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ABSTRACT 

An infrared  microscopic  technology and exact 
onedimensional d e l  were  aployed to clarify 
the processes  which  lead GI'O to  the  gate  turn-off 
failure. As a result  of  investigations,  it was 
found that ande current  density  Ja in the  current 
crowling  region  is  influenced  by  ancde  voltage  ea. 
It  finally  increases  approximately in the  form  of 
Ja = K.  ea  (K:Constant) , accanpanying  temerature 
rise  &T in the  N-base  region,  which  is  proportional 
to Jez dt. 

Influences  of  device  design  parameters and ex- 
ternal  circuit  conditions  on  the GI'O turn-off 
failure  were vel1 explained by taking  the  constant 
K and allowable maximm tgnperature  rise A T  (max) 
into account.  The  safe  operation  area  concept  for 
a high pwer GI'O snubber  circuit  design was quanti- 
tatively  established, using the W e  results  as 
a design  criterion. 

INTRODUCTION 

Although a gate  turn-off ( G I 0 )  thyristor  recently 
received  much  attention in regard to p w e r  conversion 
equipnent  applications,  exact  explanations have not 
been W e  for  the  gate  turn-off  failure.  It  is 
important to understand the gate  turn-off  failure 
in detail, not  only  for  device  design, but also 
f m  a GI0 application  point of view. 

The  purpose  of th is  paper is to clarify the 
processes  which lead the GI0 to the  gate  turn-off 
failure,  introducing  an  infrared  microscopic  tech- 
nology and an exact  one  dimmsional del. 
Influences of device  design parameters and external 
circuit  conditions  on the failure w e  also  discussed. 

CURRENT  CROWDING  OBSERVATIONS 

Figure 1 shms a diagram  of the infrared  obser- 
vation  system  with an infrared  radicmeter, which 
is  able to msure infrared  light  intensity  due to 
direct  carrier  recanbination  thermal  radiation 
fran the current crding region. As is sham in 
the figure, the infrared  radiation was observed 
fran two directions  with  20  microns  space  resolution. 

Changes in the  conduction  region  were  measured 

through  many  30 micron windcws formal  within a 
c a W e  electrcde  for  detecting  infrared  radiation. 
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Fig.1  Infrared  observation  system. 

Typical experbtental results  are s h m  in Fig.2. 
As a result  of  these  investigations,  it was found 
that  conduction-area  squeezing tcward the  center 
of a rectangular  emitter  finger  along  the  width 
direction  is  canpleted  at  least  until  the end of 
storage  time.  If  ancde  current  density  Ja  at the 
keginning  of  the  fall time is below a certain  value 
J (around 400A/an2  for  the  sample  under  test) , 
+% conduction  area  reuains  constant  during  fall 
time.  In  other wrds,  ancde  current  density  Ja 
redikes  proportionally  with the totcal ancde  current. 

In  the  next  step,  current  conduction  area  during 
fall  time begins to reduce  rapidly in the emitter 
1engt.h direction,  once  Ja  exceeds  Jac,  keeping 
conduction  width almst constant. 

Temperature and recanbination  radiation  dis- 
tributions  along the Gx) vertical  direction,  at the 
point  where  current crding remains  until  the end 
of  fall t h ,  were mi?asured under  the  codition 
of Ja> Jac. As is  obvious  fran  Fig. 3 (a) , two 
lurid of m a t u r e  peak were  obtained.  The  first 
one, TI, occurs just  after the fall  time, 
temperat~e'peak point  near  junction  J2 to a point 
near  junction J1 in the  N-base  region.  The  second 
one,  T2,  is  generated  around  J2  several tens of 
microseconds  after the fall time. Since  the  con- 
duction  area  width  during  fall t i r e  rmins a h s t  
constant, the change in Ja  due to current crding 
in the length direction  is  related to radiation 
intensity  due to recanbination,  emitted  fran the 
cross sectional  side  of the sample.  Figure 3 (b) 
shm recanbination  radiation  distributions  for  the 
sample  for the same driving  conditions  as  for 
Fig.3(a). 
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The maswed relation be- radiation  intensity 
eir conditions of gate  turn-off anode current I A ~  
are sham in  Fig.4. 

