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Safe  Operating  Area  for  Bipolar  Transistors 

Abstract: A mathematical  model is utilized  to  predict  the  safe  operating  area (SOA) for  proper  circuit  applications of bipolar transis- 
tors in  the  forward  as  well  as  reverse  operating  regions.  Nonuniformity of the  temperature within the  transistor  structure  due  to internal 
self-heating and the  avalanche  multiplication  effect in the  reverse  operating  region,  which  cause  second  breakdown failure,  are  taken 
into  account.  Steady-state  electrical  and  time-dependent  thermal  problems  are  solved  to  establish  stability of a specified  operating 
condition.  Safe  operating  area  curves  for  three  transistor  designs of  similar  power  handling  capability  are  presented. Current  density 
and  temperature  distributions within the  transistor  structure  for  various  operating  conditions in the  stable  as  well  as  unstable  regions are 
presented. Suitability of VBE to estimate peak temperature within the  device  is discussed. 

Introduction 
The  operation of bipolar transistors in high-power cir- 
cuits is limited, due  to second breakdown failure  mode in 
both forward ( I ,  > 0, V,, < BV,,,) and reverse ( I ,  < 0, 
BV,,, 5 VCE 5 BV,,,) operating  regions. For many 
switching  applications of n-p-n--n+ power  transistors, 
second breakdown  failures have been observed in turn-on 
as well as turn-off transients  where  the  device  is  subjected 
to high-voltage high-current  operating  conditions for 
part of the switching  time. Avalanche multiplication in 
the  collector region and  the  nonuniformity of the temp- 
erature within the  transistor  structure  are believed to be 
causes of second  breakdown [ 1 - 41. By use of a two- 
dimensional  mathematical  model, which includes ava- 
lanche multiplication and  internal  self-heating  effects, 
the internal  behavior of a high-voltage power  transistor 
design has been obtained by the  author [ 3 - 51 for various 
operating conditions of the  transistor.  This detailed 
numerical  solution of Poisson's equation,  electron and 
hole  continuity equations,  and  the heat flow equation  for a 
transistor design (without assuming  internal junctions 
and other conventional approximations)  has provided  a 
clear  understanding of the electrical  and  thermal stresses 
within the device that  cause  second  breakdown failure 
at high-voltage high-current  operating  conditions. How- 
ever,  due to the complexity of the model, the  computa- 
tional cost is rather high. 

This  paper [ 61 presents a technique  for predicting the 
safe  operating area  (SOA)  for  transistor applications in 
forward  as well as  reverse operating  regions by a  two- 
dimensional  analysis that is somewhat simpler  than that 
described in [ 3-51 .  Only the thermal mode second 
breakdown is treated in  this paper.  The  parameter which 
is used to establish  stability of an operating  point in the 
forward  or  reverse region is the  temperature distribution 
in the  base of the  transistor. A  distributed model of the 

transistor, similar to  one introduced by Ghosh [ 7 ] ,  has 
been  developed  and  used  by Navon and Lee [8] and 
Gaur  et al. [ 91 to obtain  nonuniform current density and 
temperature distributions within p-n-p power  transistor 
structures,  and  the effect of design parameters  on  second 
breakdown in the forward  operating region has  been 
predicted [ 91. This  paper modifies that analysis [ 91 for 
n-p-n--n+ high-voltage power  transistor  structures  and 
includes the effect of avalanche multiplication [ lo] when 
analyzing transistor  operation in the  reverse as well as 
forward operating  regions. Steady-state electrical  and 
time-dependent  thermal  problems,  which are  described in 
the following section,  are solved to establish the stability 
of specified operating conditions (V,, ,  I ,  or I/,,, VBE) for 
a specific transistor design. An iterative procedure is 
used to obtain  compatible current  density and tempera- 
ture distributions within the device. For a given operating 
condition, a stable solution is obtained,  or  the  tempera- 
ture  and  current density increase beyond bound, indica- 
ting unstable  behavior. The SOA curve is obtained by 
considering  a  number of points on the V,,, I ,  plane  and 
by drawing  a  boundary between  the  stable and unstable 
points.  Additional boundaries  are  drawn in the unstable 
region corresponding  to different  time  values, so that  the 
operating  points on the left of a boundary  are  stable  for a 
time  interval shorter than  the specified time. 

