
IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 38, NO. 6, JUNE 1991 1491 

6000-V Gate Turn-off Thyristors (GTO’s) with 
n-Buffer and New Anode Short Structure 
Tsuneo Ogura, Member, IEEE, Mitsuhiko Kitagawa, Akio Nakagawa, Member, IEEE, 

and Hiromichi Ohashi, Member, IEEE 

Abstract-6000-V gate turn-off thyristors (GTO’s) were de- 
veloped for high-power inverters and choppers. In order to at- 
tain a high blocking voltage, simultaneously with low turn-on 
and turn-off losses, a combination of an n-buffer layer and a 
cylindrical anode short structure were implemented. A 550-pm 
n-base width, achieved by the n-buffer structure, can decrease 
turn-on loss to approximately 2 /3, compared to a conventional 
anode short structure. The proposed structure is effective in 
sweeping away excess carriers during turn-off transient with- 
out increasing an on-state voltage very much. An average an- 
ode current of 200 A can be continuously switched at 900-Hz 
operational frequency by a 33-mm-diameter device. A simul- 
taneous diffusion process for p-base and n-buffer layers was 
proposed and implemented to realize the newly developed de- 
vice structure. 

I. INTRODUCTION 
IGH-power gate turn-off thyristors (GTO’s) have re- H ceived much attention as a key switching device for 

high-power inverters and choppers. For these applica- 
tions, 4500-V GTO’s have already been developed [l] ,  
[2]. However, it is desirable to develop higher voltage 
and larger current GTO’s to make these power systems 
still smaller. The main problem for developing higher 
voltage GTO’s is a sensitive increase in the on-state volt- 
age and switching power dissipation caused by the in- 
crease in n-base width. For example, for a GTO with the 
reverse capability, a thick n-base width, such as 1100 pm, 
is required to realize a 6000-V forward-blocking voltage. 
In order to attain high blocking voltage, simultaneously 
with low switching power losses, various device struc- 
tures, such as anode short, n-buffer, amplifying gate, and 
pf-p- anode emitter structures [3]-[8], have already been 
proposed. 

This paper proposes a new anode emitter structure, 
consisting of n-buffer and cylindrical anode short (CAS) 
structures. The n-buffer structure can realize a 6000-V 
forward-blocking voltage with an approximately 550-pm 
n-base width. The CAS structure is effective in sweeping 
away excess carriers during turn-off transient without 
much increase in the on-state voltage. The fundamental 
characteristics for a 6000-V GTO with this new structure 
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Fig. 1. Structure and impurity profile for new anode structure. 

are described. The device was fabricated on a 33-mm- 
diameter silicon wafer, using conventional impurity dif- 
fusion technique only. 

11. NEW ANODE STRUCTURE 
A new anode short structure, combined with an 

n-buffer, has been proposed to reduce turn-off switching 
power loss. A simplified cross section for the one element 
of the proposed GTO structure is shown in Fig. 1. This 
GTO consists of P,NBPBN, layers, n-buffer layer and an- 
ode short (CAS) region. The anode short structure for this 
GTO was formed by a small n f  layer to make contact 
between n-buffer layer and anode electrode. The diameter 
for the CAS region is 60 pm. The CAS portions area is 
less than 1% of the total area for the p-emitter layer. A 
large amount of gate current is required to trigger this pro- 
posed GTO, if the anode short area is as large as that of 
the conventional GTO’s [2], [3]. This is because the 
shorting resistance for the n-buffer layer is much smaller 
than that for the conventional GTO’s. Therefore, the small 
CAS structure was introduced at the anode side position 
to increase gate triggering sensitivity. This section pre- 
sents design consideration and fabrication process for this 
new structure. 

A. n-Base Width 
Generally speaking, there are three varieties of GTO 

structures: the reverse blocking, anode short and n-buffer 
structures. While the anode short and n-buffer structures 
do not have the reverse blocking capability, these GTO’s 
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Fig. 2. Relation between n-base width and forward-blocking voltage for 
three GTO structures. 

can be used for the most of the applications. The n-base 
widths for these three GTO’s are compared, because the 
n-base width is an important device parameter in realizing 
low switching loss and low on-state voltage characteris- 
tics in GTO’s. 