According to the numerical calculation resultsI 
ande current  density  Ja is proportional to excess 
carrier density n, a t  junction  J3 and e k  at hiuh 
injection level is given by e k  dLn2.1) Thus, Ja  
is written as follaws, 

emitted  fran J3 and ancde volkge  ea  for  various 

JadJe-l-r . (1) 

The relation Ja and ea are obtained using Eq.(l) 
a d  experimentdl data on e* vs. ea. 4&lations 
are sham by a dashed line xi Fig. 4. 

As is obvious in  the figure, Ja is influenced 
by anode voltage ea d finally increases i n  the 
form  of 

Ja = K. ea (K:Constant) , (2) 

acofmpanying temperature rise A T  in the N-base 
reg~on, which is proportional to 

A T =  /'.i d t  , (3)  
%3 (ef f VJ' 

where b ( e f f )  : effective N-base width, p specific 

density and r : spesific  heat. A T  .corresponds to 
TI in Fig. 3 (a) . According to  the  present ex- 
perinwtations, when T exceeds around 3OO0C, gate 
turn-off  failure was oiservec~. mese --tal 
results m l y  that gate  turn-off  failure can be 
controlled by making K as -11 as  pssible.  

0;te 

Fig. 3 (b) Recanbination 
radiation  distributions 

Fig. 3 (a) Tanperatwe 
distributions 

Fig.4 E q e r h t a l l y  obtained 
anode current  density  as  a 
function of  ancde voltage 
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EXACT ONE DIMENSIONAL NODEL 

An exact one dimensional We1 for the turn- 
o f f  p r e s s e s  w i l l  be presented in  th is  section. 
The &el includes Heavy doping effect,2) Auger 
reCcmbination,3) carrier to cai-rier scattering,  heat 
flow equation 4, and -ature dependent mbi l i ty  .5) 
The sinplified model for n m i c a l  calculation is 

Shawn in Fig.5. As is obvious f m  the current 
crmdng observations, the conduction area width 
keeps a h s t  constant,  after it reaches a certain 
value, which is considered to be carrier diffusion 
length. 6) 

I 

in Fig.3(b) -well. All of these results,calculated by 
the exact one dimensional d e l ,  well explain  the 
experimental results described i n  the previous 
section. 

DISCUSSION 
First of all, the meaning of the  relation bet- 

ween Ja and ea  for the current crowling area w i l l  
be discussed. 

When carrier in'ection into the P-base region 
exceeds  around 101 2 an-3 a t  the winn ing  of current 
crowling phencmnon, a reduction in current ampli- 
fication  factor  for N'PN transistor portion d npn 
begins acccenpanying excess carrier exhaustion near 
J 2  in the N-base, as is shewn in Fig.7. 

x . 0  
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Fig.6 Sirplified conduction area model 

The exact one dimnsional d e l  is applied to t h i s  
narrow final conduction area (1OOum 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 becanes a h s t  constant. An ande 
voltage is externally given as an input data, 
taking the exprimatal data into  consideration. 

The change in m e  current  density  Ja, which 
corresprds to the experjmental results sham  in 
Fig. 4 =re calculated and are' illustrated i n  Fig. 6 , 
m i n g  that negative  gate  current  for  the ex- 
perjmental results ranges frcm 600A/cm2 to l O O O A / a n 2  

u - Calculated 
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Fig.7 Calculated relations betwen Ja and ea 

Figure 7 shows one  of the carrier distributions  for 
the current crowding area during f a l l  time. The 
current flows, exhausting the stored charge in the 
N-base region. The location, where carrier density 
i n  the N-base is minimum, m s  from near J 2  to near 
J1 in  the N-base region,  explaining the results sham 

Fig.7 Calculated carrier distributions 
&breover, the negative  gate  current  influence on 
the  current c r d i n g  area accelerates the carrier 
exhaustion. Consequently, a high electric field 
appears in  the region nearby. E l e c t r i c  f ield 
distribution  variation, which correspnds to the 
results sham in Fig.3, were calculated arid illust- 
rated  in Fig.8. 

