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Abstract-This paper reports the safe operating area (SOA) for 
1200-V  nonlatchup  bipolar-mode MOSFET’s. The  measured SOA 
limit, in  terms  of  current  density  and  drain-voltage product, reached 
2.5 X 10’ Wlcm2 far 125°C-case temperature  and 10-ps pulse opera- 
tion conditions. It  exceeded even the so-called “avalanche limit” for 
n-p-n bipolar transistors when the measurement  was carried oyt under 
25°C-case temperature conditions. These SOA’s enable  device  protec- 
tion  from an abnormally large drain-current surge. 

I. INTRODUCTION 

T HE BIPOLAR-MODE MOSFET,  a new power 
MOSFET,  appeared  only  several years ago [l], [2] 

and has evolved a  great  deal.  It achieved a significantly 
low on-resistance [2], high voltage capability [3], and a 
high switching speed 141 along with MOS gate  control- 
lability.  A variety of names such as COMFET [2], IGT 
[ 5 ] ,  and GEMFET [6] were given to the  same  devices. 

One significant problem associated with this  device was 
latchup of the parasitic thyristor, which prevents device 
protection from abnormally large drain current in  case of 
system failure. Regarding conventional transistors, pro- 
tection circuits are used to  reduce  base  currents to zero 
immediately after  an  abnormal  increase  in  collector  cur- 
rents.  The most serious  case  is  where  main  loads  become 
short circuited. In this  case,  collector  currents  increase so 
rapidly that no protection circuits can respond. Instead, 
the transistors themselves have  to  limit  collector  currents 
by increasing their  forward voltage to  as high as  the  elec- 
tric-power-supply voltage, withstanding a  large  power 
dissipation for  a  short  time interval so that protection cir- 
cuits begin to work. 

Recently, it was shown that nonlatchup operation can 
be achieved by a new design  principle  [7], setting the 

. latchup current-density level far above  the  device  satura- 
tion current for a  gate  voltage such as  20 V. 

In the present paper,  one method (the  same  as  that used 
in [7]) for attaining this  principle is presented. It will be 
shown that thusly designed bipolar-mode MOSFET’S can 
be protected by the  same  type  of protection circuits as 
those for  bipolar transistors. 
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Fig. 1 .  Cross  section of nonlatchup bipolar-mode MOSFET. 

11. NONLATCHUP DESIGN AND ELECTRICAL 
CHARACTERISTICS 

Fig. 1 shows a cross section of the developed non- 
latchup bipolar-mode MOSFET. A part of the source n+ 
layer  is periodically eliminated, creating low-resistance 
bypasses for holes to reach the  source  electrode without 
passing under  the  source n+ layer, effectively reducing 
the p-base resistance, which works as the shunting resis- 
tance for  the parasitic n-p-n transistor.  These hole by- 
passes simultaneously decrease  the total channel width 
and,  consequently,  the saturation current. In order  to fur- 
ther  enhance  the  latchup current density, double .p-base 
diffusion and  a  stripe  source  gate pattern were introduced. 
A shallow and high impurity concentration pf diffusion, 
which is carried out where part of the source layer is elim- 
inated (bypass region), can greatly reduce the bypass re- 
sistance because it is not necessary to control the thresh- 
old voltage anymore  in the bypass region. Thus, the hole- 
bypass structure, combined with a shallow diffusion, is  a 
better method for reducing effective p-base resistance, 
compared with other methods such as  a  deep  p-base  or  an 
additional deep p+ diffusion [8]. 

The adopted stripe  source  gate pattern is superior to the 
widely used square patterns because the stripe pattern was 
found to be strongly effective to prevent local parasitic 
thyristor latchup [9]. Fig. 2 shows the effect of p-base 
diffusion depth on maximum controllable drain current 
when hole bypasses are not implemented. As the p-base 
diffusion becomes deeper,  the maximum controllable cur- 
rent simply increases. 

Implementation of all  these combined technologies re- 
alizes nonlatchup operation, which means that static and 
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Fig. 2. Maximum controllable current versus p-base diffusion depth char- 
acteristics. Inserted diagram shows the circuit  for maximum controllable 
current measurement. 
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Fig. 3. Current-voltage curve comparison between devices with and with- 
out hole bypass structure. 
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Fig. 4. Typical trade-off characteristics  for 1200-V nonlatchup devices. 

even dynamic parastic thyristor  latchup never occurs for 
any condition if junction  temperature  is kept below 150°C 
and gate voltage is less than 20 V. These  characteristics 
are described in more detail in  the next section. 

