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Abstract

An excess carrier lifetime extraction method is derived for physics-based insulated gate bipolar transistor (IGBT) models with
consideration of the latest development in IGBT modeling. On the basis of the 2D mixed-mode Sentaurus simulation, the clamp
turn-off test is simulated to obtain the tail current. The proposed excess carrier lifetime extraction method is then performed using
the simulated data. The comparison between the extracted results and actual lifetime directly obtained from the numerical device

model precisely demonstrates the accuracy of the proposed method.
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I. INTRODUCTION

In recent years, the characterization and modeling of
insulated gate bipolar transistors (IGBTs) have been greatly
improved [1]-[6]. In particular, the physics-based models for
non-punch-through (NPT), punch-through (PT), and field-stop
(FS) IGBTs have become increasingly accurate. However,
precise IGBT models are not enough. Thus, including a
parameter extraction method that can accurately extract the
parameters needed for the models is necessary.

Excess carrier lifetime is one of the most important
parameters for physics-based IGBT models, which characterize
the tail current during the turn-off transient and on-state voltage
drop. Although many works have explored lifetime extraction
[71-[19], most of them use the extraction theory cited in [7] to
extract excess carrier lifetime for NPT IGBT models, as well as
the extraction theory cited in [17] to extract excess carrier
lifetime for PT or FS IGBT models. Since the significant
development of IGBT transient modeling theory, especially the
availability of the newly proposed expression for the transient
dynamics of excess carrier distribution in the N-base [4] and
the improved understanding of the transient modeling of FS
layers [5], extraction methods should be modified to meet the
latest developments. Moreover, many existing studies validated
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their extraction methods by comparing the experimental and
simulated characteristics of IGBTS at static and transient states.
Such validation approach is not enough. As simulation
accuracy depends on many factors, the accuracy of simulation
results cannot guarantee the accuracy of extraction methods.

In the present study, an excess carrier lifetime extraction
method for physics-based IGBT models is is proposed on the
basis of the latest development in IGBT modeling theory [4],
[5]. The Sentaurus simulation is used to validate the proposed
method. In the validation, the Sentaurus 2D mixed-mode
simulation is used to simulate the clamp voltage turn-off test.
The proposed extraction method is implemented with the
simulation data. Finally, the comparison between the extracted
results and the actual lifetime obtained from the numerical
device model validates the proposed method.

Il. EXCESS CARRIER LIFETIME EXTRACTION
METHOD

The excess carrier lifetime is extracted by the tail current at
a constant voltage supply, which is obtained from the clamp
voltage turn-off test. For NPT IGBTSs, the extraction of
N-base lifetime z, is independent of clamp voltage. For PT
and FS IGBTSs, a low clamp voltage extraction is needed to
acquire the N-base lifetime z_, and a high clamp voltage

extraction is necessary to obtain the buffer layer lifetime z,, .

A. Extraction of “t for NPT IGBT Models

© 2016 KIPE
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According to Hefner’s IGBT modeling theory [7], during
the turn-off transient state, the base charge decay rate is

%=—%—Ino o)
where Q, is the excess carrier charge in the N-base, 7, is
the excess carrier lifetime in the N-base, and 1, is the
electron current injected into the emitter.

Q. in (1) is expressed as [7]
2

Q=h @
where W, is the undepleted N-base width. D, is the hole

diffusivity in the N-base, and 1, is the total current.
I, in(1)isexpressed as [7]

2
o =12 )

where n, is the intrinsic carrier concentration, 1, is the

emitter electron saturation current, and P, is the excess
carrier concentration at the emitter edge of the N-base.

At the turn-off transient state, if the anode voltage rise time
is prolonged, then few electrons can arrive to the P emitter to
provide the electrons needed for recombination. The local
electrons and holes thereby have to recombine, which results
in the decrement of B,. As |, is proportional to the square

of B, 1,
Therefore, in prolonging the anode voltage rise time, 1., in
(1) can be neglected. Substituting (2) into (1) yields

rL:{dlan } 4

dramatically drops when P, decreases.

dt

The current decay rate (—[dInl; /dt]™) decreases at a low

current because the N-base leaves a high-level injection
condition and the low-level lifetime is shorter than the
high-level lifetime. At a high current, the current decay rate
also decreases because the increased rate of emitter electron
current injection [7]. In the range in which the current decay
rate is at its maximum, the N-base is in a high-level injection
state, and the electron current injection is negligible, (4) is
valid. 7, is equal to the maximum value of the current

decay rate.

