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Abstract-The internal  failure dynamics of the In- 
sulated Gate Bipolar Transistor ( IGBT)  for unclamped 
induct ive switching (UIS) conditions are studied using 
simulations and measurements. The UIS measurements  
are made using a unique, au tomated  nondestructive Re- 
verse Bias Safe  Opera t ing  A r e a  (RBSOA) test system. 
Simulations are performed with a n  advanced IGBT cir- 
cui t  s imulator  model  for UIS conditions to predict t h e  
mechanisms a n d  conditions for failure. It is shown t h a t  
t h e  conditions for UIS failure a n d  t h e  s h a p e  of the 
a n o d e  voltage avalanche sustaining waveforms during 
turn-off vary wi th  the IGBT tempera ture ,  a n d  turn-off 
cur ren t  level. Evidence of single and multiple filament 
formation is presented a n d  supported with b o t h  mea- 
surements  a n d  simulations. 

I. INTRODUCTION 
Insulated Gate Bipolar Transistors (IGBTs), having the 

unique advantages of bipolar conduction characteristics and in- 
sulated gate control, have received much attention in recent 
years for their energy efficient and rugged performance for a 
wide range of power applications. These devices are frequently 
employed in hard-switching applications, whcrc the device is re- 
quired to turn off high currents under inductive loading con- 
ditions. Ruggedness of devices used in such applications is a 
desirable feature, and a premium is placed on these devices hav- 
ing a large reverse bias safe operation area (RBSOA). Although 
RBSOA characteristics of the IGBT do not severely limit the 
c-apability of the device in most clamped applications, inductive 
spikes can cause the device to avalanche and possibly fail. An 
understanding of the failure mechanisms of IGBTs can surely 
benefit future IGBT designs. 

sistors which have severe limitations on their RBSOA. RBSOA 
failure occurs bccause dynamic switching conditions result in 
current, constriction leading to excessive current density in a 
small region of the dcvice. The excessive current density rc- 
sults in device failure characterized by a rapid collapse of col- 
lector blocking voltage. Typically the device is destroyed within 

Historically, hard switching was performed with bipolar tran- 
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nanoseconds aftcr the voltage collapsc. Many stutlics havr bcc11 
done both to characterize and to understand the mcchanisms of 
bipolar transistor RBSOA failure [1-8], because of its importance 
in bipolar transistor power switching applications. 

As power MOSFET devices emergcd, it. was thought.that 
the devices would be immune from the RBSOA restrictions of 
the bipolars. However, due to the internal parasitic bipolar of 
the power MOSFET structure, some RBSOA limitations per- 
sisted with the earlier power MOSFET devices 191. Further de- 
vclopmcnt of the power MOSFET has eliminated the restrictioris 
of the earlier devices and resulted in the unclamped inductive 
switching (UIS) cnergy rated devices which provide enhanced re- 
liability and offer certain circuit design advantages. These UIS 
rated devices will withst,and avalanche conditions at  full current 
until the active area of the silicon chip is uniformly heated to 
the failure temperature. 

The IGBT contains both bipolar and MOSFET elements 
and could be expected to exhibit RBSOA characteristics orig- 
inating from both devices. However, the low-gain, widc base 
bipolar structure within the IGBT is quite different from that 
of the conventional power bipolar transistor, leading to much 
less severe limitations on the RBSOA performance than in the 
discrete bipolar transistor. Although the RBSOA characteris- 
tics of the IGBT are adequate for most switching applications, 
the bipolar structure imposes RBSOA capabilities far short of 
the UIS energy rated power. MOSPET. Further improvements 
in RBSOA capability in IGBTs could lead to reliability im- 
provements and circuit design advantages now enjoyed by power 
MOSFETs. For example, fast IGBT turn-off at  high current re- 
sults in high di/dt that causes a voltage spike resulting from 
parasitic inductance in the anode circuit. This can subject the 
IGBT to overvoltage stress similar to that encountered in the 
unclamped RBSOA measurement. 

In this work, RBSOA measurements have bcen made on 
IGUTs using the non-destructive RBSOA tester and automatic 
test controlling system developed at  the National Institute of 
Standards and Technology (NIST)[8]. The unclamped inductive 
switching tests were performed for a range of currents, tempera- 
tures, load inductor values, and device types. The experrnental 
results are compared with simulations of the unclamped induc- 
tive switching condition performed using the NIST IGBT model 
[ 101 with modifications for high temperature physics and mul- 
tiple filament formation. The modcl describes expcrimentally 
observed trends in current and voltage waveforms and failurc 
conditions versus turn-off current and temperature. 
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XI. NONDESTRUCTIVE RBSOA MEASUREMENT 
The NIST nondestructive test system is used to stress the 