SOA curves  for  three different power  transistors of 
similar power handling capability are  presented  for  their 
circuit  applications in both forward  and reverse  opera- 
ting regions. The  computation time  required to  establish 
the stability of one  operating  point is about  two  to  three 
minutes on an IBM 3701 168 computer. Both current 
density  and temperature distributions within these  tran- 
sistors,  for various  operating  conditions in the stable 
region, are  presented.  For unstable operating points, the 433 
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Figure 1 Two-dimensional  n-p-n--n+  transistor structure 

current  density  and  temperature distributions are 
sketched  at various  time  intervals to illustrate their 
localization  before  failure.  Variations of both peak tem- 
perature within the  device and external base-emitter 
voltage  with  time are  presented  for  stable  as well as 
unstable operating points; use of VBE to  estimate peak 
temperature within the  device [ 1 I - 131 is discussed.  The 
effect of temperature  drop in the package of a transistor 
on  its  SOA  is  also  illustrated. 

As mentioned earlier,  the stability of specified opera- 
ting conditions is established  by  solving steady-state 
electrical and time-dependent  thermal  problems. There- 
fore, this model is applicable to  the analysis of transistor 
failures  occurring after a  delay  time greater  than  about 
0.1 ps. Analysis of failures  occurring in a time period of 
the  order of nanoseconds would require solution of the 
time-dependent  electrical transport equations. The 
criterion of instability in this  analysis is based on  the 
temperature distribution in the  base region of the  tran- 
sistor.  Localization of current density and  temperature 
cause  transistor failure in forward  and reverse operating 
regions. Device failure is indicated  when the  temperature 
reaches a value such  that silicon becomes  intrinsic. To 
analyze second breakdown failure  occurring in a time 
period of the  order of nanoseconds  (current mode 
second  breakdown), a  criterion for failure may be based 
on the  carrier  concentration distribution in the lightly 
doped n- collector region. In  their analysis,  Koyanagi 
et al. [ 141 indicate that  current mode  second breakdown 
failure occurs  when  the mobile electron  concentration  at 
the collector n"n+ interface  becomes equal to  the doping 
of the n- region. The  present analysis excludes this 

second breakdown  failure  mode. Therefore,  the  pre- 
dicted SOA in the  reverse  operating region is on  the 
optimistic  side. Current mode second breakdown has 
been reported  to be the  dominant triggering mechanism 
in the  reverse  operating region [ 1 1 ,  and occurs  at a 
voltage  less than  breakdown voltage due  to thermal 
effect [ 141. 

As described in detail  in the following section,  the 
change in the  electric field distribution in the lightly doped 
collector region of the  transistor with  increasing current 
levels [ 4, 141 is approximated by three idealized cases  to 
simplify the calculations as  compared to the  analysis of 
141. Also, in this analysis  the  temperature  at  the base- 
collector junction is assumed  to be  identical to  the tem- 
perature  at  the  emitter-base  junction, and the internal 
heat generated within the  transistor is assumed  to  occur 
mainly at  the base-collector junction.  In switching ap- 
plications of n-p-n--n+ high-voltage power transistors in 
circuits  with inductive  loads, internal heat generated at 
the n--ni interface may be higher than  the  heat  generated 
at  the base-collector junction [ 151 for  certain operating 
conditions. The  SOA  curve is generated by a  point-by- 
point  stability  analysis of the VCE, I ,  operating  points. 
The applicability of this model to analysis of the stability 
of time-varying  voltage and  current operating  conditions 
is discussed  in the  results  and discussion section.  The 
effect of the third  dimension (variation of current density 
and temperature along the length of the  emitter fingers) 
can  also be incorporated by  considering  a  variable emitter 
active  area which changes with  voltage and  current  op- 
erating conditions. 

Theory 
The internal behavior of multi-emitter high-voltage power 
transistor designs is obtained  by  analyzing the two- 
dimensional region shown in Fig. 1.  Only half of an 
emitter finger is analyzed,  on  the  assumption  that all the 
emitter fingers are identical, and  the variation in electrical 
parameters along the length of the  emitter finger is 
ignored. The stability of any specified operating  condition 
(VCE, I ,  or V,,, VnE) is established by solving the 
steady-state electrical and time-dependent  thermal 
problems. 

