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Two decades ago, a seemingly simple 
variant of the silicon power MOSFET 
began to change the power electronic 
landscape: the insulated-gate  bipolar 
transistor (IGBT). This revolution has 
continued throughout the 1990s and 
into the new millennium. The IGBT 
presents interesting characteristics 
combining both MOS and bipolar 
structures with highly advantageous 
features for power system designers – 
mainly its low losses, its high input 
impedance permitting the use of 
 comparatively small gate drivers, and 
its short-circuit withstand capability 
and robust turn-off performance. 

Switching to higher 
performance
The evolution of IGBT technology
Munaf Rahimo, Arnost Kopta

While the first commercially available 
IGBTs did not exceed blocking volt-
ages above 600V, and currents of a 
few amperes, development trends 
 focused on increasing the power han-
dling capability. Today, high-voltage 
IGBTs and their counterpart diodes 
(with ratings of up to 6.5 kV) are being 
manufactured successfully for 3.6 kV 
DC-link applications. In addition, 
high-current IGBT modules with large 
numbers of chips in parallel are 
 employed in many applications with 
current ratings of up to 3,600 A. The 
availability of such a wide range of 
current and voltage ratings has result-

ed in the utilization of the IGBT in 
many power electronic applications; 
these include traction, HVDC and 
 industrial drives with the respective 
emphasis on the differing perfor-
mance requirements of each type of 
application. In this article, the latest 
development trends in IGBT and 
 diode design are presented. These 
have enabled these devices to make 
a considerable leap forwards in terms 
of performance. An outlook into future 
development trends, targeting further 
improvements in the IGBT and diode 
characteristics, is also looked into.
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limits. The new technology enabled 
the devices to withstand the critical 
and formerly unsustainable phase of 
dynamic avalanche and resulted in a 
remarkable increase of ruggedness. 
Thus, the high-voltage IGBTs were 
able to reach a new operational mode 
referred to as the switching-self-clamp-
ing-mode (SSCM) as the overshoot 
voltage reaches levels close to that of 
the static breakdown voltage. It was 
demonstrated that the IGBT could 
r emarkably still withstand such condi-
tions, leading to an ultimate square 
SOA behavior. This mode of operation 
can be seen in the 3.3 kV/1,200 A IGBT 
module RBSOA waveforms shown in 
1a  and the associated square SOA I/V 
curve in 1b . Similar improvements 
were also achieved for the short-circuit 
SOA capability of the IGBT and the 
 reverse recovery SOA for the anti-par-
allel diode.

SPT+: Lower losses and larger SOA
The next milestone was the reduction 
of the total losses of the IGBT and 

 diode without sacrificing the 
performance advantages men-
tioned above. The SPT+ IGBT 
platform was designed to sub-
stantially reduce on-state volt-
age while increasing the high 
turn-off ruggedness to above 
that of the SPT technology. 
ABB’s SPT+ IGBT technology 
permitted the company to 
 establish a new technology 
curve benchmark over the 
whole IGBT voltage range 
from 1,200 V to 6,500 V 2 . The 
values for V

ce(sat)
 are obtained 

at the same current densities 
and for similar turn-off losses 

especially  for high voltage devices – 
system designers had no choice but 
to resign themselves to a number of 
operational limits to be able to attain 
the necessary switching capability. 
These measures included de-rating 
and the use of voltage clamps, snub-
bers and high gate resistances. 

The SPT+ technology not 
only offers significantly 
lower losses but also an 
increased SOA capability 
as compared to the 
 standard technology.

It was the introduction of the soft-
punch-through (SPT) concept featuring 
thinner silicon, combined with a high-
ly-rugged planar cell-design platform, 
substantially increasing the cell latch-
up immunity, that allowed lower losses 
to be achieved. The change also her-
alded a clear breakthrough in SOA 

The power electronics community 
upholds a long wish list of im-

provements targeted at the electrical 
performance of power semiconductor 
devices. Despite the fact that the IGBT 
offers the user a broad range of attrac-
tive electrical characteristics, improve-
ments on these are continuously being 
demanded. Over the past years, the 
main development trend for power 
semiconductors was aimed at increas-
ing the power density for a given tar-
geted application. From the device 
viewpoint, the limitations are three 
fold:
 First the total losses in the device
 Second the safe operating area 
(SOA) boundaries

 And finally the maximum allowable 
junction temperature during opera-
tion

Moreover, a further limitation exists 
for the removal of the power dissipat-
ed in the device. However, this chal-
lenge remains a focus of package and 
system cooling developments. Recent 
power semiconductor devel-
opments at ABB were main-
ly aimed at tackling the first 
two limits, especially for 
high-voltage devices.