device near to and beyond the normal limits of failure. This sys- 
tem permits repeated and extensive measurements lo be made 
on single devices for conditions which would normally cause thc 
device to be destroyed. Figure 1 is a simplified schematic of thc 
nondestructive RBSOA testing circuit used in this work. Con- 
ceptually, the circuit consists of the IGBT (device under test), 
a load inductor in the anode circuit, a voltage power supply to 
charge the inductor, and a pulse voltage source for the IGBT 
gate. The high-speed shunt protection circuit in the N E T  RB- 
SOA tester is a sophisticated vacuum tube-based circuit with a 
2000 V, 100 A capability. The high-speed shunt protection cir- 
cuit detects the voltage collapse a t  the onset of RBSOA failure 
and diverts the inductor current away from the device within 30 
ns, thus preventing the devicc from being destroyed and enabling 
repeated failure tests to  be performed on a singlc dcvice. 

A .  UIS Failuw Characteristics: 
Figure 2a shows idealized waveforms for the RBSOA test, 

displaying gate voltage, anode current, and anode voltage wave- 
forms. The test is initiated when the IGBT gate voltage is 
turned on, causing the anode current to ramp up as the induc- 
tor is charged by the inductor voltage supply. At the point in 
time when the inductor current reaches lhe desired test value, 
the IGBT gate voltage is switched off, initiating the RBSOA 
turn-off event. The RBSOA measiuements are made between 
the time the gaLe voltage is switched off and the time when the 
protection circuit is fired. This region of the waveform is indi- 
cated by the intensified porlion of Fig. 2a and is expanded in 
Fig. 2b. 

When the gate voltage is turned off (Fig. 2b), the anode 
voltage is driven to a high value by the inductor as the IGBT 
attempts to  interrupt current. Because the anode voltage is not 
externally clamped, the IGBT experiences avalanche sustain- 
ing voltage breakdown. For most of the results shown in this 
work, the IGBT avalanches for a period of time before it actu- 
ally fails. I t  should be noted, however, that a t  high currenls and 
high temperatures, the device can fail before the voltage reaches 
the avalanche sustaining voltage. In either case, the protection 
circuit fires when failure is detected and successfully prevents de- 
struction of the device. Additionally, at  low currents, the device 
can successfully suqtain the voltage for the full time nccessary 
to  discharge the inductor without failing (shown by the dashed 
lines in fig. 2b). 

The important characteristics of the unclamped inductive 
switching event are the RBSOA curve which consists of thc volt- 
age a t  failure for each test current and is included in most power 
device data sheets. This was particularly important for bipolar 
transistors where the failure voltage could be reduced by 50% of 
the dc blocking capability of the device. This placed severe lim- 
itations on the maximum clamp voltage that could bc used for 
switching. Power MOSFETs typically avalanche at  the dc block- 
ing voltage for a period of time before failing. For MOSFErs, 
the UIS event is better charactcrized by sustaining time or CII- 

ergy dissipated during the sustaining limc. UIS energy rated 
power MOSPETs typically are characterized by a single max- 
imum sustaining energy value. IGBT UIS failures can eit,lier 
occur during the anode voltage rise before reaching a voltagc 
sustaining condition or after sustaining for a period of time a t  
a voltage that is lower than thc dc blocking capability. Thus, 
IGBTs are characterized in this study using both RBSOA and 
suslaining energy curves. 

L o a d  I n d u c t o r  
V Anode - 

gr S u p p l y  

Fig. 1. Simplified schematic of the nondestructive RBSOA tester. 
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Fig. 2. (a) Idealized RBSOA waveforms for entire testing cycle. (b) Ex- 
panded turn-off portion of RUSOA waveforms (intensified region of (a)). 
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B. Automated Failun: Analysis System: 
The NIST RBSOA tester is an IEEE488 bus-controllable 

instrument, and in this work it was interfaced to  a computer 
using LabWindows@'/CVI. The highly automated user inter- 
face enables the collection and analysis of many IGBT failure 
conditions. This capability was used in this study to analyze 
the voltage and current sustaining waveforms, failure energies, 
and sustaining times for various currents, temperatures, device 
types, and load inductor values. The program controls and takes 
data from the RBSOA tester, a TektronixTM TDS644 digitizing 
oscilloscope, and a temperature controller. The program sends 
the test current, and anode clamp voltage values to  the RBSOA 
tester and then initiates a test.' Upon completion of each test, 
the program retrieves the failure status from the RBSOA tester 
and the anode current and voltage waveforms from the TDS644 
digitizing oscilloscope for subsequent. analysis. 