B. Extraction of ‘- and “ for PT IGBT Models

In a PT IGBT, the N-base is in a high-level injection
condition. Therefore, the whole current transmission equation
takes the form of the following bipolar transport equation
[20]:
p, 4P 5)

I;
-1 _gA
" 14h, R dx

where D, =2D,, D, /(Dy +Dy).D, and D, are the
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Fig. 1. Coordinate diagram for the PT and FS IGBTSs.

electron and hole diffusivities in the N-base, respectively.
b=/ po - Hy and u, are the electron and hole
mobilities in the N-base, respectively. Sp is the excess hole
concentration, and A is the device active area.

At the turn-off transient state, the N-base excess hole
distribution is [4], [5]

2
Sp(xt) =P, [1- = _LM[X__M
W, | WD, dt ‘2 6
3 2 3
R +Py, X_z_x—z_XWZL (6)
w, 22 6WL2 3L

where W, is the width of the undepleted N-base, P, is the

excess carrier concentration at x=0 (Fig. 1), and L_ is

the base diffusion length L, =./D,7, .

In the clamp voltage turn-off test, after the anode voltage
reaches the clamp voltage, the anode voltage remains
constant. Therefore, dW,_/dt in (6) is zero. By combining

(5) and (6) while neglecting the second term of (6), we can

obtain the base hole currents 1, and 1, inFig. 1.

=1, (x=0)=—1 %, 2 ™

1+b, 7, 37,

I Q. _Q
| = x=W,)= T + <L _ _~L 8
P2 pL( V) 1+b, 7, 37, ®)
where 7, is the ambipolar base transit time
7, =WS2/2D, . The N-base excess charge Iis

Q. =qP W, /2.
In the PT buffer layer, the low-level injection is assumed,
and the hole current I, is [20]

gAD,
pH WHPH (Pio—Paw)
Q. AW, N O ©
Ty T Wi Ny Qg

where W,, is the buffer layer width. N, is the buffer layer
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doping concentration. P,, and PB,, are the excess carrier

concentrationsat X" =0 and X" =W, , respectively. Q, is
the excess charge in the buffer layer, that s,
Q. =0AW, (R, ,+Pyw)/2. Qg is the base charge, that is,
Qs =qAW,N, . 7, is the buffer layer base transit time, that
i, 7., =W./2D,, .

Note that N, << N, and that the second term on the right
side of (9) is much smaller than the first term [5]. By
equating (7) and (9) while neglecting the second term of (9),
we can express the base charge Q, as

I
_ﬁTHb

1+h+ﬂ
Tn 37,

&
(10)

Q =
where Q; is the total excess charge in the N-base and buffer
layer. Q; =Q,, +Q,. By substituting (10) into (8), the hole

current 1, at x=W,, which is now the total current, is

given by
1 1
o (‘:J
I — Ab L 11
"Tre . b, (% Doy )
T 1+b. 31+Db)7,
The total charge decay rate is [20]
d&__ \NL2 W: +WHNH|sne |
dt 4D, 7, 2Dz, DpyqnA )T
2
Ny n° )L 2gAD,,
where 7, is the excess carrier lifetime in a high-doped
buffer layer.
For the high clamp voltage extraction W, ~0, (11) is
simplified as
3 (13)
Thb
Substituting (13) into (12) with W_ =0 vyields (14).
dIn(IT):_ i+ 2NHISne2 (14)
dt 7, QAW,N

The first term on the right side of (14) corresponds to the
excess charge recombination in the buffer layer, whereas the
second term denotes the emitter electron current injection.
The excess charge recombination rate in the buffer layer is
much larger than the electron injection rate because 7, is
very short. If the second term on the right side of (14) can be
neglected, then (15) is obtained.

s =-| 2| (15)

At a high current, the buffer layer leaves the low-level
injection condition. The current decay rate thereby increases
because the high-level lifetime is longer than the low-level
lifetime. At a low current, the excess charge in the buffer
layer is almost exhausted, and the current decay is dominated
by the electron current injection. The current decay rate
increases because of the decreased rate of emitter electron
current injection. In the minimum current range, in which the
buffer layer is in a low-level injection condition and the

electron current injection is negligible, (15) is valid. z, is
equal to the minimum value of the current decay rate.

