these are almost hermetically sealed against the outer atmos-
phere. Reliable contact will also be ensured after the test [46].

2.7.4.3 Contact-to-PCB temperature cycling

In this test, the contact of a power semiconductor module is exposed to extreme temperature
fluctuations when mounted or soldered. The solder contact breaks due to its rigid connection after
about half the test period, the flexible spring contact survives the test of 2,000 temperature cycles
from -40°C to +125°C.

Temperature cycling -40°C / 125°C, 30 min/30 min
160

Cycle 1 Cycle 100 Cycle 500 Cycle 1000 Cycle 1500 Cycle 2000
140

o N/

60

TI°C]

40

20

0

B L \ \
-40 N —~ M~ ~ -~
Failure of solder pin

-60

Figure 2.7.7 Contact reliability comparison of solder pin and spring contact (HAL-Sn PCB, Ag spring pin,
Ni / Au-flash DBC) after mounting on a PCB subject to temperature cycling.
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2.7.5 Failure mechanisms during power cycling

The thermo-mechanical stress between materials with different expansion coefficients CTE leads
to aging of connections when they are exposed to temperature changes. Which of the mecha-
nisms will eventually cause component failure depends on the load and cooling conditions. The
further the connection is away from the chip, the longer it takes to heat it up completely. The worse
the power semiconductor is cooled, the more all layers are raised to the temperature level of the
chip. It is therefore useful for an increase of the power cycling capability to make improvements to
the most exterior source of failure (= closest to the heat sink). Damage here will increase the AT of
all connections located above and cause them to fail as well. The development of modules without
base plate eliminated "base plate solder" as the source of failure in the Nineties. The introduction
of sinter technology to replace chip solder pushes the failure limit for this type of connection further
up and makes the bonded connections the weakest link in the chain. The improvements of bonded
connections introduced in recent years now result in significantly higher power cycling figures than
technically feasible 10 to 15 years ago. Figure 2.7.8 explains the structural details relevant to the
life of an IGBT.

Figure 2.7.8 explains the structural details relevant to the IGBT module life.

Bond Bond |ggr Bondwire
Diode \ Bond
Chip Solder /
Base Plate Solder | [ ] I} Substrate
Thermal Grease Base Plate
Heatsink

Figure 2.7.8 Structural details of an IGBT module (connections that are relevant to module lifetime are
marked red)

Figure 2.7.9 and Figure 2.7.8 show that the solder connection of the substrate to the copper base
plate is the most critical connection, since it covers by far the biggest area (given average differ-
ences in the thermal expansion coefficients of the adjacent materials). For this reason, high-quality
solders and sophisticated soldering procedures have to be applied in order to avoid deformation
and destruction of the module plates also in case of high temperature cycling amplitudes. In addi-
tion, DBC substrates are often divided up to keep the absolute difference of the expansion coeffi-
cient as small as possible by reducing the solder areas. Other module developments are replacing
copper as base plate material by a material with a smaller expansion coefficient (such as AlISiC)
or eliminate it completely.

Figure 2.7.9 shows the theoretical linear expansion for different layers with an edge length of 1
cm. The bars show the differences true to scale. Huge differences in length are an indication of
considerable stress. On the left, the temperature ratios of a typical application condition are as-
sumed with T ,=80°C and T= 125°C. The temperature gradient in the module has the effect that
the copper base plate will only extend to about double the length of the chip despite its 4-fold CTE.
Whereas passive heating up, e.g. caused by cooling water in the car, results in linear expansions
that correspond to the CTE ratios, as shown on the right. The table also demonstrates that an AIN
ceramic substrate is better adapted to silicon. In turn, the stress between AIN ceramics and cop-
per base plate is increased so that this combination can be used with restrictions only, or not at
all. AIN ceramics and AlISiC base plate constitute a better combination under the aspect of module
service life. Al,O, ceramics is in between the thermal expansion of Si and Cu and therefore makes
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an ideal intermediate layer for modules with a copper base plate. Bond wires are not connected via
large-area joints. The linear expansion shown here results in wire bending. The comparably small
bond foot, however, is subject to particular stress due to the great difference in the CTE of silicon
chip and aluminium bond wire.