Figure 3 shows an example of the computer screen uscr- 
interface panels, set-up options, and typical types of data that. 
can be obtained and displayed. Figure 3a shows the computer 
screen user-interface panel that is used for running a series of 
RBSOA tests on a single device in a sequential automated fayh- 
ion. On this panel, the user specifies the current ranges and 
the number of current steps that are to be used for tests, the 
method of testing (either clamped or unclamped peak voltage), 
the clamp voltage ranges and the number of clamp voltage steps 
if the clamp voltage method is used, and the test temperature. 
The unclamped method was used for all of the measurements 
performed in this study. For this method, the clamp voltage is 
set to  its maximum value of 2000 V, and the RBSOA voltage is 
calculated by the program as the maximum value of the voltage 
waveform measured by the TDS644 digitizing oscilloscope. The 
test temperature specified on the user interface panel i s  sent to 
the temperature controller which regulates the temperature of 
the temperature controlled test fixture upon which the IGBT is 
mounted. The instantaneous value of the test fixture temper- 
ature is also displayed to  allow the user to wait until the set 
temperature is reached before performing a test. 

The graphs on the right side of Fig. 3a display the measured 
data as the series of RBSOA measurements are performed. The 
upper graph shows the actual voltage-current data points as 
they are collected. The data points plotted are designated by 
"S' for safe turn-off, and "F" for failure. If during an RBSOA 
test, the IGBT avalanches until all of the energy stored in the 
inductor is transferred to the IGBT without the device failing, 
the peak avalanche sustaining voltage is thus labeled "S" for 
the given test current. Otherwise, if the IGBT anode voltage 
collapses before the current in the inductor goes to zero and the 
protection circuit fires, the RBSOA tester failure status bit is set 
indicating to  the program that a failure has occurred, and the 
data point is labeled with an "F". The lower graph of Fig. 3a 
shows the calculated energy absorbed by the IGBT for each 
test as described below. Throughout this study, the measured 
sustaining voltage and energy at a given current were repeatable 
to  within one 1%. 

Figure 3b shows the computer screen user-interface suh- 
panel for reviewing the measured voltage, current, and power 

CVI is a trademark of National Instruments Corporation, Austin, 
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tion or endorsement by the National institute of Standards and 'R?ch- 
nology, nor does it imply that these products are the best availablc 
products for the purpose. 
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Fig. 3. (a) Example computer screen user-interface panel consisting of cur- 
rent and voltage range specification, RBSOA test data (upper graph), and 
absorbed energy (J) versus current test data (lower graph). (b) Example 
computer screen user-interface sub-panel consisting of the measured voltage 
waveforms (upper right-hand graph), current (A) waveforms (lower right- 
hand graph), and power (W) waveforms (upper left-hand graph). 

waveforms. The controls on the lower left-hand side of Fig. 3b 
enable the display of the waveforms associated with each of the 
test, points on Fig. 3a. The graph in the upper right-hand side 
of Fig. 3b shows the voltage waveforms for the selected test 
points, and the graph in the lower right-hand side shows lhe 
current waveforms. Note that once t,hc IGBT voltage collapses, 
the tester diverts the inductor current away from the device, and 
no more energy is dissipated in the device. The power versus 
time shown in the upper left-hand side of Fig. 3b is calculat,ed 
by multiplying the voltage and current waveform. The asterisk 
on each curve indicates the position determined by the program 
as the onset of failure This failure timc is d e t e r m i n e d  using 
the derivative of the waveform including filtering of noise. The 
energy for each test shown on Fig. 3a is calculated by performing 
the integral of the power waveforms between the timc when the 
anode voltage begins to  rise and the time when the onset of 
failure occurs. 
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111. MODELING IGBT UIS FAILUR!~ 
In this study, the previously developed electro-thermal IGBT 

model [lo-121 is combined with an equivalent circuit for the RB- 
SOA test system to simulate the UIS condition. This model 
is a general-purpose compact analytical model that includes all 
of the physics necessary to describe the steady-state and tran- 
sient operation of the IGBT, including the dynamic avalanche 
sustaining conditions. The model was modified in this study to 
include the high temperature intrinsic conduction of the base 
region and to  include multiple diffusion length sized filaments 
in parallel with the main device. The Saber circuit simulator 
is used because of the ease of making the model modifications 
necessary for the high temperature operation using the MAST 
modeling language. 

In this section, tlie key equations describing the tempera- 
ture and current dependence of the IGBT avalanche sustaining 
voltage are given, and the basic mechanism for IGBT RBSOA 
failure is described. The inclusion of multiple filaments in par- 
allel with the main device enables the predictions of the effects 
of current constriction during avalanche sustaining conditions. 
The inclusion of the high temperature intrinsic conduction mech- 
anism is necessary to  predict thc voltage collapse at  failure when 
the filament reaches the intrinsic temperature in the base region. 
In section IV, it is shown that these modifications are necessary 
to  describe the avalanche sustaining voltage waveforms during 
current filament formation and to predict the conditions that 
will result in failure based upon the test current, device case 
temperature, and load inductance. 