Electricul model 
The  set of mathematical equations governing the internal 
behavior of bipolar transistors is listed in [ 41. This  set 
of equations is solved in the  base region of the  transistor 
shown in Fig. 1 by using  a  distributed model [ 8,  91  of the 
transistor.  The two-dimensional region of Fig. 1 is repre- 
sented by a  number of one-dimensional transistors  sepa- 
rated  by resistors  as  shown in Fig. 2 .  The value of each 
resistor is inversely  proportional to  the modulated con- 
ductivity of each increment [ 91. The  transverse potential 

S. P. GAUR IBM J. RES. DEVELOP. 



drop in the  base region from the  emitter  center  to  the 
emitter edge is obtained by summing the incremental 
voltage drops  across  the  resistors [ 8, 91, which are 
given as 

AV = m I,R, ( 1 )  

where m is a  fraction of the  transverse  base  current  that 
is drift current.  The  results of a  two-dimensional  analysis 
have shown  that  the  emitter crowding  predicted by the 
distributed model is much greater than the crowding  pre- 
dicted by the two-dimensional model (providing  the 
transverse base current is assumed  to be  completely 
drift current). By taking into account  the diffusion com- 
ponent of the  transverse  base  current  as shown in Eq. 
( I ) ,  the  discrepancy between the  emitter crowding  pre- 
dictions of the  two models is very small [ 161. 

The term rn in Eq. ( 1 )  is given by 

where J,, is the  transverse hole current  density in the 
base region, n ( x ,  C )  is  the  electron  concentration  at  the 
emitter-base  junction, and p o  is the equilibrium  hole  con- 
centration in the  base region. The  term I,, in Eq. ( 1 )  is 
the  current flowing in the  resistor of value R .  Electron 
concentration n ( x ,  C )  is obtained as follows: 

where n, is the intrinsic carrier  concentration.  The tem- 
perature  dependence of n, for silicon is as  follows [ 51 : 

ni( T )  = 3.88 x 10'6T''5 exp(-7000/ T ) .  ( 5 )  

The  term V,, in Eq. (4) is the base-emitter junction volt- 
age and T is  the  temperature.  The longitudinal electron 
current density in the  base region for each  one-dimen- 
sional transistor is given by 

J,, = qDcn(x,  Y )  - In[p(x, y ) n ( x ,  y ) l ,  (6) 
a 

aY 
where D, is the electron diffusion coefficient. Equation 
(6) is further simplified by  assuming  a  linear  distribution 
of electrons in the base region and  quasi-neutrality  ap- 
proximation [ 8, 161. 

The  base  current  per unit length along the emitter width 
for  each one-dimensional transistor is composed of 
three  terms: 

I , ,  = + - I,, ( 7 )  

where I,, is the portion of the  base  current  per unit 
length due  to holes  injected into  the  emitter,  and is given 
by the  expression [ 161 
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Figure 2 Distributed  transistor model. 

'he hxqd,,p(x> c, n ( x >  /",OL,e> (8)  

where Ax is the width of each increment in the  base, Dhc 
is the diffusion coefficient for holes in the  emitter, Iteo is 
the equilibrium electron  concentration in the  emitter, 
L,, is the diffusion length of holes in the  emitter [Lhe = 
( D,,,T~)+], T~ is the hole lifetime in the  emitter,  and 
p ( x ,  C) is the hole concentration  at  the  emitter-base 
junction. Einstein's  relation [ D , / p e =  D h / ~ , , =  kT/q] is 
assumed valid to relate diffusion coefficients and mobil- 
ities. The term in Eq. (7) is the portion of the  base 
current  per unit length due  to hole recombination with 
electrons in the  base region, and is expressed  as fol- 
lows [ 161 : 

I , , ,  = W , , h q n ( x ,  C)/27,, (9)  

where T ,  is electron lifetime in the  base and W ,  is the 
electrical  base thickness.  Term I ,  in Eq. (7) is the portion 
of the base current per unit length due  to holes  injected 
into the  base  from  the collector region resulting  from ava- 
lanche multiplication. Generation of carriers  depends  on 
the  electric field and  current  density, and the  avalanche- 
generated  current density  can  be  written as [ IO] 

J, = .fJe,an exp (-b/ IE I ) dy, (10) 

where a, is the ionization coefficient, 6, the critical field, 
J,, the longitudinal electron  current  density,  and E 
the  electric field. Values of a, and b, used are  as fol- 
lows [ IO]:  

a,= 2.4 X lo6 cm", and 

b,,= 1.6X lo6 V/cm. 435 
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Figure 3 Region of analysis  with assumed  boundary conditions 
for the  time-dependent  heat flow problem. 

