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Abstract: Based on a short anode GTO structure (SA-GTO) ,a novel GTO structure called an injection efficiency
controlled gate turn off thyristor (IEC-GTO) is proposed,in which the injection efficiency can be controlled via

an additional thin oxide layer located in the short anode contact region. The forward blocking, conducting, and

switching characteristics are analyzed and compared with an SA-GTO and conventional GTO. The results show
that the IEC-GTO can obtain a better trade-off relation between on-state and turn-off characteristics. Additional-
ly,the width of the oxide layer covering the anode region and the doping concentration of the anode region are

optimized, the process feasibility is analyzed,and a realization scheme is given. The results show that the introduc-

tion of an oxide layer would not increase the complexity of process of the IEC-GTO.
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1 Introduction

It is normally difficult to obtain high bloc-
king voltage, low on-state voltage drop, and fast
switching speed with the same design parameters
for power semiconductor devices. Therefore the
anode injection efficiency should be enhanced in
the on state and weakened or ideally eliminated
during turn-off. This can be achieved by the short
anode structure in a gate turn-off thyristor
(GTO)'! or the transparent anode structure in a
gate commutated thyristor (GCT)'*'. However,
the short anode used in a GTO causes the gate
trigger current and voltage drop to increase, and
the transparent anode used in a GCT is a shallow
junction and requires an additional n buffer layer,
which complicates the fabrication process. In this
paper,based on a short anode gate turn-off thyris-
tor (SA-GTO) ;an injection efficiency controlled
GTO (IEC-GTO) structure is presented, and its
characteristics are analyzed and compared with
those of an SA-GTO and conventional GTO. Al-
so,the process feasibility is analyzed and a reali-
zation scheme is given.
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2 Device structure and operation
mechanism

The basic structures and equivalent circuits of
IEC-GTO, SA-GTO, and GTO are shown in
Fig. 1.Seen from Fig. 1(a),the IEC-GTO is very
similar to an SA-GTO as shown in Fig. 1(b),in
which the partial p* anode region is replaced by
an n* short region. Comparatively, the n* region
of an IEC-GTO is floating and isolated from the
anode contact via a thin silicon dioxide layer,and
the anode contact area of the IEC-GTO is lightly
reduced. If the additional thin oxide layer is re-
moved,the structure of the IEC-GTO is identical
to that of an SA-GTO,and they have identical do-
ping profiles and dimensions in other regions ex-
cept for a slight decrease in anode contact area
and doping concentration. The doping concentra-
tion of the p* anode region is expressed by N, .
and the width and thickness of oxide layer cov-
ered on the p* anode region as shown in Fig. 1(a)
can be expressed by W, and Z,,,respectively.

During the operation of an IEC-GTO, clec-
trons in the n~ base region drift toward the p”
anode and the n” floating regions covered with
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Fig. 1 Basic structures and equivalent circuits of IEC-
GTO, SA-GTO, and conventional GTO (a) IEC-
GTO; (b) SA-GTO; (¢) Conventional GTO

oxide layer under an external positive voltage. Be-
cause of the thin oxide layer located at the anode,
the electrons cannot be collected directly by the
anode ohm contact,and they accumulate near the
oxide layer, resulting in an increase of electron
concentration in the n~ base and n* floating re-
gions and enabling the potential fall. In order to
maintain electrical neutrality of the n~ base and
n’ floating regions,the hole injection from the p”
anode to the n~ base region must be enhanced.
Being similar to the injection enhanced gate tran-
sistor (IEGT)"*, this is called the hole injection
enhancement effect (IE-effect),and its intensity
is related to the resistance of the anode region
Ra.

R 4 is determined by the doping concentration
and cross sectional area of the p* anode region.
Because the p* anode region of the IEC-GTO has
a narrow cross section and moderate doping, R, is
significant. The doping concentration in the n”
floating region is higher than that of the n~ base
region. Thus the anode pnp transistor of an IEC-
GTO can be taken as a two-emitter transistor,

i.e..the p” anode.n” base,and p base form pnpl
and the p" anode,n’ floating,n" base and p base
form pnpZ.Seen from the equivalent circuit of an
IEC-GTO as shown in Fig. 1(a),the emitter-base
voltage drop of pnp2 transistor can be expressed
as
Vbe(pnp2> = Vbe(pnpl) + RAIA<pnp]) (D
As a positive voltage is applied across the an-
ode and cathode of the IEC-GTO, a low anode
current I, flows mainly through pnpl. With the
increase of I,,the voltage drop across R, rises
and Vi falls, causing the hole injection of
pnpl to fall and more current to flow through
pnpZ. pnpl has higher hole injection efficiency
than pnp2 because the n~ base region is adjacent
to the p” anode in pnpl and pnp2 is a wide base
transistor. Thus the anode injection efficiency of
an IEC-GTO varies with I, ,and it is enhanced at
low I, and reduced at high I,. This is helpful to
improve the switching and on-state characteristics
of IEC-GTO.