SPT: The SOA breakthrough
Trends for the development 
of IGBTs and diodes have 
always been aimed at ob-
taining a sufficiently large 
SOA as required by many 
power electronic systems 
operating under hard-switch-
ing conditions. Until recent-
ly, in order to overcome the 
insufficient ruggedness – 

a  RBSOA current and voltage waveforms

1  3.3 kV/1,200 A IGBT module RBSOA at 125 °C (VDC = 2,600 V, IC = 5,000 A, RG = 1.5 Ω, LS = 280 nH)

b  I/V square RBSOA curve
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2  SPT+ IGBT on-state Vce(sat) reduction for voltage ratings   
up to 6,500 V
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sary. A better trade-off between total 
diode  losses and recovery softness 
was achieved due to the improved 
shape of the stored electron-hole 
 plasma.

the stored charge. Due to the improved 
charge distribution, the overall losses 
could be reduced while maintaining 
the soft recovery characteristics of 
standard SPT diodes.

On the anode side, the SPT+ diode 
employs the same design as used in 
the standard SPT technology, utilizing 
a strongly-doped P+-emitter. The 
 anode emitter efficiency is adjusted 
using a first He++ peak placed inside 
the P+-diffusion. In order to control 
the plasma concentration in the 
N-base region and on the cathode 
side of the diode, a second He++ 
peak is implanted deeply in the 
N-base from the cathode side. In this 
way, a double local lifetime profile 
is achieved as shown in 4 . With this 
approach, no additional homogenous 
lifetime control in the N-base is neces-

for each voltage class. In the follow-
ing sections of this article, the new 
SPT+ IGBT and diode performance 
are explained and demonstrated with 
the example of a high-voltage 6.5 kV 
module.

SPT+ IGBT and Diode technology
The advanced SPT+ IGBT performance 
was achieved by combining an im-
proved planar cell design with the 
 already well-optimized vertical struc-
ture utilized in the SPT technology. 
A cross-section of the SPT+ IGBT is 
shown in 3 . The planar SPT+ technol-
ogy employs an N-enhancement layer 
surrounding the P-well in the IGBT 
cell. The N-layer improves the carrier 
concentration on the cathode side of 
the IGBT, thus lowering the on-state 
voltage drop (V

CE,on
) without signifi-

cantly increasing the turn-off losses. 
A further reduction of V

CE,on
 was 

achieved by reducing the channel 
 resistance by shortening the lateral 
length of the MOS-channel. By opti-
mizing the shape of the N-enhance-
ment layer, the turn-off ruggedness 
SOA of the SPT+ cell could be in-
creased beyond the level of the already 
very rugged standard SPT cell. In this 
way, the SPT+ technology not only 
 offers significantly lower losses but 
 also an increased SOA capability as 
compared to the standard technology.

4  shows a cross-section of the SPT+ 
diode. The SPT+ diode technology 
 utilizes a double local lifetime-control 
technique to optimize the shape of 

3  SPT+ IGBT technology                          
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5  The 6.5 kV HV-HiPak module comprising the 
newly developed SPT+ chip-set

6  Forward characteristics of the 6.5 kV SPT+ IGBT 
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7  shows the turn-off wave-
forms of the 6.5 kV HiPak 
module measured under nom-
inal conditions ie, at 750 A 
and 3,600 V. Under these con-
ditions, the fully integrated 
turn-off losses of the module 
amount to 5.2 J. The module 
was switched off using an 
 external gate resistor (R

g,off
) of 

15 Ω, which results in a volt-
age rise of 2,000V/µs. The 
 optimized N-base region com-
bined with the soft-punch-
through (SPT) buffer allows 
the collector current to decay 
smoothly, ensuring a soft 
turn-off behavior without any 
disturbing voltage peaks or 
oscillations even at high 
DC-link voltages and stray 
 inductances.

8  shows the trade-off curve 
between the IGBT on-state 
voltage drop and the turn-off 
losses for the SPT+ as well as 
that of the standard SPT IGBT 
measured at chip level. The 
different points on the tech-
nology curves correspond to 
IGBTs with different anode 
emitter efficiencies. The de-
vices were measured at a col-
lector current of 25 A, which 
is the nominal current of the 
SPT IGBTs. The new SPT+ 
 IGBT exhibits an approxi-
mately 30 percent lower on-
state voltage drop (V

CE,on
) for 

the same turn-off losses as 
compared to the standard SPT 
chip. The final point on the 
technology curve for the SPT+ 
IGBTs was carefully selected 
based on the trade-off be-
tween reverse leakage current 
and turn-off softness while 
maintaining a good balance 
between switching and con-
duction losses.