The  electric field distribution in the n- collector region 
changes  with current  and voltage operating conditions 
[ 3, 41, and is approximated by one of the following three 
idealized cases: 

1. A  linear  distribution of the  electric field with  a 
maximum  value at  the base-collector junction  and a 
zero  electric field at  the n"n+ interface. Avalanche- 
generated  current density for this electric field 
distribution can be approximated  as [ 101 

where E ,  is the magnitude of the  electric field value at 
the base-collector junction, given as 

and Y ,  is the  distance  from  the base-collector junction 
to a  point of zero  electric field in the n- collector 
region ( Y ,  < W,, the n- collector thickness).  It is 
expressed  as [ 101 

V,, is the collector-to-base  applied  voltage, us is the 
saturated velocity of carriers,  and N o  is  the doping of 
the n- collector  region. 

2 .  A constant  electric field of magnitude E ,  from the 
base-collector junction  to  the n"n+ interface. Ava- 

436 lanche-generated current density  can  be  written as 

J ,  = Jcya ,  W ,  exp (%), and 
Em 

where W ,  is the n- collector  thickness. 
3. A  linear  distribution of the  electric field with zero 

value at  the base-collector junction and  a  maximum 
value E ,  at  the n--n+ interface.  Avalanche-generated 
current density for this case can  be  written as 

Present analysis does not  include the  base widening 
effect with  increasing current level of operation which 
depends on the doping  and thickness of the n- col- 
lector region and causes  the  electric field localization at 
the n--n+  interface [ 3, 41. The total  collector current 
density  for  each one-dimensional transistor is given by 

where 

Thermal model 
Internal self heating is taken  into  account by  solving 
the heat flow equation 

where K is  the thermal conductivity, Q is the  heat 
generated  per  unit  volume, p is  the mass  density  and C ,  
is the specific heat.  Figure 3 shows  the region of analysis 
for  the  heat flow equation with assumed boundary condi- 
tions. Temperature along y = 0 in Fig. 1 is assumed to be 
a constant. Lines x = 0 and x = F in Fig. 1 are  assumed  to 
be lines of symmetry and there is no heat flow across 
them.  Heat  generated  due  to  reverse biased  collector-to- 
base voltage is represented by the  boundary condition 
along y = D ,  from x = 0 up  to x = E .  Along y = D from 
x = E to X = F ,  aT/ay = 0, assuming that  no  heat is 
radiated or  convected  from  the  emitter surface. 

The finite difference  method is used to  solve  Eq. ( 2 0 )  
for  the region of analysis  shown in Fig. 3. Discrete  repre- 
sentations of Eq. ( 2 0 )  at every node, with four neigh- 
bors, of a square grid of spacing h gives the following 
explicit  formulation of the finite difference  method [9]: 
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Table 1 Device design parameters. 

Pururne fer  Device A Device B Device C 

Base thickness ( p m )  
Collector thickness ( p m )  
Emitter width ( p m )  
Chip thickness (pm) 
Emitter  area ( cm') 
Emitter doping ( crK3) 
Base  doping ( c K 3 )  
Collector doping ( ~ 6 ~ )  
Electron lifetime in 

Hole lifetime in emitter 

Hole mobility in base 

Electron mobility in base 

Hole mobility in emitter 

base ( s )  

( s )  

(cm'/V.s) 

(cm'/V.s) 

(cm'/V.s) 