A .  Avalanche Sustaining Voltage: 
The avalanche breakdown voltage of the IGBT is deter- 

mined by the open-base, collector-emitter breakdown voltage of 
the bipolar transistor (BVceo). The BV,,, is reached when the 
product of the carrier multiplication factor, M ,  and the common 
base current gain, a, is unity [13]: 

a . M = l .  (1) 

An empirical expression for M in terms of the base-collector 
junction voltage (Vbc) is widely used in the literature [14] for 
a one-sided step junction. A closed form analytical expression 
for the multiplication factor that includes the effects of reach 
through to  the buff'er layer was introduced in ref. [Ill and is 
used in the IGBT model: 

M = 1/[1 - ( v k t / B v c b ~ ) ~ " " ]  (2) 

where Vnrt is given in terms of vbc by eq (38) of ref. [ll], 
and accounts for the depletion region shape including the reach- 
through effect. The collector-base breakdown voltage for a one- 
sided abrupt step junction is given by [12]: 

where NaCl is the collector-base junction space charge density, 
BVf is the avalanchc uniformity factor, and Tj is the junction 
temperat*ure. The temperature dependencc of eq (3) is due to 
t,he thc reduction of the impact ionization cocfficients with tern- 
perature. The saturat>ed limited velocity in the collector-base 
depletion region results in an additional component of space 
charge in the depletion region: 

SaberTh' and MAST@ are trademarks of Analogy Inc., Bcaverton, 
OR. 

where Jf is the filament current, density, NB is the base dopant 
density, and upsat is saturation velocity for holes. 

There are several key factors related to the temperature and 
current dependence of the avalanche sustaining voltsage: 1) The 
avalanche voltage of eq (3) increases with temperature due to 
the decrease in impact ionization coefficient with temperature. 
2) The collector-base space charge density of eq (4) increases 
with current densit,y, thus decreasing the avalanche sustaining 
voltage through eq (3). 3) The bipolar transistor current gain (Y 

increases with temperature due to the increase in lifetime with 
temperaturc: 

/ m \ 3 0  

(5) 

where THLO is the high level lifetime at  the reference tempera- 
ture of 300 K. Thc increasing a results in a lower M at break- 
down according to eq (1) and thus a lower breakdown voltcage 
according to  eq (2). 4) The current gain a also decreases with 
increasing current density due to emitter efficiency reduction, 
and thus, the avalanche voltage increases with current, accord- 
ing to eqs (1) and (2). The current and temperature dependence 
of avalanche voltage determine the failure mechanism and safe 
sustaining time for the IGBT. 

B. Sewn.d Breakdown Mechanism: 
Because the breakdown volkage decreases with increasing 

current due to the collector-base junction space charge density, 
a positive feedback mechanism can exist during avalanche con- 
ditions which results in current constriction and filament for- 
mation. That is, as the current density increases in onc region 
of the IGBT chip, the breakdown vokage of that region is low- 
ered, resulting in a further increase in current density in that 
region. This constriction continues until the area of the high 
current density region reaches the minimum area of a stable 
current filament. The minimum area of a stable current fila- 
ment is determined by tlie diffusion length in the base region, 
because the carriers that enter the collector-base depletion re- 
gion by avalanche multiplication and by bipolar collector current 
will diffuse several diffusion lengths laterally in a period of time 
much shorter than the time required for local heating to occur. 
The minimum area of the current filament can also stablize be- 
cause the current gain decreases with increasing current density. 

After the formation of the current filament, the filament 
temperature increases rapidly due to self-heating until the fila- 
ment temperature reaches the intrinsic temperature of the base 
region (485 K for the low doping concentration 2 x 1014 / c1n3 in 
the base region) 1151. When the intrinsic temperalure is reached, 
the base region begins to conduct because the thermally gen- 
erated carrier density n; becomes much larger than the base 
dopant density. As a result, a rapid collapse in voltage across 
the device occurs, defined as a sccond breakdown failure cvcnt.. 
I t  should be noted that as this intrinsic conduction mcchailisnl 
begins to dominate over thc avalanche sustaining rncclianisnl, 
the filament is no longer limited to a minimurn size as it. is 
for the avalanche sust.aining mechanism. As a result, the fil- 
ament constricts, which further increases thc volt,a.ge collapse 
rate. This filament const.riction occurs during the int,rinsic con- 
duction mode because the intrinsic conduction current is a direct 
result of the local temperature and the heat cannot diffusc as 
fast as the heat is generated (adiabatic Iicating). Conversely, for 
the avalanche sustaixiing mode, the ciurcnt. is a result. of excess 
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carricrs that  can diffuse as tlicy are gexierated, and thus a stable 
filament can form. 