Material CTE| T | AT| AlPowerCycling | T | AT Al Temperature Cycling
105/K| [°C]| [K] °cl| Kl

Chip (IGBT) Si 3.5 100 | EESE 100 | S

AIN -DCB 82 80 | e 100 |

AL,O, - DCB 10,7 80 | I 100 | O

AISIC base plate| 7 55 | NS 100 | N

Cu base plate 17 55 | I 100 |

Bond wire Al 23 75 | I 17.2pm 100 | D 23um B |

Figure 2.7.9 Linear expansion of different material layers in a power semiconductor module with an as-
sumed edge length of 1 cm. Left: for a temperature gradient in the module as for a typical
power cycle; right: for heating up the entire module as for temperature cycling with identical
AT

Solder fatigue on the base plate

Large-area soldering of a module base plate is stressed in particular in slow processes and in-
tense heating up. At first, the solder connection will start cracking at the corners. As a result, the
thermal resistance of the module will increase. This may cause chip overheating and speed up
other failure mechanisms so far that they will then produce a failure. The quality of base plate sol-
dering is safeguarded by temperature cycling tests.

Solder fatigue

Figure 2.7.10 34 mm module with torn off DBC (light-coloured areas show solder fatigue)

It has become very obvious that one of the main causes for wear and tear can be eliminated by
doing without a base plate and the necessary soldering, as long as the heat transfer from the
substrate to the heat sink can be sufficiently ensured by other means and the disadvantages
of reduced heat spreading can be compensated. This has been achieved with SKiiP, MiniSKiiP,
SEMITOP and SKiM technologies (see chapter 2.5).

Solder fatigue in chip soldering

Solder fatigue in chips mostly appears together with damage of the bond wires. The more the
whole module heats up, the more the solder connection is strained. Solder fatigue leads to an
increase in R, and the chip temperature, which in turn will cause higher losses and thus a higher
temperature difference AT in the IGBT. In the end, the aging process is accelerated.
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b)

Figure 2.7.11 Chip solder fatigue caused by power cycling test, a) Photograph, b) Ultrasound image

The four IGBT chips (Figure 2.7.11) on the right of the DBC substrate underwent power cycling,
the other IGBT chips and CAL diode chips on the left did not. In the ultrasound image (SAM =
Scanning Acoustic Microscope), delamination after power cycling can be seen. The four parallel,
jointly current-carrying IGBT have their hottest spot in the centre. It can be clearly seen that dela-
mination starts right there at the inner corners. For larger chips, the temperature gradient over the
chip area might result in damage at the centre where the temperature AT is highest, rather than
at the edges, as is usually the case [47]. This effect will become more and more important in the
future with an increase of the permissible chip temperature (e.g. to 175°C) and the resulting higher
AT. The temperature cycling capability of the backside soldering of the chips to the substrate can
be improved by

- using AIN substrates whose thermal expansion coefficient differs less from that of Si than is the
case with AL,O,

- substituting the soldering with low-temperature joining technique. The connection between chips
and substrate is made by sintering silver powder at comparably low temperature and high pres-
sure, which will already minimise thermal stress between the materials during production.

Bond wire lift-off or breakage

In comparison with copper and silicon, aluminium has a relatively high thermal expansion coef-
ficient. This damages the welded connection of the bond feet ("lift-off") and, due to changes in the
length of the bond wires, even the kink at the bond foot becomes damaged ("heel crack"). Further
movement is caused by temperature-related bending of the module base plates and in addition to
thermal movement also by mechanical stress (e.g. owing to high current surges). The soft mould-
ing with silicone applied in the power modules will absorb these mechanical vibrations.

Since power modules with rated currents > 10 A per chip have more than one bond wire positioned
in parallel, a loss of bond wire contact will not immediately result in component failure. Contact
losses will become noticeable by a escalation of the forward voltage in the power cycling test.
Those parallel, not yet fully destroyed bond wires must now carry additional current, the bond feet
will be heated up even more. Thus their aging process is further accelerated. In the last bond wire
left, the current density will then be so high that the metallisation will start melting, an internal arc
will occur and eventually the chip will be destroyed. A pure circuit interruption ("open terminals"),
however, is very rare in practice.
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Figure 2.7.12 Bond wire damage; a) Breakage and lift-off at the marked area;
b) Failure due to bond wire lift-off [48]

The main weak points of bond connections are the aluminium bond wire area right above the
ultrasonic bonds, whose crystalline structure is impaired by bonding. Thanks to new wire alloys,
improved bonding tools and optimised control of the bonding processes over time, the bond life-
time could be doubled in recent years. Thus, [49] has proven the correlation between the angle
of inclination of the bond wire and the maximum number of possible power cycles. The angle of
inclination is proportionate to the loop height to width ratio.
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Figure 2.7.13 Function of bond wire loop height to width ratio in relation to power cycling capability [49]

"Bond wire failure" can be eliminated as cause of failure by using double-sided pressure contact,
as is found in disk cells, for example. Bond connections in IGBT and diode disc cells have been
replaced by pressure contacts with an inherent higher temperature cycling capability [50].

