1 Basics

Compared to the PT-IGBT, the NPT-IGBT shows the following advantages resulting from
diminished emitter efficiency, longer charge carrier life time and more exact design possibilities,
which is still to be detailed in chapters 2 and 3:

- positive on-state voltage temperature coefficient ("automatic” static balancing in the case of
parallel connection),

- lower, but partly longer turn-off tail current; lower turn-off losses at T; = 125°C,

- (inthe case of hard switching) shorter switching times and reduced switching |osses,

- considerably reduced temperature dependency of switching times/ switching losses
(T; = 125°C) and tail current,

- increased overcurrent stability by improved current limitation in case of overload.

Compared to the epitaxial substrates of the PT-IGBT, today’ s production of the homogeneous n'-
substrate as basic material for NPT-IGBTs is more favourable, provided that the much thinner
silicon wafers are handled properly.

1.2.2 Static behaviour

In this chapter the static behaviour of power MOSFETs- and IGBT-modules is to be examined
regarding the current-voltage characteristics of the main terminals in the 1¥ and 1 guadrant of
the respective output characteristic (Figure 1.7).
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Figure1.7 Basic output characteristic of a power transistor module
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The I* quadrant shows the forward area, where power transistor modules can block high
voltages and switch high currents.

The exact designation “blocking state” - analogous to thyristors - for blocking in the I quadrant
is hardly used in connection with transistors. Usualy, thisis called , forward off- state” (asin the
following explanations) or ,, off-state” (aslong asthereisno risk of confusion).

Viathe gate electrode, the power-MOSFET or IGBT is turned from the forward off- state (OP1
in Figure 1.7) to the conductive state or on-state (OP2), where it can conduct load current. The
active region is only passed during switching.

Contrary to the , perfect switch* off-state voltage and on-state current are limited (see chapter 0).
During the forward off-state a cut-off current (forward off-state current) causes blocking power
dissipation within the transistors.

In the conductive state the voltage left at the main power terminals depends on the on-state
current and is called on-state voltage, causing on-state power dissipation. The maximum power
dissipation during on-state (not during switching) is shown by the on-state power dissipation
hyperbolafor Pumax in the output charcteristic.
The current-voltage characteristics in the 111" quadrant of the output characteristic show the
reverse behaviour of power transistor modules, in case a negative voltage is applied to the main
terminals. This behaviour is determined by the characteristics of the transistors (reverse
blocking, reverse conducting) and the features of the diodes within the power module (connected
in series or anti-parallé to the transistors).

1221 Power-MOSFET

The functional principles of the power-MOSFET described above result in the output
characteristicsin Figure 1.8a.
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Figure1.8  a) Output characteristics of a power-MOSFET (n-channel-enhancement-type)
b) Transfer characteristic Ip = f(Vgs)

Forward off-state

When applying a positive drain-source voltage Vps and a gate-source voltage Vs smaller than
the gate-source threshold-voltage Vs, there will only be a very small zero gate voltage drain
current Ipss between drain- and source connection.

Ipss will rise dlightly with increasing Vps. If a certain specified maximum drain-source voltage
Vpss is exceeded, this will cause an avalanche breakdown of the pin-junction p*-well/n™-drift
zone/n™-epitaxial layer (breakdown voltage V grypss). Physically, V grypss is amost equivalent to
the breakdown voltage Vcer 0f the parasitic bipolar npn-transistor in a MOSFET, generated by
the sequence of layers: n*-source zone (emitter)/p’-well (base)/n™-drift zone/n*-epitaxial layer-
drain connection (collector), see Figure 1.3.

The multiplication current generated by the avalanche breakdown of the collector-base diode
may lead to destruction of the MOSFET as soon as the bipolar transistor is turned on.

However, the base and emitter zones are amost short-circuited by metallization of the source;
both zones are only separated by the lateral resistance of the p™-well.

