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A novel high-voltage light punch-through (LPT) carrier stored trench bipolar transistor (CSTBT) with buried
p-layer (BP) is proposed in this paper. Since the negative charges in the BP layer modulate the bulk electric field
distribution, the electric field peaks both at the junction of the p base/n-type carrier stored (N-CS) layer and the
corners of the trench gates are reduced, and new electric field peaks appear at the junction of the BP layer/N— drift
region. As a result, the overall electric field in the N~ drift region is enhanced and the proposed structure improves
the breakdown voltage (BV) significantly compared with the LPT CSTBT. Furthermore, the proposed structure breaks
the limitation of the doping concentration of the N-CS layer (Nnx_cs) to the BV, and hence a higher Ny_cg can be
used for the proposed LPT BP-CSTBT structure and a lower on-state voltage drop (Vcc(sat)) can be obtained with
almost constant BV. The results show that with a BP layer doping concentration of Ngp = 7 x 101® cm ™3, a thickness
of Lyp = 2.5 pm, and a width of Wgp = 5 pum, the BV of the proposed LPT BP-CSTBT increases from 1859 V to
1862 V, with Nx_cg increasing from 5 x 101% cm ™3 to 2.5 x 1016 cm—3. However, with the same N~ -drift region
thickness of 150 pm and Nnx_cs, the BV of the CSTBT decreases from 1598 V to 247 V. Meanwhile, the Vic(sat) of the
proposed LPT BP-CSTBT structure decreases from 1.78 V to 1.45 V with Ny_cg increasing from 5 x 101% cm=3 to
2.5 x 1016 ¢m—3.
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1. Introduction

Insulated gate bipolar transistors (IGBTs) are
widely used in a variety of power switching cases, such
as motor drivers, electric vehicles, and power sup-
plies. They have already become one of the main-
stream power devices in medium—high voltage appli-
cations, and their use is continuously expanding due
to improvements in the device structure.l'=1% Over
the last few years, IGBT performance has been signif-
icantly improved, owing to the appearance of trench
gate, light punch-through (LPT), which is also re-
ferred to as soft punch-through or field stop, and
carrier stored (CS) technology.''=14 As an advanced
IGBT structure, the carrier stored trench bipolar tran-
sistor (CSTBT) with LPT structure incorporates all
these innovations and demonstrates excellent overall
performance.['>~18 For the LPT CSTBT, a highly
doped N-type CS (N-CS) layer is used to act as a
hole barrier to improve the conductivity modulation
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in the drift region, hence realizing a low on-state volt-
age drop (Vee(sat)) with high carrier density around the
trench gates. The higher the N-CS layer doping, the
lower the Vee(at) that can be obtained. However, with
the increase in N-CS layer doping, the breakdown
voltage (BV) of the CSTBT is degraded severely com-
pared with a conventional LPT trench IGBT (LPT
C-TIGBT) due to enhanced electric field peaks at the
junction of the P base/N-CS layer and the trench gate
corners in the blocking state.

In this paper, for the first time, a high-voltage
LPT CSTBT with a buried P-layer (BP) is proposed
to address this main issue of the CSTBT structure.
Although only the LPT-type CSTBT structure is dis-
cussed in the paper, the proposed structure can be
easily applied to various CSTBT structures. In the
next sections, the LPT BP-CSTBT, LPT CSTBT,
and LPT C-TIGBT will be referred to as BP—-CSTBT,
CSTBT, and C-TIGBT, respectively.
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2. Device structure and opera-
tion

Figure 1 shows schematic cross sections of the
IGBT structures: (a) proposed BP-CSTBT and (b)
CSTBT. Compared with the case of CSTBT, an addi-
tional BP layer is embedded beneath the N-CS layer
in the middle of the cell for the BP-CSTBT struc-
ture. For the CSTBT structure, a highly doped N-CS
layer is placed at the bottom of the p-base layer to act
as a hole barrier to improve the carrier density around

A B
emltter

N+ PH N+
pliase D,
-GS (NI\'—CS’: Lx-c§, Wn-c

N- drift rcgion (N4, La, Wyq)

N+ I)uffcr
' collector
A B’

N- drift region (Ng, Laq, Wy)

I
| (b)

T
I
I
I
I
I
I
|

N+ buffer
| [
] coljector
A’ B

Fig. 1. (colour online) Schematic cross sections of the
IGBT structures: (a) proposed BP-CSTBT, (b) CSTBT.

the trench gates. However, due to the higher dop-
ing concentration of the N—CS layer, the electric field
peaks both at the D; junction and trench gate cor-
ners are enhanced in the forward blocking state. As
a result, the BV of the CSTBT is degraded compared
with the C-TIGBT. For the proposed BP—-CSTBT
structure, with the additional reverse biased Do—Dy
junctions and negative charges introduced from the
BP layer, the bulk electric field distribution is modu-
lated. Therefore, the electric field peaks both at the
D; junction and trench gate corners are reduced and
new electric field peaks appear at the Dy, D3, and Dy
junctions. The enhancement of the electric field at
the Dy junction increases the overall electric field in
the N~ drift region. As a result, the BV of the BP—
CSTBT is improved significantly compared with the
C-TIGBT and CSTBT structures. In the next dis-
cussion, Ngp/N—cs/d, LBp/N—cs/d, and Wep/N_cs/d
are the doping concentration, thickness and width of
the BP layer, N-CS layer and N~ drift region, respec-
tively. To have a meaningful comparison, a CSTBT
and C-IGBT with the same device parameters are also
simulated. In the simulation, the electron and hole
lifetimes are set to be 1 us.