The n-base width for the reverse blocking GTO must 
be sufficiently greater than the depletion layer width for 
maximum applied voltage to suppress a leakage current 
for the blocking state. This is because the leakage current 
increases as the applied voltage increases with a corre- 
sponding increase in a current gain for the p-n-p transistor 
portion of the GTO. For the anode short structure, the 
n-base width can be reduced to almost the same value as 
the depletion layer width, since the current gain is essen- 
tially zero in the forward blocking state. In contrast to 
these two structures, the n-buffer structure can realize an 
almost flat electric field distribution in the n-base, because 
the n-buffer layer prevents the depletion layer expansion 
and low impurity concentration n-base can be used. The 
same forward blocking capability can theoretically be ob- 
tained by a half of the n-base width, compared with the 
anode short structure. From these facts, it is concluded 
that the n-buffer structure is the most suitable, especially 
for high blocking voltage GTO’s. Fig. 2 shows experi- 
mental results concerning n-base width versus forward- 
blocking voltage for these three structures. As is evident 
from this figure, the n-base width for the n-buffer struc- 
ture is reduced to approximately 55% of that for the re- 
verse blocking structure, and to approximately 75% of 
that for the anode short structure. 

Forward blocking V-I characteristics at 25°C for the 
n-buffer GTO with 550-pm n-base width are shown in Fig. 
3. A sufficiently small leakage current can be achieved by 
the n-buffer structure, even at a high junction tempera- 
ture, such as 125°C. 

B. n-Buffer Concentration 
The n-buffer concentration dependence on device char- 

acteristics was investigated to realize an optimum design 
for the n-buffer layer profile. Fig. 4 shows the experi- 
mental results for the dependence of p-emitter injection 
efficiency ( -y) and on-state voltage ( V,)  on the total elec- 
tric charge in the n-buffer layer ( Q N ) .  The p-emitter in- 
jection efficiency was determined by comparison between 
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Fig. 3 .  V-I characteristics for n-buffer structure at 25°C junction temper- 
ature. 
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Fig. 4. n-buffer layer total electric charge dependence on p-emitter injec- 
tion efficiency and on-state voltage. 

ON-STATE VOLTAGE VT [volt 1 
Fig. 5 .  Relation between tail time and on-state voltage at four n-buffer 

layer total electric charge values. 

a current amplification factor for the p-n-p transistor por- 
tion without n-buffer and that with n-buffer, assuming the 
p-emitter injection efficiency without n-buffer is unity. In 
this experiment, the device parameters, such as p-emitter, 
n-base, p-base, and n-emitter doping profiles and dimen- 
sions, are constant. Therefore, the decrease in the 
p-emitter injection efficiency and the increase in the on- 
state voltage is caused by the increase in the n-buffer total 
electric charge. This figure shows a decrease in the 
p-emitter efficiency and also the increase in the on-state 
voltage at more than loi4 

The relations between tail time (T,,) and on-state volt- 
age in four QN value cases are shown in Fig. 5.  The varied 
parameter for each QN value cases was carrier lifetime in 
the n-base, controlled by the electron irradiation. As is 
shown in Figs. 4 and 5 ,  a better tradeoff relation between 
tail time and on-state voltage was obtained, when the 

Q N .  
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Fig. 6.  CAS portions number dependence on the gate triggering current. 

p-emitter efficiency was assumed to be unity. It can be 
concluded that QN must be controlled to less than l o i 4  
cm-*. 

C. Cylindrical Anode Short Structure 
The CAS portions number can be changed to control 

the anode shorting resistance. Fig. 6 shows the relation 
between the CAS portions number ( N C A S )  and the gate 
triggering current ( I G T ) .  As is evident from this figure, 
I,, rapidly increases with the increase in N C A S ,  IGT can be 
characterized by 

V; 

where VJ is a critical forward voltage for the diode, con- 
sisting of the p-emitter and the n-buffer layers, R.,, is the 
shorting resistance between these layers, and anpn is a cur- 
rent amplification factor for the n-p-n transistor. When 
NCAs is unity, R,, is estimated to be 3.2  Q, from Fig. 6,  
by assuming = 0.6 V and anpn = 0.95. Similarly, R,, 
is approximately 0.63 fl for the case when N C A s  = 4. In 
the CAS structure, R,, can be easily controlled by appro- 
priately designing N C A S .  The change in R,?, value has only 
a small effect on the on-state voltage, since the CAS por- 
tion area is very small. This means that the CAS structure 
is superior to the conventional structure in designing the 
shorting resistance. 