Several structural improvements, such as small MOSFET cells, homogeneous cell arrangement,
low-resistive p+-wells, optimized marginal structures and highly homogeneous technological
procedures, may facilitate a very small avalanche breakdown current per cell in modern
MOSFETSs, so that the bipolar transistor will not yet be turned on, in case the defined
specifications are strictly complied with.
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Therefore, a permissible avalanche energy Ea for single pulses or periodic load (limited by the
maximum chip temperature) can be defined; see chapter 2.2.1.

Since several paralelled MOSFET-chips in power modules cannot guarantee absolute
symmetrical conditions, the maximum Ea-valueis only applicable for one single chip.

On-state

The forward on-state at positive drain-source voltage Vps and positive drain current Ip can be
divided into two characteristic regions (Figure 1.8, 1% quadrant).

Pinch-off or activeregion

At a gate-source voltage Vgs slightly exceeding the threshold voltage Vggin), current saturation
will cause a considerable drop of voltage over the channel (horizontal region of the output
characteristic). The drain current I is controlled by Vgs.

The transfer behaviour shown in Figure 1.8b is called forward transconductance g defined as
follows:

Ors = dlD/dVGs = ID/( VGS'VGS(th))-

Forward transconductance in the pinch-off region rises proportionally to the drain current I, and
the drain-source-voltage Vps and drops with increasing chip temperatures.

Within the permissible operation conditions for power modules with several paralleled
MOSFET-chips, the pinch-off region is only passed during turn-on and turn-off.

On the other hand, stationary operation within the pinch-off region is mostly prohibited by the
manufacturer, because Vs Will drop when the temperature rises and, therefore, thermal
instability between the single chips might result from minor production deviations.

Ohmicregion

The ohmic region, which is aso called on-state during switching operations, is reached as soon
as Ip is determined only by the outer circuit. The on-state behaviour can be characterized as the
guotient of changed drain-source-voltage Vps and drain-current Ip via the turn-on resistance
Rosen). Consequently, the forward voltage Vpsiony may be defined by the following equation
aready mentioned in chapter 1.2.1 (large-signal behaviour)

VDS(on) = RDS(on) ><| D

Rosen) 1S dependent on the gate-source voltage Vgs and the chip temperature. Rpson) iS
approximately doubled within the MOSFET operation temperature range between 25°C and

Rever se operation

During reverse operation (IIIrd guadrant) the MOSFET characteristic is equivalent to a diode
characteristic at Vs < Vgsiny (continuous curve in Figure 1.8a). This is caused by the parasitic
diode within the MOSFET,; the MOSFET reverse on-state behaviour at closed channel is
controlled by the on-state voltage of the collector-base pn-junction or source-drain pn-junction,
respectively (,,inverse diode”, bipolar current flow) (Figure 1.9a).
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Figure1.9 Inverse operation of apower-MOSFET [277]
a) At closed channel (bipolar current flow)
b) At open channel and small negative Vps (unipolar current flow)
¢) At open channel and big negative Vps (combined current flow)

Drain

The bipolar inverse diode is utilized for currents up to the limit values specified for MOSFETS.

In practice, however, the inverse diode

- causes relatively high on-state power losses, which have to be dissipated together with the
MOSFET power losses and
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- sets limits to the MOSFET’s application field as a ,,hard switch* (see chapter 0) by its
unfavourable turn-off behaviour.

As shown in Figure 1.9b the conductance in the MOSFET-channel is principally controllable
even at a negative drain-source-voltage, if a gate-source voltage is applied exceeding the
threshold voltage.

If the drain-source voltage is limited to a value lower than the inverse diode threshold voltage by
external components, for example by paralleling of a Schottky-diode, the inverse current will be
conducted from drain to source as a unipolar electron current (majority carrier current). Then,
the turning-off corresponds to the turn-off behaviour of a MOSFET.

The inverse current is dependent on Vps and Vgs. (broken curve in Figure 1.8a).