12.5 
33.5 

177.8 
203.2 
0.0432 
1.0 x lozo 
1.15 x I O T 6  
1.8 X 1 0 ' ~  

1.0 x 

2.0 x 

385.4 

925 

15 

18.0 
45.5 

127.0 
228.6 
0.0692 
1,o x IOZ0 
1.5 x 
1.5 X 1 0 ' ~  

1.0 x 

2.0 X IO-' 

375 

900 

15 

where 

M =  
4pC,hZ 

h, (K,  + K ,  + K ,  + K 4 ) '  

The  temperature  dependence of the thermal  conductivity 
for silicon is approximated by the  expression [ 51 

K = 3110/T1.33 (W/cm.   K) .  (23 1 

Term K ,  is the thermal  conductivity at [ T ( x  - h, y )  + 
T ( x ,  y ) ]  / 2, K ,  is the thermal  conductivity at [ T ( x +  h,  y )  
+ T ( x ,  y ) ]  /2 ,  etc.  The value of spatial  interval h is 
specified, and  the time  interval h, is chosen  such  that  the 
coefficient [ 1 - ( 4 / M ) ]  in Eq. (21) is always  positive. 

At time t = 0, collector current density for  each  one- 
dimensional transistor is calculated  assuming  a constant 
temperature To.  The values of emitter-base  junction 
voltages V,, are adjusted such  that  the total  collector 
current of the  device I ,  or  the  external base-emitter 
voltage VBE correspond  to  the specified operating condi- 
tion. The time-dependent heat flow equation is solved 
for a specified V,, and  a  nonuniform  collector current 
density J ,  to  obtain a temperature distribution due  to 
internal self heating after a small time  interval h,. By 
using this temperature distribution, carrier  concentration 
and  collector  current values for  each one-dimensional 
transistor  are  recalculated.  Since  the electrical  time  con- 
stant is much shorter than the  thermal time constant,  it 

~ 

28.8 
102.0 
101.6 
177.8 

0.1429 
2.0 x lozo 
2.0 x 10'j 
8.0 X 1013 

1.0 x 

2.0 x 

496 

1250 

I O  

Figure 4 Current density and  temperature distributions  along 
the  emitter-base  junction  (liney = C in Fig. I )  for  device A of 
Table 1 for V,,  = 800 V, I ,  = 0.1 A (curves a) ; Vcli = 160 V, 
I ,  = 0.5 A (curves  b) ; VCR = 80 V, I ,  = I .O A (curves  c) ; and 
VCE= 40 V, I ,  =2.0 A (curves  d) operating  conditions. 

0 50  100 150 

SEPTEMBER 1977 BIPOLAR SOA 



90 

60 

N 
8 

/ 

In 80 120 

Diatancc ( p m )  

Figure 5 Current  density  and  temperature  distributions  along 
the  emitter-base  junction  (line y = C  in  Fig.  1) for device B of 
Table 1 for VCE = 800 V, I, = 0.16 A (curves a) ; VCE = 160 V, 
I,. = 0.8 A (curves b) ; V, ,  = 80 V, I ,  = 1.6 A (curves  c) ; and 
V,,,:= 40 V, /c = 3.2 A (curves d) operating  conditions. 

is assumed that electrical parameters  reach  their  steady- 
state values during  the time  interval h,. This new current 
distribution is again used to calculate  new temperature 
distribution  and  this iterative  procedure is continued. 
Either a  compatible  solution is obtained, indicating the 
stable  operation  for specified operating  conditions, or 
the  temperature and current density increase beyond 

438 bound  in  a certain localized region of the  device, indicat- 

ing unstable behavior. For  unstable operating points, 
calculations are  stopped when the  temperature  reaches a 
value at which silicon becomes intrinsic, and  the time 
to  reach this temperature is noted. The  SOA  curve is 
obtained  by  considering  a number of points on the 
V,,, I ,  plane  and by drawing  a boundary  between  stable 
(on  the left)  and unstable  (on  the right)  operating  points. 
Additional  boundaries are  drawn in the  unstable region 
corresponding  to different  time  values, so that  the 
operating  points on the left are  stable  for a  time shorter 
than the specified time. The effect of the package on  the 
SOA  curve is analyzed  by  introducing  a  lumped thermal 
resistance  between  the collector contact  and  the ambient. 
This thermal resistance  increases  the  constant  tempera- 
ture To of the collector contact  (Fig.  3) with  increasing 
power dissipation in the device. 