In this study, the IGBT model was modified to include the 
high temperature effect of intrinsic conduct.ion. To do this, the 
equilibrium majority carrier concentration in the base (rcpre- 
sented in the model by N B )  is replaced by the expression in- 
cluding the thermally generated carrier concentration: 

N B ~  = 5 (NII 4- JE). ( 6 )  

This equation implies that for low temperatures the equilibrium 
majority carrier concentration is equal to the base dopant den- 
sity NE,  but a t  high temperatures it becomes dominated by 
the intrinsic carrier concentration ni that increases rapidly with 
temperature. This effect rcduces the majority carrier base re- 
sistance in the IGBT model. In addition, the minority carrier 
resistance of the base becomcs small as the rcgion becomes in- 
trinsic: ... 

(7) 

where WB is metallurgical base width, U,, is hole mobility, and A 
is the active area. This intrinsic resistance is of the same carrier 
type as the emitter and collector regions, and thus forms a shunt 
resistance that directly connects the IGBT anode to cathode. 
The addition of these intrinsic conduction effects results in a 
latching mechanism when the critical intrinsic temperature is 
reached, enabling the prediction of conditions that will result in 
failure. 

C. Cmuit Simulation Model: 
The equivalent circuit used to  simulate the IGBT UIS fail- 

ure condition is shown in Fig. 4. The circuit consists of an 
equivalent circuit for the IGBT indicated by the components 
within the box and an equivalent circuit for the RBSOA tester 
indicated by the components outside of the box. The equiva- 
lent circuit for the tester consists of the load inductor LL, the 
load supply voltage V,,, tlie gate pulse generator V,,, and the 
drive impedance of the gate pulse generator R,. The protection 
crowbar circuit is not represented in the simulations because the 
intent of the study is to simulate the conditions that lead to fail- 
ure and the failure event for the IGBT device. The purpose of 
the crowbar in the measurement circuit is to prevent destruction 
of the IGBT after failure has already occurred, thus enabling the 
device to  be tested for multiple failure conditions. 

The equivalent circuit for the IGBT, indicatcd by the com- 
ponents within the solid box in Fig. 4, consists of the main 
IGBT in parallel with several filament sized IGBTs, each hav- 
ing a corresponding thermal model for the silicon chip. For 
the simulations, each IGBT component, is represented by the 
physics-based, electro-thermal IGBT model which contains all 
of the physical mcchanisms described above. In addition, each 
of the silicon chip segments are represented using the silicon 
chip thermal component model including the heat source thick- 
ness effect described in ref. [16]. It is important to include the 
heat source thickness effect because the heat does not diffuse 
during the RBSOA event (adiabalic heating). Also due lo adia- 
batic heating, the chip thermal models are not laterally coupled 
bctween filaments. The IGBT components neglect thc lat,eral 
coupling of current betweeti filaments duc to the difficulty of 
modifying the IGBT model to include lateral current flow. 

The model parameters of the IGBTs and chip thermal mod- 
els arc obtained u&g lhc IGBT extraction process similarly to 
that described in refs. [lo-121 except. that thc area of the IGU'I' 
chip is divided bctween thc arca of the filaments and tlie arra of 

Current Constriction IGBT Model 
I 

f 

Fig. 4. Equivalent circuit used to simulate the IGBT UIS failure consisting 
of current constriction IGBT model (components within box) and equiva- 
lent circuit for RBSOA tester (components outside of box). 

the main IGBT. As described in section 111-B, the minimum area 
for a stable filament is determined by the diffusion length in tho 
IGBT base. A limitation of the lumped representation for the 
filaments is that the area of the filament must remain constant, 
during simulations. In order to accurately represent the process 
of current constriction during the formation of the filament, tlic 
effective filament area used by the IGBT model should be larger 
than the minimum area determined by the diffusion length. Fur- 
thermore, tlie area of the filament chip thermal model should be 
smaller than the area of the stable filament to bctter represent 
the process of further filament constriction after the base region 
reaches tlic intrinsic temperature. In this study, the arca of tho 
filament chip thermal model is chosen to be onc-third of the area 
of the filament IGBT model. 

To initiate the current constriction process, a nonuniformit,y 
is introdyed between the parameter of the main IGBT and thc 
filaments. In order to do this, the avalanche uniformity factor 
(BV,) is made to be 2% smaller in tlic filaments than in tlie 
main device. This is a reasonable variation of this paramcter 
across an IGBT chip. 

IV. SIMULATED and MEASURED RESULTS 
In this section, the model developed in section 111 is uscd 

to explain the unclamped inductive load avalanche sustaining 
voltage waveforms and the conditions that result in failure. It is 
shown using simulated results that the mechanisms discussed in 
section 111 are responsible for the variations in the shape of thc 
anode sustaining voltage waveforms for different tcst currents 
and cxternal device case temperatures. The predictions of the 
model are supported with experimental data for both the an- 
ode voltage waveform shape and failure times. Finally, cvidcncc 
of multiple filament formation is given, indicating that the fail- 
ure time is extcnded when current is trailsferred from a heated 
filamcnL to anot.her area of the devicc. 