D. Fabrication Process 
A simple process technique, using only conventional 

diffusion, has been applied to realize ideal blocking ca- 
pability for a larger than 3-in-diameter wafer. Fig. 7 
shows the three main diffusion steps. First, boron and 
phosphorus are implanted into a high-resistivity wafer 
from the cathode and anode sides, successively. Then, 
boron and phosphorus are simultaneously diffused into 
both sides of the wafer to form the p-base and n-buffer 
layers, as is shown in Fig. 7 (a). Boron is selectively dif- 
fused into the anode side to form the p-emitter layer (b). 
Next, phosphorus is diffused into both sides of the wafer 
to form the n-emitter layer and the CAS portion (c). After 
these main diffusion steps, chemical etching, and gate 
metallization processes were implemented in the same 
way as fabrication technique for the conventional GTO's. 

(C) 
Fig. 7 .  Main fabrication process steps for new anode structure. (a) Simul- 
taneous diffusion for p-base and n-buffer layers. (b) Diffusion for p-emitter 
layer. (c) Diffusion for n-emitter and CAS layers. 
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(b) 
Fig. 8. Typical current and voltage waveforms during tum-on transient for 
(a) conventional anode short and (b) n-buffer structures at 25°C junction 
temperature. 

Finally, main junction protection is applied to realize 
6000-V forward blocking voltage for a 33-mm-diameter 
GTO. The advantages of this process are summarized as 
follows: 

1) An ideal blocking capability for a larger than 3-in 
wafer has been realized. 

2) A short diffusion time has been achieved by simul- 
taneous diffusion for the p-base and n-buffer layers. 

3) A fine anode short structure, such as 60-pm diam- 
eter CAS region, has been realized by a thin p-emitter 
layer, fabricated after the main drive-in process. 

4) Process costs can be reduced, since only the con- 
ventional diffusion technique has been applied. 

111. SWITCHING CHARACTERISTICS 
A. Turn-On Characteristics 

Fig. 8 shows typical current and voltage waveforms 
during tum-on for two types of 6000-V GTO structure, 
with 10-A gate currents. The top indicates the conven- 
tional anode short structure without the n-buffer and the 
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bottom shows the n-buffer structure. The turn-on power 
dissipations with time lapse, calculated from these two 
figures, are shown in Fig. 9. By integrating the turn-on 
power dissipation with respect to time, it can be seen that 
the n-buffer structure can reduce the turn-on loss to ap- 
proximately 2 /3, compared to the conventional anode 
short structure. It is reasonable to consider that the narrow 
n-base, achieved by the n-buffer structure, can decrease 
turn-on switching power loss in 6000-V GTO's. 

B. Turn-off Characteristics 
In this paragraph, the turn-off characteristics for new 

anode structure will be discussed in detail. The conven- 
tional anode short structure does not exhibit a longer tail 
time than the reverse blocking structure, since the anode 
shorted portion has the effect of sweeping away the excess 
camers during turn-off transient. However, the reduction 
in the shorting resistance for the conventional anode short 
structure can be realized by the decrease in the p-emitter 
area. This not only causes the tail time to decrease, but 
also causes the on-state voltage to increase. As mentioned 
before, at the new anode structure, it is easy to reduce 
shorting resistance, merely by using a small shorted area, 
so that the tail current can be easily decreased without an 
increase in the on-state voltage. 