For the low clamp voltage extraction, 7, <7z, IS
observed, and (11) is simplified as
Qo
T
I, = b (16)
T T, DL +(2bL_1)THh
T 1+b 3@A+Db)7,

The anode voltage rise time is prolonged. Few electrons
can reach the J, junction to provide the electrons needed
for recombination. Therefore, the local electrons and holes
are recombined, and P,, is decreased. The excess carrier

recombination rate is very large because the excess carrier
lifetime in the buffer layer is very short. Thus, B,, greatly

decreases as a result of the recombination. In the PT IGBT,
the electron current injected into the emitter is [17]

l..P, N
InH= sne r:lzo H (17)

The electron current 1, injected into the emitter is
thereby negligible because of the significant decrement of
Pio -

The anode voltage rise time is prolonged to eliminate
electron current injection. The terms containing 1. in (12)
correspond to the electron current injection. By neglecting the

terms containing 1., in (12), substituting (16) into (12)

sne

sne

yields
dingly) 1 [H'T] (18)
dt [ Iy
where
1( we oWy j
1 Ta \ 4Dp 7 2Dpy 7y,
e, b @D, Y
Th 1+b. 3(+Db)7,
and
1qAWH[WL]2
1 T 7 N, | 20AD_ 20)

178 Too b, i (2b_ D)7y,

7y 1+b 31+b)7,
According to the discussion on (4), (18) is only validated in
the range in which the current decay rate is at its maximum.
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In this range, 1, is much smaller than 1. Therefore, z}

is approximately equal to the maximum current decay rate,
which can be used in (19) to calculate 7, .

C. Extractionof "t and “+ for FS IGBT Models

In the FS IGBT, the N-base is also in a high-level injection
condition; hence, equations (5)—(8) are still valid. However,
unlike the PT buffer layer, the FS layer is in a high-level
injection condition [5]; therefore, (9) should be modified as

| gAD,
pH = l+TbH + WHPH (PHO - PHW)

I Q, 4W,N Q@
T e,
The doping concentration in the FS layer is about
1x10%cm™ -1x10"*cm?; thus, b, ~b . As N_<<N,, the
third term of (21) can be neglected [5]. By equating (7) and
(21), the base charge Q, is expressed as

Q-—F (22)
l+i+ﬂ
Th 37,
By substituting (22) into (8), the collector current, which is
now the total current, is given by
M[QQJ
I = b \ra 37, (23)
1+ﬁ+ﬂ
[
For the high clamp voltage extraction, (23) is simplified as
follows because W, =0:
|, =10 O (24)
b Tup
According to the discussion in (14), the emitter electron
current injection is negligible. By eliminating the terms

containing 1., in (12), substituting (24) into (12) with
W, =0 yields
-1
.. :_1+bL[dInIT} (25)
b, [ dt

The current decay rate decreases at a high current because
of the increased rate of electron injection into the emitter. At
a low current, the current decay rate also decreases because
the FS layer leaves a high-level injection condition. Therefore,
in the maximum current range, in which the FS layer is in a
high-level injection condition and the electron current
injection is negligible, (25) is valid. The maximum current
decay rate can be used in (25) to calculate z,, .

(I+b)Qr

L /Y (26)

14 Fmo 2Ty,
T 37,

B

For the low clamp voltage extraction, 7, <7, ; hence,

T1 L ,
%{ vee("
R Iy

pulse

(a)
T2
;L: Re2 %} Vaamp & =
(b)

Fig. 2. Test circuit used for excess lifetime extraction. (a) Circuit
used to extract z, for NPT IGBT and ,, for FSor PT IGBT.

(b) Circuit used to extract 7, for the FS or PT IGBT.

(23) is simplified as

dnl) _ 1fy -
dt Tu I
where
2 2
l+bLi( W . W, )
1 _ b 7y 4Dyr, 2Dz, 28)
7'-efff 1+M+ﬂ
Ty 37,
and

1+bL1qAWH[ W, jz
20AD,, 29)

1 b o7 7yNy

f_f

IkTeff 1+ﬂ+ﬂ
Ty 37,

According to the discussion on (4), (27) is also valid in the
range in which the current decay rate is at its maximum. In

this range, 1, is much smaller than 1. Therefore, ¢ is

equal to the maximum current decay rate, which can be used
in (28) to calculate 7, .