A .  Simulated Avdarf.che ~ustainirig Wnriefoi-rrls: 

The shape of the avalanche sustaining voltage waveform-can 
be dcscribed in terms of the basic physical mcchanisms discusscd 
in section 111. These include the dcpcndence of avalanche voltago 
on current and temperature, and the trausitioning of currcrlt 
from the main IGBT to the filament. When the IGB'T is turned 
off for the UIS condition, the voll.age rises to the point wlicrc 
avalanche breakdown occurs. The initial avalanche sustaining 
voltage is dct.ermined by t,lic c x L e r d  device case temperat,ure 



and the inductor current. 
Several competing mechanisms determine the shape of the 

avalanchc sustaining voltage waveform as time progresses. The 
avalanche sustaining voltage tends to increase with time be- 
cause: 1) increasing junction temperature incrcascs B v$,, and 
2) decreasing inductor current reduces Nscl. Conversely, the 
avalanche sustaining voltage tends to decrease with time be- 
cause: 3) self-heating increases lifetime and thus increases cur- 
rent gain, 4 )  the current density and thus Nscl increase during 
the process of current filament formation, and 5) decreasing in- 
ductor current increases current gain due to emitter efficiency. 

For a given current and external case temperature test con- 
dition, a combination of the above four mechanisms determines 
the shape of the avalanche sustaining voltage waveform and the 
conditions for device failure. The device failure occurs when the 
temperature of a filamenl reaches the intrinsic tcmperaturc. Fig- 
ures 5 through 8 give example simulations demonstrating several 
of these mcchanisms using the model describcd in Section 111. 
Although the range of conditions where each mechanism domi- 
nates depends upon the device model parameters, the qualitative 
behavior given in Figs. 5 through 8 is typical for a high speed 
buffer-layer type IGBT. 

Figuie 5 shows an example simulation of an avalanche sus- 
taining voltage waveform where the voltage decreases with time 
due to  the transition of current to the filament. This mecha- 
nism tends to dominate the shape of the voltage waveform for 
higher device case temperature conditions. The voltage wave- 
form in Fig. 5 begins to avalanche a t  approximately 800 V but 
decreases with time as current is transferred to the filament. 
The total current is initially shared between the filament and 
the main IGBT. Because the filament has a 2% lower BV,, the 
current slowly begins to be transferred to the filament. As the 
current density begins to rise in the filament, N,,, increases, re- 
sulting in a decreasing avalanche voltage Gf the filament and thus 
the decreasing terminal avalanche voltage. The decreased fila- 
ment avalanche voltage increases the rate of transfer of current 
to  the filament. 

Figure 6 shows an example simulation of an avalanche sus- 
taining voltage waveform that increases with time due to the 
decreased NScf as the inductor current falls. This mechanism 
tends to  dominate the shape of the voltage waveform for lower 
device case temperature and lower test current conditions. The 
avalanche voltage waveform in Fig. 6 initially decreases with 
time ( t < 2 11s) due to the transition of current to the filament. 
After the initial decrease in voltage, the voltage waveform in 
Fig. G begins to  increase because Nscl in the filament is reduced 
as the current density ( J f )  is reduced due to the inductor load 
current decreasing. For the low test currenl condition of Fig. 6 ,  
the effects of self-heating are negligible because the temperatixrc 
only rises about 30°C in the filament,. 

Figure 7 shows an example simulation of a sustaining volt- 
age waveform that increases with t ime due to self-heating. This 
mechanism tends to dominate the shape of the voltage waveform 
for lower device case temperature and medium to high anode 
current conditions. After the initial decrease in voltage duc to 
the transition of current to the filament, the voltage waveform 
in Fig. 6 begins to increase. For this medium test current COII- 

dition, the self-heating effect increases the filament temperature 
about 110°C in 6 /is The increasing temperature increases the 
avalanche voltage through the temperature dependence of eq 

Figure 8 shows an example simulation of the voltage wavr- 
form that collapses, signifying a failure event when the filament 
temperature reaches the intrinsic temperature. When the intriw 

(3). 
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Fig. 5. Example simulation of an avalanche sustaining voltage waveform 
that decreases with time due to the transition of current to the filament for 
high case temperature and lower test current conditions. 