The present device design for nonlatchup operation sac- 
rifices forward voltage drop  for high current density level 
in some degree.  Fig. 3 shows a comparison between cur- 
rent-voltage curves for devices with and without hole-by- 
pass structures.  The forward-voltage drop does not in- 
crease significantly at  60-A/cm2  current  density, which is 
set as  the  dc current rating for 1200-V devices.  Fig. 4 
shows typical trade-off characteristics between forward 
voltage versus fall-time. Although nonlatchup structure 
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Fig. 5 .  Test  circuit  for short-circuited SOA measurement 
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Fig. 6 .  Typical waveform for SOA measurement. 
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Fig. 7. Measured short-circuited SOA. Maximum drain current is plotted 
versus corresponding drain voltage with gate-pulse width as  a parameter. 
The arrows means that the SOA limits are greater than those indicated 
values. 

sacrifices forward voltage,  a high switching frequency, 
such as 15 kHz, can still be attained in  a reasonably low 
forward voltage for 60 A/cm2 drain-current density.  This 
60 A/cm2  current density is larger than those for 1OOO-V- 
rated conventional Darlington transistors (approximately 
30 A/cm2). 

111. SAFE OPERATING AREA (SOA) 
In this section,  the  safe  operating area (SOA) will be 

presented from the viewpoint of device  protection,  as 
mentioned in the Introductioj. A test circuit for this SOA 
measurement was set as shown in Fig. 5 .  A  device under 
test was directly connected to a constant voltage supply, 
whose voltage was varied from 400 to 800 V. Then, 5- to 
2 5 - ~ s  gate pulses were applied to  the device.  During  the 
gate  on-pulse,  the devices were driven to stay in  the  cur- 
rent saturation region and then switched off at the end of 
the gate pulse. The gate voltage  was  changed within 500 
ns from 20 to below - 10 V. Forward voltage drop during 
the on-state was the same as the constant voltage supply 
voltage E,. Maximum drain current was measured by 
slowly increasing the gate pulse voltage. The  device  case 
temperature was kept at 125°C during the measurement. 
Typical current voltage waveforms are shown in  Fig. 6, 
where drain current gradually decreases during the on- 
state because of temperature increase within the device. 

In Fig. 7, maximum drain currents at the end of the gate 
pulse were plotted versus the corresponding drain volt- 
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ages with the  gate  pulse width as  a  parameter.  In  the pres- 
ent paper,  this kind of SOA (Fig. 7) is called a  “short- 
circuited SOA” [IO],’ and is distinguished from the so- 
called forward SOA in  the  sense  that  the short-circuited 
SOA assures  switching off. A short-circuited SOA is sim- 
ply called SOA unless otherwise specified. Fig. 7 presents 
the results for  devices with a 20-mm2 active region and a 
2-ps fall-time. Since  device  destruction occurred in the 
turn-off transients,  the  SOA was actually limited by 
switching characteristics  such  as maximum controllable 
current.  Thus, if current-voltage locus  for  a  device in the 
conduction state  is within the  SOA, it means that the  de- 
vice can be safely operated and even safely switched off. 
The SOA limit  decreases as the conduction time width W, 
(gate pulse width) increases.  This is because  the  junction 
temperature increases during  the  on-state and because  the 
maximum controllable  current  decreases  as  the tempera- 
ture increases [3], [4]. This reason is further consistent 
with the fact that the measured SOA simply increases with 
decreasing case  temperature  as described below.  The 
maximum power  dissipation  per 1 cm2 reached 2.5 X lo5 
W/cm2  for  less  than 10-ps pulse operation and 125°C- 
case temperature  conditions  as seen in  Fig. 7. This  power 
dissipation value  exceeded  4 X lo5 W/cm2 when the mea- 
surement was carried out under 25 “C-case  temperature 
conditions. Since no second breakdown was observed in 
the steady state,  the SOA limit  lines  in  Fig. 7 approxi- 
mately coincide with the  constant  power  dissipation  lines. 
It should be noted that the current-voltage curve  for 20- 
V  gate voltage is always below the  SOA  limit  line  for  10- 
ps pulse operation if the  drain  voltage  is  less than 800 V 
because the  saturation current for 20-V gate voltage is 60 
A at 125°C. This means that even if the  drain  current 
increases over  the rated maximum current, devices can be 
protected from latchup  because 1) drain current is limited 
by current saturation (channel pinchoff effects) and 2) it 
can be safely switched off  by reducing the  gate voltage to 
zero within 10 ps. 

It was not confirmed that  the measured SOA depends 
on the used gate  resistance between the tested device  and 
the gate circuit.  Since  a paper [5] mentioned the  impor- 
tance of the  gate  resistance,  the used gate resistance was 
chosen to be sufficiently small so that it did not affect the 
turn-off time. 

Fig. 6 indicates that,  since in the turn-‘off transients the 
drain voltage exceeded the constant voltage supply volt- 
age  due to circuit stray  inductance, its current voltage lo- 
cus was outside  the SOA limit  line  shown  in  Fig. 7 in the 
turn-off transients.  This means that  the  SOA  for switching 
transients is  larger than the values given in  Fig. 7. . 