I11. NUMERICAL SIMULATION

To validate the proposed extraction method, the tail current
is obtained with the 2D Sentaurus numerical simulation. In
the simulation, the test circuits (Fig. 2) are used to simulate
the clamp voltage turn-off test. Through the Sentaurus
mixed-mode simulation, all the diodes, resistors, and
inductors used in the test are implemented with built-in
Sentaurus compact models. The NPT, PT, and FS IGBTs
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Fig. 3. Typical waveforms of IGBT turn-off process.
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Fig. 4. Turn-off waveforms of the simulated clamp voltage of the
NPT IGBT using R, =5kQ at 150 V/50 A.

under testing are implemented with 2D numerical device
models. Table 2 shows the parameters used in the 2D
numerical device models.

According to the mixed-mode simulation, the turn-off
waveforms of the clamp voltage can be obtained. The typical
and simulated turn-off waveforms are shown in Figs. 3 and 4,
respectively. Fig. 3 shows that the turn-off transient condition
of the IGBT can be divided into four phases. In phase 1, the
gate-side capacitance discharges, and the gate voltage Vg
decreases accordingly. In phase 2, as a result of the Miller
effect, Vg remains approximately constant. VVce starts to rise
slowly while the collector current Ic remains unchanged. As
the collector-emitter voltage Vce increases to approximately
10 V, phase 3 begins. Vce begins to increase rapidly toward
Vdec. In this phase, the collector-emitter depletion capacitance
begins to charge. The charging current greatly compensates
for the collector current reduction because of the shrinking of
the MOS-side electron current. The collector current Ic then
undergoes a slow decrease. Once Vce reaches the Vclamp,
phase 4 begins. The diode begins to conduct, and the
collector current of the IGBT starts to transfer into the diode.
Given that Vge is under the threshold voltage Vth, the
MOS-side electron current and the associated hole drift
current are removed. This effect results in an initial rapid
decline of the collector current Ic. The collector current Ic

TABLE I
2D NUMERICAL DEVICE MODEL PARAMETER LIST
Parameter NPT IGBT PTIGBT FSIGBT
N-base doping 5x10% 510" 5x10%
concentration (cm ~*)
N-base width (2 m) 140 70 70
Cell pitch width ( ¢z m) 10 10 10
Trench gate depth 8 8 8
(4 )
Trench gate width 3 3 3
(prm)
PT buffer layer/FS layer - 6 4
width ( zm)
PT buffer layer/FS layer - 1 %107 5x10%
doping concentration
(em™)
P emitter width (¢ m) 4 10 4
P emitter doping 5 %10 5x10'® 1x10"

concentration(cm %)

then continues to decline because of the remaining excess
carrier recombination in the N-base and buffer layer.

As shown in Fig. 3, the duration of phase 3 and that of
phase 4 are defined as t, and t,, respectively. During t., the
excess carrier in the N-base and buffer layer undergo slow
recombination. The current decay rate during t, can thus be
used to extract the excess carrier lifetime. t, is the anode
voltage rise time. To eliminate the excess carrier
concentration P, at the emitter edge of the N-base, t, should
be long enough. In the range in which the extracted carrier
lifetime is independent of t,, the extracted results are equal to
the real carrier lifetime.

IVV. EXTRACTION METHOD VALIDATION

On the basis of the simulated tail current, the proposed
lifetime extraction method is performed to extract the excess
carrier lifetime. The extraction method is directly validated
by comparing its excess carrier lifetime with the actual excess
carrier lifetime obtained from the 2D numerical device
model.

A. Excess lifetime extraction for NPT IGBT models
The circuit in Fig. 2a is used to simulate the turn-off test.
In the circuit, the clamp voltage V, is 150 V, the inductor

is 500 V, the

capacitance C, is 50 mF, the load resistor R, is5 Q,and

lamp

L is 2 mH, the source voltage V,

the gate resistor R, is varied to change the anode voltage

rise time.

The turn-off tests are simulated with six different anode
voltage rise times at 150 V/50 A. On the basis of the
simulated tail current, the current decay rate is calculated
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Fig. 5. Current decay rate versus total current for NPT IGBT.

with (4), as shown in Fig. 5. In the range in which the
maximum current decay rate is independent of the anode
voltage rise time, 7, is extracted to be 6.01 s . The actual
lifetime 7, obtained from the NPT IGBT device model is
6.2 s, which is very close to the extracted value.