Time(ps) 

Fig. 6. Example simulation of an avalanche sustaining voltage waveform 
that increases with time due to the decreased in collector-base space charge 
density with decreasing inductor current for lower case temperature and 
lower test current conditions. 
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- Voltage Waveform 

- 375 - 
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T i m e ( p s )  

Fig. 7. Example simulation of an avalanche sustaining voltage waveform 
that increases with time due to self-heating for low case temperature and 
medium test current conditions. 



sic temperature is reached, n, become larger than No, result- 
ing in conduction of current through the intrinsic resistance. It, 
should be noted, that the active area of the IGBTs is sufficiently 
large that uniform power dissipations of several kilo-watts for 
several microseconds would not cause enough self-heating to in- 
crease the avalanche voltage in Fig. 7 or cause failure in Fig. 8. 
Thus, filament formation is a key factor in determining the shape 
of the avalanche sustaining voltage waveform and the failure 
time. 
B. Validation of Current Constriction IGBT Model: 

RBSOA measurements were made on IGBTs for various 
values of test current, case temperature, inductor values, and 
device types. The voltage waveforms and failure times were 
repeatable to within 1%, and the devices could he successfully 
testcd hundreds of times without detectable degradation due to 
the high speed protection circuit. All of the trends observed in 
the voltage waveforms and failure times can be explained using 
the model described in Section 111. Figures 9 and 10 are example 
comparisons of simulated and measured UIS switching events for 
high and low temperature and over the current rating range of 
the device. The results indicate that the shape of the anode 
voltage waveform and the failure time can be described using 
the model. 

Figure 9 shows the simulated and measured UIS switching 
waveforms for a 25°C case temperature. For the low-temperature 
and low-current conditions (25"C, 2.O(A)), the device is safely 
turned off without failure. This turn-off occurs beyond the 8 ps 
time shown on the figure. For the 4 A and 8 A case, both the sim- 
ulated and measured waveforms have a rapid voltage collapse, 
indicating a device failure. This occurs because the filament 
temperature reaches the intrinsic temperature. The voltage col- 
lapse after the intrinsic temperature is reached is more rapid in 
the measurement than in the simulation because the area of the 
filament can further constrict, whereas the Brea remains con- 
stant in the model. 

For the low IGBT-case temperature of Fig. 9, the current 
filament takes a long time to form and therefore much of the 
voltage waveform is dominated by nearly uniform current flow. 
To best represent the filament size effect on the voltage wave- 
form, the IGBT model filament area is chosen to be half of the 
device area. The area of the device shown in Figs. 9 and 10 is 
0.08 cm'. 

R o m  the comparisons between Fig. 9(a) and Fig. 9(b), the 
simulated avalanche voltage waveforms closely agree with the 
measured avalanche voltage waveforms except for the bump in 
the measured avalanche voltage waveforms. The bump is ex- 
plained further in the subsection below on multiple filament for- 
mation. In general, the avalanche voltage waveforms are influ- 
enced by all of the mechanisms discussed in the above subsection 
IV-A. For the low test current condition and the device discussed 
in this study, though, the avalanche voltage of Fig. 9 increases 
with time because 1) the reduced Nsci as the inductor load cur- 
rent decreases and 2) thc increased breakdown voltage as the 
temperature rises. 

Figure 10 shows the sirnulatcd and measured UIS switching 
waveforms for a 100°C IGBT-case temperature test condition. 
For this condition (lOO"C), the device fails for all of thc currents 
from 2 A through 8 A, whereas for the low case temperature 
condition of Fig. 9, the device did not fail for the low test cur- 
rents of 2 A. In addition, the failure t,imc is much shorter for 
the high case temperature condition than for the low case tem- 
perature condition. This shortened failure time occurs because 
the filament forms faster and because the filament temperat-ure 
is already elevated by the external case t,emperature before the 

Voltage Waveform 

Filament Temperature I- 

/ 1- 
I 

Fig. 8 Example simulation of an avala.nclio sustaining voltage waveform that 
collapses signifying a failure event when the filament temperature reaches 
the intrinsic temperature. 
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Fig. 9. 
turn-off currents at 25OC. 

(a) Measured and (b) simulated voltage waveforms for difkrent 
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Fig. IO. (a) Measured and (b) simulated voltage waveforms for different 
turn-off currents at 100OC. 

self-heating begins. For Lhe 100°C case, the IGBT model fil- 
ament area is chosen to be closer to the stable filament area 
because the filament forms faster. The value of IGBT model 
filament area wed for the simulations was 0.014 cm'. 

&om the comparisons between Fig. lO(a) and Fig. 10(b), 
the simulated avalanche voltage waveforms closely agree with 
the measured avalanche voltage waveforms but have contrast- 
ing features with the low IGBT-case temperature waveforms of 
Fig. 9. For t.he high case temperatwe waveforms of Fig. 10, the 
avalanche voltage starts out higher, then decreases as current 
falls for all of the different current levels. This OCCUTS because 
the effect of the transition of current to the filament is dominant. 
This behavior is in contrast to  the waveforms of Fig. 9 where 
the avalanche voltage increases with time. 