3 Analysis and optimal of characteris-
tics

In order to evaluate the performance of an
IEC-GTO, a structural model as shown in Fig. 1
(a) is set up,which is a profile along the cathode
cell width, Z., is 0. 5pum, and W, is 25um. The
surface doping concentration of the anode region
Nasis (3~5) X 10®¥ cm™*. The other parameters
are the same as those of an SA-GTO. Based on
this model, the forward blocking, conducting,and
switching characteristics of an IEC-GTO are sim-
ulated by MEDICI'" and compared with those of
an SA-GTO and conventional GTO.

3.1 Forward blocking

The forward I-V characteristics of an IEC-
GTO, SA-GTO, and conventional GTO during
blocking are simulated as shown in Fig. 2. Seen
from this figure, the forward breakdown voltage
of an IEC-GTO is the same as that of a conven-
tional GTO and smaller than an SA-GTO, about
100V.This is because the current gain of the an-
ode pnp transistor of an IEC-GTO for the hole
IE-effect is very close to that of a conventional
GTO,and higher than that of an SA-GTO,so the
forward breakdown voltage affected by the cur-
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rent gain of the pnp transistor falls slightly. This
shows the forward blocking voltage of an IEC-
GTO nearer that of an SA-GTO.
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Fig.2 Comparison of the I-V characteristics of IEC-
GTO, SA-GTO, and conventional GTO during bloc-
king

3.2 Conducting

Firstly,a comparison of the carrier distribu-
tions of an IEC-GTO,SA-GTO, and conventional
GTO during conduction along the profile of the

+

n" cathode region center is shown in Fig. 3, in
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Fig. 3  Comparison of carrier distributions during

conduction of IEC-GTO, SA-GTO, and conventional
GTO along the profile of n~
(a) Electron concentration distributions;

cathode region center
(b) Hole
concentration distributions

which the dotted lines express the doping profile.
Seen from this figure, the non-equilibrium carrier
concentrations in the n~ base region near the
cathode region in the three GTO devices during
conduction are close, but near the anode region
are different,and the carrier concentration of the
conventional GTO is the highest and that of the
SA-GTO is the lowest. For the IEC-GTO,the hole
concentration in the n” floating region is higher
than that of the n* short region of the SA-GTO,
as shown in Fig. 3(b). This shows that the hole
IE-effect indeed exists in the IEC-GTO, which is
helpful to on-state characteristic. The lower carri-
er concentration near the anode is helpful to turn-
off.

Secondly,a comparison of the I-V character-
istics of the IEC-GTO,SA-GTO.and conventional
GTO during conduction is shown in Fig. 4. Seen
from this figure, the on-sate characteristic of the
IEC-GTO is between that of the SA-GTO and
conventional GTO. It is close to that of the con-
ventional GTO at low current density and then in-
creases with the current density. This shows that
the IEC-GTO has better on-state characteristics
than the SA-GTO.
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Fig.4 Comparison of the I-V characteristics of IEC-
GTO,SA-GTO, and conventional GTO during conduc-
tion

3.3 Switching

Firstly,a comparison of variations of the an-
ode injection efficiency with J, of the IEC-GTO,
SA-GTO,and conventional GTO during turn-on is
shown in Fig. 5,in which hole injection efficien-
¢y, 7, (solid line), and electron injection efficien-
¢y, 7, (dashed), can be expressed by J,/J, and
Jo/J A" srespectively.and Jo =J, +J, . i.e.7, T 7,
=1.Seen from this figure, when J,<{140A/cm?,
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the 7, of the conventional GTO is highest,and 7,
—1,7,—>0;the y, of the SA-GTO is lowest, but the
¥, of the IEC-GTO is between them;and when J,
>140A/cm?*, the y, of the TEC-GTO is even lower
than that of the SA-GTO. This is because the p*
anode region concentration is far higher than that
of the n~ base region in a conventional GTO, re-
sulting in J,>J,,and y,—>1,7,—>0. But the n”
short region in the SA-GTO enables J, to increase
and J,<J,,s0 7,<1,7,>0. For the IEC-GTO,
when the J, is very small,the y, of the IEC-GTO
is determined by the pnpl,and satisfies J,>J, ,so
Y,~1. When the J, is very high,y, is determined
by the pnp2,and y,<<1.This shows that y, of IEC-
GTO varied with J,,7, is higher at lower J,,but
Ye is higher at higher J,. This case is very similar
to the GCT'.
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Fig.5 Comparison of the injection efficiency varied
with J, of IEC-GTO. SA-GTO and conventional GTO