Reconstruction of chip metallisation

This is another aging process that is induced by power cycling. This process is accelerated by
high current amplitudes. Changes in the chip metallisation gradually increase the chip resistance
causing additional losses, higher AT and a worse adherence of the bond wires, thus accelerating

the failure process. Limiting the repetitive current load (I ,,) is therefore necessary.
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Figure 2.7.14 Reconstruction of chip metallisation, a) before and b) after power cycling [51]

2.7.6 Evaluation of temperature changes regarding module lifetime

As mentioned here and in chapter 2.5 (Packaging), all internal connections of power modules are
subject to aging caused by temperature fluctuations. The fatigue of material as well as wear and
tear is caused by thermal stress due to the temperature gradient and different expansion coeffi-
cients of the connected materials. Module lifetime or respectively, the number of possible tempera-
ture cycles, declines as a function of the rising AT,

Alterations of power losses at a frequency of some 100 Hz will no longer be smoothed by the
transient thermal impedance of the chips and will lead to a minimal temperature fluctuation in the
module (chapter 5.2 Balance of power losses). At this frequency, however, AT is so small and low-
energy that it is counterbalanced by elastic deformations, or the aging effect is so weak that it is
unimportant for lifetime evaluations. During normal operation at frequencies of few Hz and espe-
cially at duty cycle operation, such as prevailing in traction, lift and pulse applications, the internal
connections in a module will be exposed to temperature cycling, such connections being:

- Bonded connections

- Rear chip soldering

- DBC / base plate soldering

- and substrate lamination (Cu on Al,O, or AIN)

Therefore, it is important for thermal dimensioning to check whether AT. is so high that the pro-
jected number of power cycles will not be reached. In this case, the temperature difference ATJ. =
-T | during the power cycles under analysis constitutes the rating criterion for the power

j(max) j(min

module and not the maximum permissible chip temperature Tj(max).
The correlation between the possible number of power cycles N, and the temperature cycling am-
plitude ATJ. is determined by many parameters. Corresponding measurements require a lot of time
and effort. The first extensive tests, in which the dependency of temperature cycling on the mean
temperature T, was verified, were published in the LESIT Study in the 1990s [52]. With the aid of
parameter adjustment for A, o and the activation energy E_ the study results with respect to lifetime
function can be analytically calculated using the following equation:

E. ]
N, = A-AT? -e[kb'ij

adjusted parameters for the points in Figure 2.7.15: A=3.025-10°, o = -5,039, E_=9.891-10° J,
k, — Boltzmann constant, ATJ. & ij K]
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LESIT results

Power cycling lifetime as a funktion of AT; and T,
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Figure 2.7.15 Power cycling curves as established for power modules in dependency of different mean
temperatures in the LESIT Study [52]

As Figure 2.7.15 demonstrates, the number of possible power cycles for AT, > 30 K declines by a
power of ten for every increase in temperature cycling amplitude by 20...30 K. Periodical power
cycling within seconds or minutes thus requires temperature cycling amplitudes below 30 K. These
curves were established with modules from various manufacturers and represent the past state
of the art. Packaging has improved, so that present-day power semiconductor modules will attain
higher power cycling values. Therefore SEMIKRON introduced in 2009 the two following curves.

Standard IGBT modules

Power cycling lifetime as a function of AT; and T,
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Figure 2.7.16 Dependency of the power cycling value N, as a function of the temperature cycling
amplitude ATJ. and the mean temperature ij for standard IGBT modules
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Advanced IGBT modules

Power cycling lifetime as a function of AT; and T,
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Figure 2.7.17 Dependency of the power cycling value N, as a function of the temperature cycling
amplitude AT. and the mean temperature ij for advanced IGBT modules with improved
bond wire parameters and/or improved die attach (sintering)

The LESIT curves consider the effect of the mean temperature or respectively, the temperature
level where the temperature cycling takes place. Many test results indicate, however, that other
parameters, such as pulse duration t and the current amplitude I, will influence the test results
just as much as packaging parameters such as bond wire thickness and bond wire aspect ratio or
chip and solder thicknesses. In [53] an extended model based on the analysis of a great number
of tests is shown. Parameters, validity limits and coefficients are listed in the following table:

N, =A - AT -exp[—Bz J-toﬁ 1 v DPe

(Timin +273)