The initial values of the avalanche voltages are higher for the 
high case-temperature condition than for the low case-tempera- 
ture condition due to  the temperature dependence of eq (3). In 
addition, the initial avalanche voltage decreases with increasing 
test current for the high case-temperature condition, whereas the 
initial avalanche voltage is less dependent on the test, current foi 
the low case temperature waveforms. The decreased avalanclie 
voltage with test current is due to  the effect of Naci in eqs (3) and 
(4). This effect is compensated for in the low case-temperature 
waveforms by the decrease in current gain with increasing cur- 
rent, thus increasing the avalanche voltage according to eq (1). 

I 
1 2 3 4 5 6 

Time ( ps ) 

Fig. 11. Measured dynamic avalanche sustaining voltage waveforms showing 
failure times, indicating formation of a second filament. 

12, 1, . 

Ill First filament only 

\ 
Second filament appears 

?.6 1.8 2 2.2 2.4 2.6 2.8 
Sustaining time ( ps ) before failure 

Fig. 12. Sustaining time versus turn-off currents indicating discontinuity in 
sustaining time due to multiple filament formation. 

C. Evtdence of Multiple Filament Formation: 
The IGBTs tested showed evidence of multiple filament for- 

mation for many different test conditions. For example, Fig. 11 
shows the sustaining voltage waveform as a function of time for 
various turn-off currents at 25OC. The sustaining voltage wave- 
fwm initially increases with time due to filament self-heating. 
When tlie filament avalanche voltage becomes larger than that 
of the unheated area, the current transfers to a second filament. 
The sustaining voltage waveform then drops rapidly as tlie cur- 
rent density is increased in the second filament, thus increasing 
Nacl. This voltage drop is followed by an increasing sustain- 
ing voltage due to self-heating of the second filament,. This re- 
peated rising and falling behavior of the avalanche sustaining 
voltage waveform is also observed in simulations using multiple 
filaments. 

As the turn-off current is increased from 8 to 9 A as shown in 
Fig. 11, there is a discontinuous jump in the sustaining time be- 
fore failure. The discontinuity in sustaining time occurs because 
the first filament, is no longer heated after current is transferrcd 
lo  the second filament arid addit.iona1 t inie is required to heat the 
second filament to the intrinsic temperature. Figure 12 shows 
tlie sustaining time versus test current., indicating the discont,i- 
nuity in sustaining time due to tlie second filament formation. 
For the test currents higher tellan 9 A, the device fails before the 
formation of a second filament, whereas a t  lower currents, the 
sustaining time is longer because tlie current is transferred to 
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the unheated filament. 

V. CONCLUSIONS 
The NIST automated nondestructive RBSOA tester enables 

repeatable and extensive measurements to be made on power 
semiconductor devices, and is used to measure IGBT failure for 
unclamped inductive loading turn-off conditions. This RBSOA 
tester detects the onset of failure and diverts the current away 
from the device within 30 ns, thus preventing the device from 
being destroyed and enabling repeated failure tests to  be per- 
formed on a single device. A highly automated user interface 
is presented for the IEEE488 bus-controllable RBSOA test sys- 
tem enabling the collection and analysis of many IGBT failure 
conditions. Individual IGBTs can be tested hundreds of times 
with the RBSOA tester without observable degradation, and the 
measured failure characteristics are repeatable to within 1%. 

For the first time, unclamped inductive loading measure- 
ments are analyzed using the NIST electro-thermal IGBT model 
to simulate the avalanche sustaining voltage waveforms and con- 
ditions for failure. The IGBT model is modified to include the 
high temperature intrinsic conduction of the base region and to 
include multiple diffusion length sized filaments in parallel with 
the main device. The inclusion of multiple filaments in paral- 
lel with the main device enables the predictions of the effects 
of current constriction during avalanche sustaining conditions. 
The inclusion of the high temperature intrinsic conduction mech- 
anism is necessary to  predict the voltage collapse at  failure when 
the filament reaches the intrinsic temperature in the base region. 
The model describes experimentally observed trends in current. 
and voltage waveforms and failure conditions versus turn-off cur- 
rent and temperature. 

I t  is shown that the conditions for failure and the shape of 
the anode voltage avalanche sustaining waveforms during turn- 
off vary with the IGBT-case temperature, turn-off current level, 
and load inductance. For given test conditions, a combination of 
various mechanisms determines the shape of the avalanche sus- 
taining voltage waveform and failure time. The detailed anal- 
ysis of the physical mechanisms indicates that uniform power 
dissipation would not result in the measured avalanche voltage 
waveforms or failure times, thus indicating that filament forma- 
tion is essent.ia1 for describing the failure event. Furthermore, 
evidence of multiple filament formation is given, indicating that 
the failure time is extended when current is transferred from a 
heated filament t o  another area of the device. 
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