during turn on

Secondly,a comparison of the turn-off wave-
forms of the IEC-GTO,SA-GTO,and convention-
al GTO under the same gate trigger condition is
shown in Fig. 6. Seen from this figure, the varia-
tions of anode current and voltage of the IEC-
GTO with time is slower than that of the SA-
GTO, but quicker than that of the conventional
GTO. This is because, when the devices turn-off
under the high J,,the non-equilibrium electrons
stored in the n~ region in the SA-GTO during
conduction can directly reach the anode electrode
by low resistance path of the n” short region, but
the electrons in the conventional GTO can disap-
pear only by recombination,and y, under high J,
is higher. For IEC-GTO,due to a thin oxide layer
located at the anode, these clectrons cannot be
collected directly by the anode contact,so partial
electrons still accumulate in the n* floating region

near the oxide layer by external voltage except re-
combination with the holes injected from the p”
anode region,and 7, under high J, is lower, This
enables electrons in the n~ base region in IE-GTO
to disappear quickly, and the main junction re-
sumes blocking quickly.
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Fig.6 Comparison of the turn-off characteristics of
IEC-GTO, SA-GTO, and conventional GTO (a)
Variation of anode current with time; (b) Variation
of anode voltage with time

3.4 Optimization

In order to obtain a better trade-off relation
of the characteristics of the IEC-GTO,the surface
concentration of the p* anode region N,s and the
width of the oxide layer on p* anode region W,
are optimized. The influences of N,s and W, on
on-state characteristic and injection efficiency are
shown in Fig. 7 and Fig. 8,respectively. Seen from
the two figures, N s is lower and W, is wider,and
the on-state characteristic is worse; but y, is de-
creased more at higher J4,and the turn-off char-
acteristic is better. This is because the intensity of
the hole IE-effect and y, are related to W, and
N s »1n particular N ,s. Thus the chosen of N,s and
W, should consider simultaneously the on-state
and turn-off characteristics. Based on the above
analysis, N,s and W, can be chosen to be about
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Fig. 8 Influence of the Nas and W, on the anode in-

jection efficiency of IEC-GTO

Additionally, the analysis shows that the in-
fluence of the thickness of the oxide layer Z, on
the characteristics of the IEC-GTO is smaller. In
view of physical processes Z,, is smaller, the re-
quired time to form the thinner oxide layer at
high temperature is shorter,and the influences on
other characteristics of the IEC-GTO are smaller.
Thus Z,, should be chosen to be as thin as possi-
ble.about 0. 5~1pm.

4 How to realize

Based on the above optimized result,in view
of physical processes, W,, and Z, can be chosen
to be the minimum of photolithography feature
size and the thickness of the conventional mask
film in physical processes,respectively,so that the
thin oxide layer located in the anode of the IEC-
GTO has no use for accurate control. At present,
the manufacture process of an SA-GTO structure
is very mature,and it is fully suitable for the IEC-

GTO. Thus the IEC-GTO structure can be realized
by modifying the following based on the process
of an SA-GTO.

Firstly,the lower anode doping concentration
can be obtained by varying the proportion of im-
purity solution; Secondly, the anode oxide layer
and ohm contact hole can be formed simultane-
ously with that of the cathode by a dual-side pho-
tolithography step; finally, the alloying process
can be realized by RTP after aluminum evapora-
tion,and encapsulation can use a press pack. The
process of the IEC-GTO is very simple and feasi-
ble compared with the GCT'"'. This shows that
the IEC-GTO not only can improve the character-
istics of device,but also has a simpler process sim-
ilar to the SA-GTO, and the introduction of the
oxide layer hardly increases the process complexi-

ty.
5 Conclusion

A new IEC-GTO structure based on an SA-
GTO structure is presented, and its anode injec-
tion efficiency can be self-adjusted by its own cur-
rent and is similar to a GCT. Compared with an
SA-GTO and conventional GTO, the IEC-GTO
can introduce the hole IE-effect and obtain trade-
off relations of on-state and turn-off characteris-
tics. The optimal results show that the additional
oxide layer hardly increases the complexity of the
manufacture process. It makes the IEC-GTO de-
vice very suitable for high-power applications.
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