Parameters Symbol [ Unit Limits [Coefficient| Value Comment
Technology Factor A 2.03E+14 | Standard
Technology Factor A 9.34E+14 |IGBT4
Temperature difference | AT K 45...150 |p1 -4.416
Min. chip temperature Tj(min) °C 20...120 [p2 1285
Pulse duration t, S 1...15 B3 -0.463
Current per bond foot | A 3...23 pa -0.716
Voltage class/100 V. Vv 6...33 B5 -0.761
Bond wire diameter D gm 75...500 |p6 -0.5

Table 2.7.2  Parameters and limits for the calculation of power cycles using the equation above

Example: Let us assume a given number of power cycles N, and a test duration t
nent would be used for a different pulse duration t_

on(Tesy | @ COMPO-
| in the application, this would equal to

n(application
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t B3
_ on(application)
Napplication - Ntest [ J

ton(test)

This means, if the application pulse duration is 1/10 of the test pulse duration, the lifetime
would roughly triple. This model gives a good impression of the impact of various parameters
on power cycling figures, but it is only suitable to a limited extent in order to calculate lifetime
values isolated from any other parameter. The reason are physical constraints, since not all of
the parameters are independent of each other. For example, a small AT, is not possible in the
event of high currents and long pulse durations. Or, as assumed for the pulse duration in our
example, an identical AT]. would require different current values for different pulse durations t_ .
In case of lifetime critical applications the module manufacturer should be contacted for a detailed
analysis.
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3 Datasheet Ratings for MOSFET, IGBT, Diodes and
Thyristors

3.1 Standards, symbols and terms

3.1.1 Standards

The practical usage of symbols and terms and their meaning is described in the international
standard IEC 60747 "Discrete Semiconductor Devices". Detailed information on the parameters,
minimum requirements for datasheet ratings and test methods is provided in the standard's pro-
duct-specific sections.

- IEC 60747-1 General (letter symbols and terms)

- IEC 60747-2 Diodes

- IEC 60747-6 Thyristors

- IEC 60747-8 Field effect transistors

- IEC 60747-9 IGBT

- IEC 60747-15 Isolated power semiconductor devices

Other important standards applicable to semiconductor devices:

- IEC 60191-2 Mechanical standardisation of semiconductor devices,
Part 2: Dimensions (standardised case drawings)

- DIN EN 50178 Electronic equipment for use in power installations
(insulation tests, partial discharge)

- IEC 60664 Insulation coordination for equipment within low-voltage systems
(clearance and creepage distances)

- IEC 60721 Classification of environmental conditions

- IEC 60068 Environmental testing (specification of test conditions)

- IEC 60749 Mechanical and climatic test methods

The following specifications and standards do not correspond with international standards in use,
but are applicable to particular markets:

- UL9%4 Flammability tests for plastic parts used in devices and appliances
- UL508C Power conversion equipment

- MIL-STD-750E Test methods for semiconductor devices

3.1.2 Letter symbols and terms

Voltages: Two index letters are used to designate the terminals between which the applied voltage
is measured. If the potential of the terminal designated with the first index letter is positive versus
the terminal designated with the second index letter (reference potential), the applied voltage is
positive, e.g. V..

- C  collector

emitter

gate

drain

source

cathode

anode

>X0oom

For diodes, the forward on-state voltage is indexed with "F" rather than "AK" ("forward" positive
anode potential versus cathode potential); "R" is used to designate the reverse blocking voltage
("reverse" positive cathode potential versus anode potential). In the case of transistors, an addi-
tional third index letter may be used to determine the wiring status between the terminal with index
2 and a non-designated third terminal, e.g. V. indicates that the IGBT is "short-circuited between
gate and emitter". The following abbreviations are permissible:
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- S:  short circuit

- R:  resistance to be specified;

- V. external voltage to be specified;

- X: resistance and external voltage to be specified

Index letters may be followed or preceded by other indices to specify further parameters; these
may (or may not) be in parenthesis and may be in upper or lower case, €.9. V g ;0 Vg 01 V
- (BR): breakdown voltage;

- sat: saturation voltage;

- (th): threshold voltage;

- clamp:  clamping voltage limited by external circuits.