Fig. 8 shows hole-bypass effects on  a short-circuited 
SOA.  The hole-bypass structures widen the SOA in ad- 
dition to reducing saturation  current.  Thus, devices 
equipped with hole bypasses easily attain nonlatchup 
characteristics. 

‘Note that in [lo] the term “forward SOA” is used instead of “short- 
circuited SOA.” 
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Fig. 8. Hole-bypass effects on short-circuited SOA. The bypass resistance 
for device C is lower than that for  device B .  

IV. DISCUSSION 
Since no second breakdown was observed during the 

on-state, only the  SOA  for switching transients is impor- 
tant. If a forward SOA is defined as the  area  that assures 
only steady-state operation and does not necessarily as- 
sure switching off, the  forward SOA must be  larger than 
the short-circuited SOA.  In  other  words,  a forward SOA 
is assumed to be limited by static  latchup phenomena, 
which were never observed for any conditions in  the pres- 
ent nonlatchup bipolar-mode  MOSFET’s if junction tem- 
perature was below a critical value and gate voltage was 
less than 20 V. 

It was experimentally confirmed for n-p-n transistors 
that avalanche injection  occurs  in  the collector region, 
when the  drain-current density and voltage product ex- 
ceeds a critical value such as 2.0 X lo5 W/cm2 [l 11. Mea- 
sured SOA limits  for bipolar-mode MOSFET’s exceeded 
this value especially for 25°C case temperature condi- 
tions and low carrier  lifetime  cases as mentioned in  Sec- 
tion 111. Similar avalanche  injection phenomena were pre- 
dicted to occur  in  the  depletion region for bipolar-mode 
MOSFET’s [lo] for  cases when all  the current is carried 
by the p-n-p transistor portion after  the channel electron 
current has completely ceased in  the turn-off transients. A 
detailed theory is given in  the Appendix. The measured 
SOA for  25°C seems to far exceed this theoretical limit 
also.  The reason is under  investigation. 

Fig. 9 shows typical-  inductive switching waveforms 
when drain voltage was clamped by a  freewheel diode. A 
175-A drain current was switched off  by a 20-mm2 active 
region device.  Fig. 10 shows the current-voltage locus 
corresponding to  Fig. 9. The broken line  in  the figure is 
a theoretical border  for  avalanche injection given in the 
Appendix. The current density and voltage product 
reached 7 X lo5 W/cm2  in  the turn-off transient. 

It should be noted that  the SOA for switching transients 
(maximum controllable current) is hardly affected by a 
negative gate  bias application whereas those  for bipolar 
transistors (RBSOA) are reduced significantly [ 121. 

It is manifest that  the measured SOA for bipolar-mode 
MOSFET’s is greater than that  for conventional bipolar 
transistors. if a comparison is made  for  the same device 
area because allowable power dissipation for  a  10-ps  dc 
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Fig. 9.  Typical inductive load turn-off waveforms. 
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Fig. 10. Current-voltage locus corresponding to  Fig.  9 and calculated bor- 
der (broken line) beyond which avalanche injection may occur. 

pulse was measured for  a 1-cm2 active region for bipo1a:r- 
mode MOSFET’s whereas the measured limit  value 2 >< 
lo5 W/cm2  for n-p-n bipolar transistors was for  a 1-crn2 
emitter  area [ 111. Usually,  the  emitter areas in a bipolar 
transistor occupy only 30  or 40 percent of the  total  device 
area, whereas the  active region occupies more than ti0 
percent of the  device  area.  The superiority of bipolar- 
mode MOSFET’s is more manifest for RBSOA. 

V. CONCLUSION 
Bipolar-mode MOSFET’s achieved a sufficiently 1arl;e 

SOA and complete compatibility with conventional pow~:r 
transistors when nonlatchup characteristics were realized 
by a hole-bypass structure and  a  stripe source gate  pat- 
tern,  etc. 

APPENDIX 
In  the turn-off transients after channel electron current 

completely ceases,  the net charge N +  in the depleti’cn 
layer  is given by the  sum of the  donor and holes, which 
carries all  the  drain  current.  The net charge  N + , then:- 
fore, can be approximated by the following equation, a:;.- 
suming uniform hole current flow [lo]: 

where No is the  donor concentration (1 X 1014 fclr 

1200-V devices), us the saturated-hole velocity, and 1(Vth) 
the drain-current density corresponding to a  time when 
the gate voltage crosses the threshold voltage in  the turn- 
off transients. Avalanche breakdown voltage simply de- 
creases as drain-current density increases.  The current- 
voltage relation for  the  avalanche breakdown can be ap- 
proximately given by substituting (Al) into the following 
familiar expression for  avalanche breakdown voltage: 

VBD = 6O(E,-J1. 1)3’2(N+/10’6)-3’4. (-42) 

This VBD - J( Vth) relation provides an  avalanche injection 
limit for  the  device  in  the tufn-off transients after channel 
electron current has completely ceased. 
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