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ABSTRACT

An infrared microscopic technology and exact
one dimensional model were employed to clarify
the processes which lead GTO to the gate turn-off
failure. As a result of J'.nvestigations, it was
found that anode current density J; in the current
crowding rng.on is influenced by anode voltage ej.
It finally increases approximately in the form of
Ja = Krey (K:Constant), accampanying temerature
rise, &T in the N-base region, which is proportional
to Jed dt.

Influences of device design parameters and ex~
ternal circuit conditions on the GIO turn-off
failure were well explained by taking the constant
K and allowable maximum temperature rise A T{max)
into account. The safe operation area concept for
a high power GIO snubber circuit design was quanti-
tatively established, using the above results as
a design criterion.

INTRODUCTION

Although a gate turn-off (GTO) thyristor recently
received much attention in regard to power conversion
equipment applications, exact explanations have not
been made for the gate twrn-off failure. It is
important to understand the gate turn-off failure
in detail, not only for device design, but also
fram a GIO application point of view.

The purpose of tliis paper is to clarify the
processes which lead the GIO to the gate turn-off
failure, introducing an infrared microscopic tech-
nology and an exact one dimensional model.
Influences of device design parameters and external

circuit conditions on the failure were also discussed.

CURRENT CROWDING OBSERVATIONS

Figure 1 shows a diagram of the infrared obser-
vation system with an infrared radiameter, which
is able to measure infrared light intensity due to
direct carrier recambination and thermal radiation
fram the current crowding region. As is shown in
the figure, the infrared radiation was observed
from two directions with 20 microns space resolution.

Changes in the conduction region were measured

Saiwai-ku, Kawasaki 210,

Japan

through many 30 micron windows formed within a
cathode electrode for detecting infrared radiation.
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Fig.l Infrared observation system.

Typical experimental results are shown in Fig.2.
As a result of these investigations, it was found
that conduction-area squeezing toward the center
of a rectangular emitter finger along the width
direction is campleted at least until the end of
storage time. If anode current density J, at the
begmm.ng of the fall time is below a certa:l.n value
(around 400A/cn? for the sample under test),
tﬁe conduction area remains constant during fall
time. In other words, anode current density Jx
reduces proportionally with the totoal anode current.

In the next step, current conduction area during
fall time begins to reduce rapidly in the emitter
length direction, once J, exceeds Ja., keeping
conduction width almost constant.

Temperature and recambination radiation dis-
tributions along the GIO vertical direction, at the
point where current crowding remains until the end
of fall time, were measured under the condition
of J3% J,.. As is obvious from Fig.3 (a), two
kind of tenperature peak were obtained. The first
one, Ty, occurs just after the fall time,
temperature - peak po:.nt near junctlon Jo to a point
near junctlon J1 in the N-base region. The second
one, Ty, is generated around Jz several tens of
microseconds after the fall time. Since the con-
duction area width durmg fall time remains almost
constant, the change in J, due to current crowding
in the length direction 1s related to radiation
intensity due to recambination, emitted fram the
cross sectional side of the sample. Figure 3(b)
shows recombination radiation distributions for the
sarple for the same driving conditions as for
Fig.3(a).
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(a)
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Fig.2 Changes in conduction area during
storage time and fall time.

The measured relation between radiation intensity
&, emitted fram J3 and anode voltage ez for various
cotditions of gate turn-off anode current Ipmo

are shown in Fig.4.

According to the numerical calculation results,
anode current density Jz is proportional to excess
carrier density n, at junction J3 and ejr at hich
injection level is given by e;,.ecnZ.l) Thus, J,
is written as follows,

Ja °“/’e-:i:; . L

The relation J, and e, are obtained using Eq. (1)
and experimental data on ei, vs. e,.: ‘Belations
are shown by a dashed line in Fig.4.

As is obvious in the figure, Jz is influenced
by anode voltage e; and finally increases in the
form of

Ja = Key (K:Constant) y (2)

accampanying temperature rise AT in the N-base
region, which is proportional to

K
AT= eg dt (3)
WnB (ef£)P¥ f !

where Wyp(eff): effective N-base width, f specific

density and [ : spesific heat. AT .corresponds to
Ty in Fig.3(a). According to the present ex-
perimentations, when T; exceeds around 300°C, gate
turn-off failure was oéserved. These experimental
results imply that gate turn-off failure can be
controlled by making K as small as possible.
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EXACT ONE DIMENSIONAL MODEL

An exact one dimensional model for the turn-—
off processes will be presented in this section.
The model includes Heavy doping effect,2) Auger
recambination,3) carrier to carrier scattering,heat
flow equation

The simplified model for numerical calculation is
shown in Fig.5. As is obvious from the current
crowding observations, the conduction area width
keeps almost constant, after it reaches a certain
value, which is considered to be carrier diffusion

length. 6)

Area |-d. model being valid.
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Fig.6 Simplified conduction area model