(BR) CEsat)

Supply voltages are marked with double index letters, e.g. V. (supply voltage of a gate-emitter
circuit), V., Vpp-

Currents: Here, the index letter used designates the terminal at which the current enters the com-
ponent (e.g. G=Gate, C=Collector) (e.g. |, stands for gate current). Positive values specify positive
currents. For diodes, "F" is used for forward on-state currents (anode-cathode) and "R" for reverse
currents (cathode-anode). Exceptions to this rule of thumb are reverse and leakage currents,
where a second index letter is used to designate the second terminal at which the reverse voltage
is applied. In analogy to the indices used for voltages, an additional third index letter may describe
the wiring status between terminal 2 and a non-designated third terminal, e.g. | .. Index letters
may be followed or preceded by other indices; these may (or may not) be in parenthesis and may
be in upper or lower case, e.g.:

cc’

- av: average value;

- rms: effective value (root mean square);
- M: peak value (maximum);

- R: periodic (repetitive);

- S: non-periodic (spike);

- puls: pulsed (direct current).

Thermal parameters: Temperatures are always indicated with a capital T. The following index let-
ters are the most commonly used in the context of temperatures:

- junction, formerly also "vj" for virtual junction

-C case (here, the heat-dissipating base plate is meant)

- S sink, formerly also "h" for heatsink

-r reference point (usually an integrated temperature sensor)

-a ambient (usually refers to the coolant temperature)

Temperature differences, thermal resistances (R, ) and impedances (Z,) are designated with two
hyphenated index letters describing the reference points between which they apply, e.g. AT(]—a) or
R

th(c-s)"
Mechanical parameters: These parameters refer predominantly to the assembly of components.
Important mechanical parameters are torques (M) for screw terminals and heatsink connections,
tractive forces (F) at terminals and surface characteristics of contact areas.

Other symbols: The terminology used for other electrical, thermal and mechanical parameters is
largely based on the terminology for voltages and currents. Switching states (turn-on, turn-off) may
also be specified with index letters (usually in brackets).
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3.13 Maximum ratings and characteristics

Maximum ratings and characteristics are provided in the form of tables and may additionally be
published in the form of diagrams.

Maximum ratings

The maximum module ratings indicated in the datasheets are extreme electrical, thermal and me-
chanical load values which are permissible without risk of destruction. Nevertheless, even within
these limits every component is subject to the "usual" aging processes. All maximum ratings are
determined under precisely defined conditions. It is mandatory to cite these in the datasheets.
Deviating ambient conditions may result in different ratings, whose interdependencies are known
to a certain extent only. Maximum ratings are absolute values, i.e. exceeding even one single
rating may result in component destruction, even if other ratings have not been stretched to the
limit. Apart from the "static" maximum ratings, "dynamic" maximum ratings also exist, i.e. limits for
the permissible course of the characteristic (current/ voltage) during switching. Unless otherwise
specified, the datasheet ratings apply to a chip or case temperature of 25°C; higher temperatures
usually require derating.

Characteristics

The characteristics describe the component properties determined under certain (normally appli-
cation-specific) measuring conditions. Here, too, the characteristics are based on very precise am-
bient conditions. As ambient conditions are not standard in given applications, it is imperative that
they be explicitly specified in the datasheets. Characteristics are often given as typical values with
a scattering range. The reference temperatures (chip or case temperature) are usually 25°C and a
second, high temperature of, for example, 125°C or 150°C. For other temperatures, temperature
dependencies have to be taken into account (cf. chapter 2).

3.1.4 Component (type) designation system

Current grade (& Circuit Blocking voltage
Case form case size) abbreviation (*100V) Chip
SKM 200 GB 12 6
(Mini)SKiiP 39 AC 12 T4
SK 30 GD 06 5
SEMiX 453 GAL 12 E4
SKiM 606 GD 06 6
SKiiP 1814 GB 17 E4

In most cases (with the exception of MiniSKiiP) the current grade is the rated current at a specific
case or heatsink temperature in A. The last digit of the current grade identifies the case type.
Example: SEMiX453... is a 450A component in a SEMiX3 case.

The most important circuit identifiers for IGBT modules are as follows (also see chapter 2.5.2.7):

- GB half-bridge branch

- GA single switch

- GD/AC three-phase bridge

- GAL/GAR single switch with freewheeling diode for chopper (DC-DC converter) circuits

- MLI Phase leg of a three level inverter with diode for neutral point clamping

- T-MLI Phase leg of a three level inverter with bideractional switch for neutral point
clamping

Further details on the various case types are given in the "Technical Explanations”.
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3.2 Rectifier diodes and thyristors

The datasheet ratings referred to in this chapter are not necessarily available for every component.

3.21 Temperatures
Virtual junction temperature Tj

This refers to temperature assigned to an area inside a semiconductor device where a virtual
heat source provides thermal output originating from electrical power losses. The virtual junction
temperature Tj is a virtual parameter and cannot be measured directly. It constitutes a theoretical
average value from which the actual temperature at