Diode characteristics and 
losses
9  shows the on-state charac-
teristics of the 6.5 kV SPT+ 
 diode. Due to the advanced 
plasma shaping utilizing a 
double He++ irradiation 
scheme, the diode has a 
strong positive temperature 

The 6.5 kV SPT+ HV-HiPakTM 
module
The on-state losses of the 
new 6.5 kV SPT+ IGBT ex-
hibit a reduction of approxi-
mately 30 percent when 
compared to the standard 
SPT device. This, in combi-
nation with the increased 
ruggedness of the SPT+ 
 IGBT has enabled the cur-
rent rating to be increased 
from 600A for the standard 
6.5 kV HiPakTM up to 750 A 
for the new SPT+ version. 
The 6.5 kV HV-HiPak mod-
ule shown in 5  is an indus-
try-standard housing with 
the popular 190 × 140 mm 
footprint. It uses aluminum 
silicon carbide (AlSiC) base-
plate material for excellent 
thermal cycling capability 
as required in traction appli-
cations and aluminum 
 nitride (AlN) isolation for 
low thermal resistance. The 
HV-HiPak version utilized 
for the 6.5 kV voltage class is 
designed with an isolation 
capability of 10.2 kV

RMS
.

To verify the performance 
of the 6.5 kV SPT+ chips 
and the HV-HiPak module, 
extensive measurements 
were carried out. The results 
of this characterization are 
 presented in this section. 
For the dynamic measure-
ments, the nominal DC-link 
voltage was 3,600 V, while 
SOA and softness measure-
ments were carried out at 
4,500 V.

IGBT characteristics 
and losses
The on-state curves of the 
6.5 kV SPT+ IGBT are shown 
in 6 . The typical on-state 
voltage drop (V

CE,on
) at nomi-

nal current and T
j
=125 °C is 

4.0V. The SPT+ IGBT shows 
a positive temperature coef-
ficient of V

CE,on
, already start-

ing at low currents. This 
 enables a good current shar-
ing capability between the 
individual chips in the 
 module.

10 6.5 kV SPT+ diode reverse recovery under nominal conditions 
 measured at module level, Erec = 2.8 J

1000

800

600

400

200

0

-200

-400

-600

-800

-1000

4000

3600

3200

2800

2400

2000

1600

1200

800

400

0

0 2 4 6 8 10 12 14 16 18 20

IF = 750 A, VDC = 3600 V, Tj = 125 °C, Ls = 280 nH

Time (μs)

V
di

od
e 

(V
)

I F 
(A

)

IF

Vdiode

8  6.5 kV SPT+ IGBT technology curve     
measured at chip level

240

220

200

180

160

140

120

100

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4

VDC = 3600 V, Ic = 25 A, Tj = 125 °C, Ls = 6 uH, Rg.off = 33Ω

SPT

Final SPT + Design

VCE,on (V)

E
of

f (
m

J) SPT+

30% lower V CE,on

9  Forward characteristics of the 6.5 kV SPT+ diode 
 (module level measurements)

1500

1250

1000

750

500

250

0

0.0 1.0 2.0 3.0 4.0 5.0 6.0

VF (V)

Nominal current

Tvj = 25°C

Tvj = 125°C

I F 
(A

)



                                      23ABB Review 3/2008

Switching to higher performance

Semiconductors

Turn-off and reverse-recovery 
One of the main advantages 
of the new 6.5 kV SPT+ 
IGBT is its extremely high 
turn-off ruggedness, setting 
a new benchmark for this 
voltage class. 12  shows a 
turn-off waveform at module 
level, in which a current of 
2,400 A – which corresponds 
to more than three times 
the nominal current – was 
switched-off against a 
DC-link voltage of 4,500 V 
at a junction temperature of 
125 °C. The test was con-
ducted with an external gate 
resistance of 1.0 Ω, without 
using any clamps or snub-
bers. The stray inductance in 
this test was 750 nH, which 

is more than double the value that 
can be expected in the targeted appli-
cation environment, even under 
worst-case conditions.

Thanks to the ruggedness of the SPT+ 
cell, the IGBTs are capable of sustain-
ing a long period of strong dynamic 
avalanche during the turn-off transient 
and so show an excellent SOA capa-
bility. In this test, the turn-off peak 
power reached a value of 11.7 MW. 
In standard production-level testing 
all modules are subjected to a turn-off 
SOA test with three times nominal 
current (2,250 A) where the modules 
are driven into dynamic avalanche. 
This very harsh test has been imple-

frequency. The results are shown in 11 . 
The 6.5 kV SPT+ IGBTs have been 
 optimized to operate in an application 
environment with high stray induc-
tances utilizing low switching frequen-
cies. In order to guarantee a smooth-
switching behavior, the IGBT was 
 designed using a relatively strong 
 anode emitter efficiency. This increas-
es the electron-hole concentration 
on the anode side of the N-base and 
assures a smoothly decaying current 
tail during turn-off at high stray induc-
tances and DC-link voltages. This 
leads to a chip with low conduction 
losses and increased turn-off losses, 
which is ideal for low switching fre-
quencies.

coefficient of V
F
 already well 

below the nominal current. 
At rated current and 125 °C, 
the diode has a typical on-
state voltage drop of 3.5 V.