Results and discussions 
The design parameters  for  three high-voltage power 
transistors of n-p-n--n+ structure  as shown in Fig. 1 are 
listed in Table 1. Figures  4- 6 depict  the  current  density 
and  temperature  distributions along the  emitter-base 
junction  (line y = C in Fig. 1) for various stable operating 
conditions ( 1  mil = 25.4 pm).  The temperature T o  
along the line y = 0 in Fig. 1 is assumed  to be 300 K. For 
device A (Fig. 4 ) ,  the  current  and voltage operating 
conditions are arranged (800 V, 0.1 A; 160 V, 0.5 A; 
80 V, 1.0 A;  40 V, 2.0 A) so that  the  power dissipation 
within the device is  80 W. Constant power  dissipation 
for  the  curves of Fig. 5 (device B) is 128 W while for  the 
curves of Fig. 6 (device C) ,  the  power dissipation is 
248 W. For the curves of Figs. 4-6,  voltage  levels are 
constant while the  current levels increase in proportion 
to  the total emitter  area, so that  the  power density for all 
three  devices  is  constant.  It is seen  from Figs. 4-6 
that  for  each  device,  there  are higher temperature 
gradients in the longitudinal ( y  direction in Fig. 1 )  as 
well as  the  transverse (x direction in Fig. 1 )  direction for 
the high-voltage low-current operating condition, as 
compared  to  the high-current  low-voltage operating 
condition, for which the  current crowding toward  the 
edge of the  emitter is higher. The  temperature gradient 
in the longitudinal direction is estimated  from Figs. 4- 6, 
where  the  temperature along y = C in Fig. 1 is sketched, 
and  from the  fact  that  the  temperature along the collector 
contact is assumed to be 300 K. The  low-current high- 
voltage  condition is experienced in the turn-off transient, 
while the high-current  low-voltage  condition occurs in 
the turn-on transient condition. For  the  same  power 
density, current crowding toward  the edge of the  emitter 
and temperature gradients in longitudinal and transverse 
directions decrease from device A to  device B to  device 
C.  The predicted SOA curves  for  these  three  transistor 
designs are  sketched in Fig. 7. It  is clearly seen  from 
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Figure 6 Current density and  temperature distributions along 
the  emitter-base  junction  (line y = C in Fig. I )  for device C of 
Table 1 for VcE = 800 V, fc = 0.33 A  (curves  a) : Vc.E = 160 V, 
I ,  = I .65  A  (curves  b) : Vel;. = 80 V, I ,  = 3 . 3  1 A  (curves  c) ; and 
VCE = 40 V, IC= 6.62 A  (curves  d)  operating conditions. 

Fig. 7 that  the  power handling capability of device B 
is superior  to  that of device A, while device C has a 
higher  power  handling  capability than  either device A or 
B. For voltage  levels  less than  the voltage  marked by 

Figure 7 Predicted SOA  curves for device  A  (curve a ) ,  
device B (curve  b) , and device C (curve  c) of Table 1. 

0 50 100 150 

I Dlytance ( pm) 

Figure 8 Current density and  temperature distributions along 
the  emitter-base  junction  (line y = C in Fig. I )  for device  A  for 
VrE = 685 V, I ,  = 0.15  A  operating condition after time  inter- 
vals t = 0.86 ps (curves  a), t = 0.086 ms (curves  b) , t = 0.26 ms 
(curves c ) ,  and t = 0.43 ms (curves d ) .  At t = 0.50 ms,  the 
temperature  reaches  a value  for which the base region becomes 
intrinsic. 

circles on the SOA curves of Fig. 7, the device  failure 
is due  to thermal  instability. For voltage  levels within 
the range  marked by circles and triangles, the total base 
current is positive ( I ,  > 0) for points in the  stable region. 
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current density and  temperature buildup is at  the edge 
of the  emitter  where  the device becomes  unstable  at 
t = 0.35 ms. Figure 10 shows  the  increase of the  peak 
temperature within device  A as a  function of time for  the 
unstable operating  points of Figs. 8 and 9 as well as  for 
the  stable operating points  at V,, = 800 V, I, = 0.1  A and 
V,,  = 80 V, I,: = 1.0 A depicted in  Fig. 4. A sharp in- 
crease in  peak temperature is observed  (after  an initial 
value of temperature)  for  the  unstable operating  points in 
Fig.  10. As  the  current density is localized to  the single, 
almost one-dimensional, transistor of Fig. 2, the  rate of 
increase of current density and  peak  temperature  reduces 
due  to  the finite number of one-dimensional transistors 
used in the analysis. In a  real device, localization of the 
current density continues  and  the  peak  temperature 
continues  to  increase until the failure of the  device. 