W 

JI X ipm) 

Fig.8  Calculated electric field  distributions 

Since current flow i n  the high electric  f ield 
region is mainly transported by dr i f t  current, the 
condi tion pd& 'v J d J p  is applicable to the high 
electric region, where pn, + : electron and hole 
mbi l i ty  and Jn, Jp : electron and hole  current 
density. The ra t io  p d  becanes identical with 
JdJp when electric fie% E reaches around 
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1-2 x 1 0 4  V/m,  in accordance w i t h  anode voltage 
increase; because p d ~  reduces  with increase in E. 
Further increase in anode voltage  ea  causes  high 
electric  field region  expansion, keeping an almost 
constant electric  field. As is obvious frcm Fig.7 
anode current flow is mainly detennined by the hole 
diffusion  current from the P - m i t t e r  region,  while 
high electric  field region due to higher anode 
voltage  causes  high d e  current  density. 

f i n &  that the relations between Ja arid ea 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 mxhun gate 
turn-off anode current ~Am(max) .7) r8) 

Hereafter,  consider  gate  turn-off failure  for 
a high pxer GIO, whose cathode is highly inter- 
digited,  consisting of many narrow mitter fingers 
surrounded by a  gate  region. According to the ex- 
perimental results sham in Fig.2, it can be assumed 
that, as long as ancde current  for each emitter 
finger is kept under Jac,  rather good current balance 
between emitter  fingers is maintained. Hohever, 

further increase in  the enittex finger  current 
causes drastic  current croWahg into a few emitter 
fingers, acccmpanied by GID turn-off  failure. 

For sinplicity, the anode voltage wavefom 
during the f a l l  time is fonnulated as, 

According to n m i c a l  calculation, it was con- 

V l  

Tf ea =-. t (4)  

where VI: d e  voltage a t  the end of the fall tim, 
Tf: fall tim and t: tim. Substituting Q. (4)  
into 3. (3) yields AT. 

K -4 STf 

3 %(eff).f’. r A T  = (5 )  

The numerical calculation show that constant K is 
approximately in  invwse  proportion to m(K=C1/wNB) 
and w ( e f f )  is assumed to be b ( e f f ) =  Cj.v1. 
Thus, Fq. (5) is rearranged as, 

3*AT*C2.P.Y 
V l  =( ) *b (6) 

c1- Tf 
Figure 9 shcws experimentally obtained relations 
between % and Vl(max)  when turn-off  failure 

u P 1/ : /- 
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Fig.9  Experbrentally  obtained relations 

between b and y(m) 

~ C U Z ~ S ,  showing approximately linear relation 
between than.  Since the experimentations were 
carried  out der a h s t  the same Tf conditions 
( T ~ 2 h . 3 ) ~ ) ~  it is obvious from Fq.(6), that the 
failure occurs when a T exceeds allowable maxb 
temperature A T ( m a x )  for  safe opperation. When 
A T ( m )  and Tf are assumed to be 3OO0C and 2 . 5 ~  

respective1 the Fq. (6) constant  proportion becaws 
about 2x10 x, . This value shows good agrement with 
the slope of the exprhtal results shown in 
Fig.9 in order. 

for snubber circuit design. Fig.10 shows the 
relation between the snubber capacitance  value and 
IAW(M). A safe operating  area is calculated 
usmg the newly developed  snubber circuit  cal- 
culation milel , which takes into account V 1  (max) . 
The calculated  safe  operating area explains the 
gate  turn-off  failure.  All of the exprimentally 
obtained failure  points, except one, are located 
outside the calculated  safe  operating area. 

Vi(max) w i l l  becaw one  of the important factors 

0 Experimental  Data 

- Calculated  Result 

0 
800 - 0 

200 - 

In 

Cs ( p F )  
Fig.10 Calculated safe  operating  area 

s u m w y ,  influences of device  design  para- 
meters and external circuit  conditions on the 
turn-off  failure were well explained  taking into 
account the relation  written by 3. (2) ard 
a T (max). 
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