The transistor charge control model was adopted to es- 
timate the relation between the tail current and the short- 
ing resistance, assuming that only the p-n-p transistor por- 
tion is in an active state. The excess charge (eh) in the 
n-base is given by 

where rb is the hole lifetime in the n-base, and I, is the 
current through the shorting resistance. The I, value is 
related to shorting resistance R,, in the tail period by the 
following equation: 

(3)  

The tail current ( I l I )  is given by the following equations 
[91: 

(4) 

( 5 )  
ffpnp rb - - - 

7, 1 - ffpnp 

where r, is a minority-carrier transit time for the n-base 
and cypnp is a current amplification factor for the p-n-p 
transistor. Combining (2), (3), and (4), the tail current is 
given as 

where Z,,, means the initial tail current value. Fig. 10 
shows a comparison between experimental results and 
calculated results in two N C A s  cases. The measured pa- 

T I M E  [PSI 
Fig. 9. Change in turn-on power dissipation with time lapse for con- 
ventional anode short and n-buffer structures at 25°C junction tem- 
perature 
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Fig. 10. Change in tail current with time lapse for new anode structure. 
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Fig. 1 1 .  Relation between shorting resistance and tail time for new anode 
structure. 

rameters used are: Itlo = 36 A, rb = 40 p s .  And the fit 
parameters used are: 7, = 93 p s ,  6 = 0.6 V, R,, = 0.05 
Q for NC-s = 2, R,, = 0.025 Q for N C A s  = 4. This figure 
shows that experimental results can be explained well by 
the proposed charge control model. As is obvious from 
this figure, the tail current can be reduced by increasing 
N C A s .  Fig. 11 shows the relation between shorting resis- 
tance and tail time ( T f l ) ,  calculated using the above equa- 
tions and parameters. From this figure, it is considered 
that TI, can be reduced by decreasing RSf .  

The relation between N C A s ,  turn-off power loss ( E O F F )  

and on-state voltage ( V , )  is shown in Fig. 12. A strong 
relation was observed between NCAs and EOFF. In contrast 
to this, N C A s  has no effect on V,, since the CAS area is 
relatively small, compared to the p-emitter area, as pre- 
viously mentioned. Fig. 13 shows the tradeoff relation be- 
tween EOFF and VT for the CAS structure and the other 
two structures. This figure was obtained by varying the 
n-base lifetime. As is shown in this figure, the CAS struc- 
ture has the best tradeoff relation among these three struc- 
tures. Furthermore. it is concluded that the tradeoff rela- 
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Fig. 12. CAS portions number dependence on turn-off power loss for 1, 
(anode current) = 200 A and on-state voltage for IA = 500 A. 
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Fig. 13. Relation between tum-off power loss for IA = 200 A and on-state 
voltage for I,  = 500 A. 

tion in the CAS structure can be improved by increasing 

C. Operational Frequency 
The total power loss for the newly developed 

33-mm-diameter GTO, which includes conduction and 
switching power losses as a function of the operation fre- 
quency, is shown in Fig. 14. The switching waveform is 
also shown in this figure. In the case of a press pack pack- 
age cooled by water, the maximum allowable power loss 
is approximately 1100 W for a 33-mm-diameter GTO. 
Therefore, a 200-A practical anode current can be contin- 
uously switched at an operational frequency of approxi- 
mately 900 Hz. 

D. Maximum Turn-off Current 
Fig. 15 shows typical waveforms for the anode current 

( ZA), anode voltage ( V A ) ,  and gate current ( I G )  for the 
newly developed 33-mm-diameter GTO during turn-off 
transient. In this test circuit, the load was inductive and a 
snubber circuit, consisting of a diode, resistance, and ca- 
pacitance, was used. As is shown in this figure, this de- 
vice can turn off more than 700-A anode current at 125°C 
junction temperature. 

NCAS. 

IV. CONCLUSION 
A new anode short structure, consisting of an n-buffer 

and a cylindrical anode short, has been developed to re- 
alize low on-state voltage and small turn-on and turn-off 
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Fig. 14. Total power loss versus operational frequency for new anode 
structure GTO. 
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Fig. 15. Typical tum-off waveforms for anode current ( I A ) ,  anode voltage 
( V A ) ,  and gate current (I,) at 125°C junction temperature for new anode 
structure GTO. 

power losses for 6000-V blocking voltage GTO’s. This 
device, fabricated on a 33-mm-diameter wafer, can han- 
dle a 200-A anode current at approximately 900-Hz op- 
erational frequency, and can turn off more than 700-A an- 
ode current at 125 “C junction temperature. Ideal blocking 
voltage, short diffusion time, fine anode short pattern, and 
process cost reduction have been achieved by ion implan- 
tation and simultaneous diffusion for the p-base and 
n-buffer layers. 
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