Fpr switching  applications of transistors with inductive 
loading in the  collector circuit,  collector-to-emitter 
voltage V,, may exceed  the  breakdown voltage BVCEo 
[ 11, and therefore  the  current  density  and  temperature 

700 

600 - 
c 

j ' ,  

Distance ( pm) 

Figure 9 Current  density and temperature distributions along 
the  emitter-base  junction  (line y = C in Fig. 1) for device A for 
VcE = 205 V, I ,  = 1 .O A operating condition after time  intervals 
t = 0.86 ps (curves a ) ,  t = 0.043 ms (curves  b), t = 0.27 ms 
(curves  c),  and t = 0.34 ms (curves  d) . At t = 0.35  ms,  the tem- 
perature  reaches a  value for which the base region becomes 
intrinsic. 

In  the  unstable region, avalanche injection  from the 
collector region causes  current crowding at  the  center 
of the  emitter, and the total base  current is negative 
(I, < 0) when  the  temperature  under  the  center of the 
emitter  reaches intrinsic  value. For voltage  levels  higher 
than  the voltage  marked by triangles,  avalanche-gener- 
ated  carriers  cause the total  base  current  to  be negative 
(I, < 0) for operating  points in the  stable region. Ava- 
lanche  injection  from the  collector  initates failure in the 
unstable region. 

Figures 8 and 9 depict  the localization of current den- 
sity  and temperature  at  the  emitter-base  junction  of 
device A as a function of time for  unstable operating 
points. At V,,  = 685 V and I, = 0.15  A (Fig. 8 ) ,  current 
density  and  temperature  increase  under  the  center of the 
emitter, and at t = 0.50 ms, the  temperature  under  the 
center of the  emitter  reaches  the intrinsic  range. For a 

440 V,, = 205 V, I, = 1.0 A  operating  point (Fig. 9) ,  the 

buildup  within the  device  can  correspond  to  those  shown 
in Fig. 8, and  the failure of the  device should be  under 
the  center of the  emitter. 

Figure 11 shows the variation of the  external base- 
emitter voltage V,, as a  function of time for  the  stable 
and  unstable operating  points of Fig.  10 (voltage  drop 
in the inactive base region is assumed  to be negligible) . 
For a constant  collector  current I ,  at a certain value of 
V,,, the base-emitter voltage V B ,  decreases  as  the  peak 
temperature within the  device  increases. As mentioned 
earlier, the  rate of increase of the  peak  temperature de- 
creases  as  the  current density is localized to a small 
region of the  device  (Fig.  10).  Curves c and d of Fig.  1  1 
reflect this decrease in the  rate of peak  temperature in- 
crease by a corresponding  reduction in the  rate of de- 
crease of VBE. From Figs.  10 and 1 1, it is  concluded 
that V,, is a  good  indicator of the peak temperature 
variation along the  emitter-base  junction [ 11 - 121. In 
certain switching applications, the  temperature  at  the 
n"nt interface may be  much  higher  than the  temperature 
along the  emitter-base  junction [ 151. 