10  shows the reverse recovery 
waveforms of the diode under 
nominal conditions. By care-
fully designing the cathode-
sided He++ peak, a short, but 
still smoothly decaying cur-
rent tail was achieved. Under 
nominal conditions, the diode 
recovery losses are 2.8 J. 
Thanks to the high rugged-
ness and soft recovery behav-
ior, the diode can be switched 
with a high di

F
/dt, which sig-

nificantly reduces the IGBT 
turn-on losses. 

One of the main advan-
tages of the new 6.5 kV 
SPT+ IGBT is its extreme-
ly high turn-off rugged-
ness, setting a new 
benchmark for this 
voltage class.

Module output current
In order to evaluate the performance 
of the 6.5 kV SPT+ module under real 
application conditions, a thermal sim-
ulation was performed of the output 
current as function of the switching 

11 6.5 kV SPT+ HiPak module output current as function 
 of the switching frequency
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12 6.5 kV SPT+ IGBT turn-off under SOA conditions measured   
at module level, Ppoff = 11.7 MW
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13 6.5 kV SPT+ diode reverse recovery under SOA conditions   
measured at module level.
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structure as means for providing high-
er power for a defined area (ie, mod-
ule footprint). The potentials that 
could arise from such a technological 
step are great.

Furthermore, the maximum junction 
temperature is increasingly moving 
 into the limelight of development in-
terest. The fact that the most important 
enabler, namely the power handling 
capability (SOA) of devices, has risen 
to a level where IGBTs can theoreti-
cally be operated at currents that 
greatly exceed the ratings of modern 
systems, has further increased the 
pressure towards expanding the tem-
perature range. Since the output power 
is proportional to the temperature dif-
ference (ΔT) between the chip junc-
tion and the cooling medium a higher 
allowable operating temperature of 
the semiconductor immediately in-
creases the power density for a given 
device area. Hence, an increase by 
25 °C enhances the rated power by 
25 to 35 percent, depending on the 
cooling conditions.

For more on IGBTs, see “Performance-enhancing 

packaging” on page 9 of this issue  of ABB Review.
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en place. In the subsequent destruc-
tion test the single pulse surge current 
capability was determined. The diodes 
reached a peak current of 12.3 kA, 
corresponding to an I2t value of 
705 kA2s before failing. This excellent 
surge current capability was achieved 
thanks to a combination of the strong-
ly doped P+-emitter and a low on-
state voltage drop facilitated by the 
optimum plasma distribution shaped 
by the double He++ irradiation 
scheme.

The most important 
 enabler, namely the power 
handling capability (SOA) 
of devices, has risen to a 
level where IGBTs can 
theoretically be operated 
at currents that greatly 
 exceed the ratings of 
modern systems.

Future trends
With the advancements of modern 
 IGBT and diode structures, device de-
signers are facing a growing challenge 
in finding ways to further improve 
 IGBT performance using conventional 
plasma enhancement and silicon 
thickness reduction techniques. Today, 
more development effort is being 
aimed at reviving the reverse conduct-
ing IGBT (RC IGBT), which combines 
both the IGBT and diode in a single 

mented in order to ensure a high 
quality and reliability of all shipped 
6.5 kV HV-HiPak modules.

13  shows a diode reverse recovery 
SOA test at module level measured 
with a forward current of 750 A (nomi-
nal current) and a DC-link voltage of 
4,500 V. Due to the IGBT turn-on 
characteristics, the diode peak power 
reaches its maximum value close to 
the nominal current and starts de-
creasing again for higher forward cur-
rents. The diode was switched using 
an external gate resistor (R

g,on
) of 

1.2 Ω reaching a switching speed of 
7,000 A/us and a peak power of 
9.0 MW.

Short-circuit SOA
The short circuit waveforms of the 
6.5 kV SPT+ module can be seen in 14 . 
The IGBT was carefully designed to 
withstand a short circuit at V

GE 
= 15.0 V 

for all DC-link voltages up to 4,500 V 
and junction temperatures between 
– 40 °C and 125 °C. The desired short-
circuit ruggedness was achieved by 
optimizations of the SPT-buffer and 
the anode emitter efficiency.

Surge current capability
To verify the surge current capability 
of the 6.5 kV SPT+ diode, the HiPak 
module was subjected to 100 surge 
pulses with a magnitude of 9.9 kA and 
pulse duration of 10ms (I2t = 523 kA2s) 
as shown in 15 . After the 100th pulse, 
the module was electrically re-tested 
to ensure that no degradation had tak-

14 6.5 kV SPT+ IGBT short-circuit characteristics measured   
at module level
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15 6.5 kV SPT+ diode surge current waveforms    
at module level
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