B. Excess Lifetime Extraction for PT IGBT Models

For the high clamp voltage extraction of the PT IGBT, the
test circuit in Fig. 2a is used to extract z,, . In the circuit, the
inductor L is 2 mH, the gate resistor R, is set to zero, the
voltage of V. is 600 V, the capacitance C, is 50 mF, the

load resistor R, is 5 Q, and the clamp voltage V,

clamp
ranges from 300 V to 550 V. This extraction is performed to
verify that the proposed method can provide a reasonable
extraction result at different clamp voltages.

The turn-off test is simulated at 50 A. The current decay
rate is then calculated with (15). z,, is extracted by finding
the minimum value of the current decay rate. Fig. 6 shows the
extracted 7, atdifferent clamp voltages.

For the low clamp voltage extraction, the test circuit in Fig.
2b is used to extract z, . In the circuit, the clamp voltage

V

wamp 19 5V, the capacitance C, is 100 mF, and the gate
resistor R, is varied to change the anode voltage rise time.

The turn-off test is carried out at 5 /50 A. On the basis of
the simulated tail current, the current decay rate is calculated,
as shown in Fig. 7. In the range in which the maximum
current decay rate is approximately independent of the anode

voltage rise time, 7§ is extracted to be 4.26 us. By
substituting the extracted zf into (19), 7, is calculated to
be 6.23us .

The actual 7, and z, of the PT IGBT device model are
6.3us and 28ns, respectively. The extracted 7, and 7,
show great accuracy.

o t=40pus
6.5 S 4
[m] tr=100“s
g +  t=0pus
=
E° oo o g 1
s o m
b s}
o o
s
5 [}
§ ssf P i
b * *
£ *
5
2 *
£ *
o * +*
5- 4 .
*
454 g
. . . . . .
0 1 2 3 4 5 6

Total Current \T A

Fig. 6. Extracted z,, versus clamp voltage for PT IGBT.
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Fig. 7. Current decay rate versus total current for PT IGBT.

C. Extraction for FS IGBT models
For the high clamp voltage extraction of the FS IGBT, the
circuit in Fig. 2(a) is used to extract z, . All parameters in

the circuit are the same as those used for the high clamp
voltage extraction of the PT IGBT. The maximum current

decay rate is determined, and z,, is then extracted with (25).
The extracted z,, is plotted versus various clamped voltages
in Fig. 8.

For the low clamp voltage extraction, the turn-off test is
simulated at 5 V/50 A with the circuit in Fig. 2b. In the

circuit, the capacitance C, is 100 mF. The gate resistor
R,, is varied to change the anode voltage rise time. On the

basis of the simulated tail current, the current decay rate is
extracted (Fig. 9). In the range in which the maximum current

decay rate is independent of the anode voltage rise time, ..

is equal to the maximum current decay rate (4.354s). By

substituting 7. to (28), 7, isextractedtobe 5.6us.
The actual 7, and z, obtained from the FS IGB T
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Fig. 8. Extracted 7,, versus clamp voltage for FS IGBT.
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Fig. 9. Current decay rate versus total current for FS IGBT.

device model are 6us and 1us, respectively. The extracted
7, and r, are very close to the actual value.

The extracted 7, is greatly overestimated when the

extraction method for the PT IGBT is used to extract the
lifetime, as shown in Fig. 9. This overestimation is caused by
the FS layer being in a high-level injection condition [5] and
the PT buffer layer being in a low-level injection condition;
moreover, the lifetime of the high-level injection is longer
than that of the low-level injection.

V. CONCLUSION

A novel excess carrier lifetime extraction method is
proposed in this work. Compared with published extraction
methods, the proposed method is novel in the following
aspects.

(1) The newly proposed IGBT modeling method is used to
derive a new excess lifetime extraction theory.

(2) The 2D Sentaurus numerical simulation is performed to
validate the proposed method. In the validation, the actual
excess carrier lifetime of the 2D numerical device model is
obtained. The proposed method is then directly verified by

the comparison of the extracted and actual lifetime.

In the end, the good agreement between the actual carrier
lifetime and the extracted value demonstrates the accuracy of
the proposed extraction method.
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