Operation with combined current flow according to Figure 1.9c (semi-coloned curve in Figure
1.84) is given, if the channel is open and a conducting bipolar inverse diode is connected (drain-
source voltage higher than diode threshold voltage). This results in a reduced on-state voltage
compared to simple paralleling of diode and MOSFET, since the injected charge carriers will
also diffuse lateraly, thus increasing the MOSFET’ s conductivity.

Apart from that, MOSFET-chips with fast inverse diodes have been developed by severa
manufacturers during the past few years (e.g. FREDFETS,; Fast Recovery Epitaxial Diode Field
Effect Transistors)[277]. Hole life time at inverse operation is minimized in FREDFET-chips by
selective heavy-metal diffusion into the n"-drift area, similar to the design of fast diodes.

1222 IGBT

The functional principle of the IGBT described in chapter 1.2.1 results in the output
characteristic in Figure 1.10.
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Figure 1.10 a) Output characteristic of an IGBT (n-channel-enhancement-type)
b) Transfer characteristic Ic = f(Vgg)
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Forward off-state

In analogy to the MOSFET, the collector-emitter cut-off current Icgs between collector and
emitter is only very small, if the collector-emitter voltage Vce is positive and the gate-emitter
voltage Ve islower than the gate-emitter threshold voltage V eg() -

As a consequence of increasing Vg, the lces-value rises dightly. When a certain specified
maximum collector-emitter voltage V cesis exceeded, there will follow an avalanche breakdown
of the pin-junction layers p*-well/n-drift zone/n*-epitaxial layer (avalanche breakdown voltage
Ver)ces). Physically, V gryces corresponds approximately to the reverse collector-emitter voltage
Vcer Of the bipolar pnp-transistor in the IGBT structure. (see Figure 1.6).

The multiplication current generated by the avalanche breakdown of the collector-base diode
may lead to destruction of the IGBT, as soon as the bipolar transistor is turned on.

However, base and emitter are almost short-circuited by metallization of the emitter, only
separated by the lateral resistance of the p™-well.

By several structural improvements within the IGBT, smilar to the measures taken for
MOSFETSs as described in chapter 1.2.2.1, the avalanche breakdown current per cell is kept at a
minimum level, which resultsin a high forward off-state voltage stability (avalanche stability).

On-state

Also with the IGBT, the forward on-state at a positive collector-emitter voltage Vce and a
positive collector current I can subdivided up in two characteristic regions (Figure 1.10, 1%
guadrant).

Activeregion

At a gate-emitter voltage Ve slightly exceeding the threshold voltage Vg, current saturation
will cause a considerable voltage drop over the channel (horizontal region of the output
characteristics). The collector current I¢ is controlled by V.

The transfer behaviour shown in Figure 1.10b is called - in analogy to the MOSFET - forward
transconductance grs defined as follows:

Ors= dic/dVee = Ic/( Vee-VeEh)

Forward transconductance in the cut-off region rises proportionally to the collector current I and
the collector-emitter voltage V cg, and decreases with increasing chip temperatures.

Within the permissible operation conditions for power modules with several paraleled IGBT-
chips, the cut-off region is only passed during turn-on and turn-off.

Equivalent to MOSFET modules, stationary operation within the cut-off region will mostly be
prohibited, since V gg(ny Will decrease when the temperature rises and, also with IGBTSs, thermal
instability between the single chips might result from minor production deviations.

Saturation region

The saturation region (steep region of the output characteristic), also called on-state during
switching operation, is reached as soon as I ¢ is determined only by the outer circuit. The on-state
behaviour is characterized by the IGBT voltage Vcess (cOllector-emitter saturation voltage). At
least for highly blocking IGBTS, the saturation voltage is considerably smaller than the on-state
voltage of a comparable MOSFET due to the n'-drift-zone being flooded with minority carriers.
As dready mentioned, Vcesyx Of PT-IGBTs will drop a a temperature increase within rated
current operation, whereas V cesa Of NPT-IGBTswill rise proportionally to the temperature.
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