The exact one dimensional model is applied to this
narrow final conduction area (100um for the sample
used). Since the conduction area is assumed not
to be affected by the negative gate current, while
the conduction area is being squeezed, negative
gate current influence on the area begins after the
conduction width becomes almost constant. An anode
voltage is externally given as an input data,
taking the experimental data into consideration.
The change in anode current density J, which
correspords to the experimental results shown in
Fig.4 were calculated and are' illustrated in Fig.6,
showing that negative gate current for the ex-
perimental results ranges fram 600A/cmZ to 1000A/cm2.
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Figure 7 shows one of the carrier distributions for
the current crowding area during fall time, The
current flows, exhausting the stored charge in the
N-base region. The location, where carrier density
in the N-base is minimum, moves from near Jj to near
J1 in the N-base region, explaining the results shown

4) and temperature dependent mobility.5)

in Fig.3(b) ‘well. All of these results,calculated by
the exact one dimensional model, well explain the
experimental results described in the previous
section.

DISCUSSION

First of all, the meaning of the relation bet-
ween J5 and e for the current crowding arvea will
be discussed.

When carrier i.ngection into the P-base region
exceeds around 1018 am=3 at the beginning of current
crowding phenamenon, a reduction in current ampli-
fication factor for NPN transistor portion & ppn
begins accampanying excess carrier exhaustion hear
J2 in the N-base, as is shown in Fig.7.
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Fig.7 Calculated carrier distributions

Moreover, the negative gate current influence on
the current crowding area accelerates the carrier
exhaustion. Consequently, a high electric field
appears in the region nearby. Electric field

distribution variation, which corresponds to the

results shown in Fig.3, were calculated and illust-
rated in Fig.8.
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Fig.8 Calculated electric field distributions

Since current flow in the high electric field
region is mainly transported by drift current, the
condition pn/jp ~ In/Jp is applicable to the high
electric region, where py,, : electron and hole
mobility and Jn, Jp : electron ard hole current
density. The ratio pp/py, becomes identical with
Jn/Jp when electric field E reaches around
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1~2 x10% V/cm; in accordance with anode voltage
increase; because pn/jp reduces with increase in E.
Further increase in anode voltage ey causes high
electric field region expansion, keeping an almost
constant electric field. As is obvious from Fig.7
anode current flow is mainly determined by the hole
diffusion current from the P-emitter region, while
high electric field region due to higher anode
voltage causes high anode current density.

According to numerical calculation, it was con-
firmed that the relations between J3 and e, are
greatly influenced by N-base width, P-base sheet
resistivity, anode voltage waveforms and the
negative gate driving conditions. All of these
parameters show close relations with maximum gate
turn-off anode current Ipmo(max) .7).8)

Hereafter, consider gate turn-off failure for
a high power GIO, whose cathode is highly inter-
digited, consisting of many narrow emitter fingers
surrounded by a gate region. According to the ex-
perimental results shown in Fig.2, it can be assumed
that, as long as anode current for each emitter
finger is kept under Jac, rather good current balance
between emitter fingers is maintained. However,
further increase in the emitter finger current
causes drastic current crowding into a few emitter
fingers, acconmpanied by GIO turn-off failure.

For simplicity, the anode voltage waveform
during the fall time is formulated as,

V1
€3 = T r t (4)

where Vy: anode voltage at the end of the fall time,
Tg: fall time and t: time. Substituting Eq. (4)
into Eq.(3) yields AT.

K'V]z_.le

AT (5)

Y Wy (eff) £ ¥

The numerical calculation show that constant K is
approximately in inverse proportion to Wxp (K=C1/WnNg)
and WnB(eff) is assumed to be Wyg(eff)= C2.V].

Thus, Eq.(5) is rearranged as,

3-AT.C2. P.r
vy =(

)« ¥WNB (6)

C1- T
Figure 9 shows experimentally obtained relations
between Wyg and Vi (max) when turn—off failure
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Fig.9 Experimentally obtained relations
between Wyp and Vi (max)

occurs, showing  approximately linear relation
between them. Since the experimentations were
carried out under almost the same Tf conditions
(Te=2~3ps), it is obvious from Eq. (6), that the
failure occurs when A T exceeds allowable maximum
temperature A T(max) for safe opperation. When

A T(max) and Tf are assumed to be 300°C and 2.5ps
respectivel%, the Eq. (6) constant proportion becomes
about 2x10%, This value shows good agreement with
the slope of the experimental results shown in
Fig.9 in order.

Vi(max) will become one of the important factors
for snubber circuit design. Fig.l0 shows the
relation between the snubber capacitance value and
IA'IO (max). A safe operating area is calculated
using the newly developed smubber circuit cal-
culation model, which takes into account Vj (max).
The calculated safe operating area explains the
gate turn-off failure. All of the experimentally
obtained failure points, except one, are located
outside the calculated safe operating area.
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Fig.10 Calculated safe operating area

In sumary, influences of device design para-
meters and external circuit conditions on the GTO
turn-off failure were well explained taking into
account the relation written by Eq.(2) and
A T (max).
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