Figure 12 shows  the effect of the  temperature  drop in 
the package of device A on  its  power handling capability. 
A  lumped thermal  resistance  between  the collector  con- 
tact and the ambient  simulates the  temperature difference 
in the package, and  the  temperature value T o  at  the col- 
lector  contact  increases with power dissipation. It is 
seen from Fig. 12 that thermal resistance  values of 
0.2.5 K/  W and 1 K / W  (curves a and  b)  have a rather 
small effect on  the power handling capability of the de- 
vice. Curves d and e in Fig. 12 are additional boundaries 
in the  unstable region so that  the operating points  on  the 
left of these  curves  are  stable  for time  values  less than 
1 .O X 1 0-4 s (curve  d)  and 1 .O X 1 0-5 s (curve  e). 
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The predicted SOA curves of Figs. 7 and 12 compare 
favorably with the  experimental  observations of reverse 
second  breakdown voltage in a test circuit  with  a  col- 
lector  inductive load. The variation of external base- 
emitter voltage  with  hot spot formation in the device in 
the  forward operating  region, as  observed by an infrared 
microscanner,  correlates well with the predictions of 
Figs. 10 and 11 [ 131.  The total  time for  temperature 
to  reach  the  steady-state distribution for  the  stable 
operating  points  shown in Fig. I O  is smaller than lab 
observations.  (This is expected since the heat flow in 
the package has not  been  taken  into account  for Fig. 10.) 

The SOA curves of Figs. 7 and 12 have been  obtained 
by a point-by-point  stability  analysis of V,,, I, operating 
conditions. The stability  analysis of time  varying V,.,, 
I, operating conditions  can  be made with this model by 
changing Vcs, I, values after small nonuniform  time  inter- 
vals. As mentioned earlier, when the time  interval is of 
the  order of nanoseconds, predictions  resulting from this 
model can be very  approximate  since  the  assumption of 
electrical parameters reaching their  steady-state values 
in this  time  interval may not  be  valid. The effect of the 
third  dimension (variation of current density and tem- 
perature along the length of the  emitter  fingers), which 
has  been ignored in the  present  analysis,  can  be in- 
corporated  into  the model by empirical  relationships 
between  the  active  emitter  area and the voltage and  cur- 
rent operating  conditions. 

Summary 
A mathematical model was utilized to predict the safe 
operating area  (safe from  second breakdown failure) for 
proper circuit  applications of bipolar transistors in the 
forward ( I ,  > 0, V,,  < BV,,,) as well as  reverse 
(I, < 0, BVCEo 5 VcE 5 BV,:,,) operating  regions. This 
model takes  into  account  the nonuniformity of the tem- 
perature within the  transistor  structure  due  to internal 
self-heating, and  the  avalanche multiplication effect in 
the  reverse operating  region, which cause second break- 
down failure. Steady-state electrical  and  time-dependent 
thermal problems are solved to establish  stability of a 
specified operating  condition. The SOA curve is ob- 
tained by considering a number of operating  points  and 
by drawing  a  boundary between stable and  unstable 
points. Predicted SOA curves  for  three high-voltage 
power  transistors with similar power handling capability 
are  presented. Additional boundaries  are  drawn in the 
unstable region for  the pulsed operation of the  device. 
Current density and  temperature distributions within 
the  transistor  for various  operating  conditions in the 
stable region are  presented. Localization of current den- 
sity and temperature before  failure for  unstable operating 
points is illustrated by sketching them  at  various time 
intervals. The variations of peak temperature within the 

Time (rn.;) 

Figure 10 Variation of the peak temperature within device A 
with time for VCR = 80 V, I, = 1.0 A (curve a) ; V,., = 800  V, 
I,. = 0.1 A (curve b) ; V,,  = 685 V, I, = 0.15 A (curve c) ; and 
V,,  = 205 V, I, = 1 .O A (curve d) . 

Figure 11 Variation of the  external  base-emitter voltage of 
the device A with time for VCR = 80  V, I, = 1 .O A (curve a) ; 
VCk: = 800 V, I, = 0.1 A (curve  b) ; VCR = 685 V, I,. = 0.15 A 
(curve  c) ; and V , ,  = 205 V, I, = 1 .O A (curve d )  . 
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Figure 12 Predicted SOA  curves  for  device A of Table 1 for 
t = m, thermal resistance  between collector contact  to the 
ambient (0)  = 1 K/W  (curvea) ;  t = m ,  I9=0.25 K/W  (curveb);  
t = m, 0 = 0 !curve c ) ;  t = 1.0 X s, 0 = 0 (curve d ) ;  and 
t = 1.0 X lo-” s, I9 = 0 (curve e ) .  

device  and  external  base-emitter voltage with time are 
provided,  and  the effect of the  temperature  drop in the 
package of the  transistor  on its  power handling capability 
is discussed. 
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