3. Results and discussion

Figure 2 shows the influences of the BP layer pa-
rameters on the BV of the BP-CSTBT structure: (a)
the NBP and (b) the LBP'
N—-CS layer and N~ drift region used in the simula-

The parameters of the

tion are Ny_cs = 1 x 10" em™3, Ly_cs = 2 pm,
Wn_cs = 6 um, Ng = 6 x 10" cm™3, Lq = 150 um
and W4 = 8 um, respectively. It can be seen from
Fig. 2(a) that with different values of Lgp, the BV of
the BP—CSTBT structure increases quickly with the
increase in Ngp, and when the BV achieves a maxi-
mum, it decreases slightly with the increase in Npp.
The larger the Lgp, the smaller the Np that is needed
for the maximal BV. Figure 2(b) shows a similar rela-
tionship between the BV and the Lgp with different
values of Wgp for the BP-CSTBT. The larger the
Wgp, the smaller the Lgp is needed for the maximal
BV. It can be observed that the BV of the proposed
BP-CSTBT structure is affected by the total charge of
the BP layer, and the key BP layer parameters should
satisfy the following approximate condition to obtain
a higher BV:

NBP X LBP X WBP > Nd X Ld X Wd. (1)
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As long as the total charge of the BP layer is equal
to or larger than the total charge of the N drift re-
gion, the effect of the positive charges of the N-CS
layer on the BV can be shielded by the BP layer, and
a near constant BV can be obtained for the proposed
structure. This relationship between BV and BP layer
parameters indicates that the BP—CSTBT has an ex-
cellent processing tolerance.
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Fig. 2. (colour online) The influences of the BP layer

parameters on the BV of the BP~-CSTBT.

Forward blocking I-V characteristics for the BP—
CSTBT structure are shown in Fig. 3. Based on the
optimization result from Fig. 2, the device parame-
ters used in the simulation are Ngp = 7 x 10'® cm ™3,
Lgp = 2.5 um, Wpp =5 um, NN_cs = 1x106 Cm_3,
Ln_cs =2 um, Wy_cs =6 pm, Ng =6 X 1013 cm_3,
Ly = 150 pm, and Wy = 8 um. For comparison,
the results of the CSTBT and C-TIGBT with the
same device parameters are also shown in Fig. 3. The
simulation results show that the BV values of the
BP-CSTBT, CSTBT, and C-TIGBT structures are
1860 V, 1437 V, and 1702 V, respectively. It can be
seen that compared with the cases of the CSTBT and
C-TIGBT, the BV of the BP-CSTBT is improved sig-
nificantly. The negative influence of the highly doped
N-CS layer on the BV of the CSTBT is addressed by
the introduction of the BP layer. Figure 4 shows a
comparison of the corresponding forward conduction

I-V characteristics at Vye = 15 V between the three
structures. It can be seen that the BP—~CSTBT struc-
ture retains the advantage of the CSTBT and has al-
most the same -V characteristics. The values of the
on-state voltage drop (Vce(sat)) of the BP—~CSTBT and
CSTBT at collector current density J.. = 100 A/cm?
are 1.61 V and 1.53 V, respectively, which is signifi-
cantly smaller than the 1.93 V of the C-TIGBT.
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Fig. 3. (colour online) Forward blocking I-V character-
istics.
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Fig. 4. (colour online) Forward conduction -V charac-
teristics.

Figure 5 shows the effects of the Ny_cg on the
BV and V¢(sat) of the BP-CSTBT and CSTBT struc-
tures. For comparison, the BV and Vie(ar) of the
C-TIGBT are also shown in the figure.
seen that the proposed structure breaks the limita-

It can be

tion of the doping concentration of the N-CS layer
(Nn—cs) to BV. The BV of the BP-CSTBT has al-
most no change with the increase in Ny_cg. How-
ever, the BV of the CSTBT is reduced significantly.
The results show that with a BP layer doping con-
centration of Ngp = 7 x 10'® c¢m™3, thickness of
Lgp = 2.5 um and width of Wgp = 5 pum, the BV
of the proposed BP-CSTBT increases from 1859 V to
1862 V with the Ny_cs increasing from 5 x 10'° cm ™3
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to 2.5 x 10 cm~3. However, with the same N~ drift
region thickness of 150 um and Ny_cgs, the BV of the
CSTBT decreases from 1598 V to 247 V. Even with
the N-CS layer, the BV of the BP—~CSTBT is larger
than that of the C-TIGBT structure. The negative
influence of the Ny_cs on the BV is shielded by the
BP layer well for the BP-CSTBT structure. It can
also be seen from Fig. 5 that the values of Vi(sat)
for both the CSTBT and BP-CSTBT decrease with
the increase in Ny_cg, and the BP-CSTBT structure
even has a slightly larger reduction rate for the Ve (sat)-
A higher Ny_cs can be used for the proposed BP-
CSTBT structure and a lower Ve (sat) can be obtained
with almost constant BV. With the Nny_cgs increasing
from 5 x 10" cm™3 to 2.5 x 10'6 cm™3, the Vee(sat)
decreases from 1.78 V to 1.45 V for the proposed BP—
CSTBT structure.
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Fig. 5. (colour online) The effects of Nx_cs on BV and
‘/ce(sat)'

Figure 6 shows the electric field distribution
at breakdown for the structures with Ny_cg =
1x1016 em=3: (a) AA’ line, (b) BB’ line, (c) CC’ line,
and (d) DD’ line. The BV values of the BP-CSTBT,
CSTBT and C-TIGBT structures are 1860 V, 1437V,
and 1702 V| respectively. It can be seen that the elec-
tric field distribution of the CSTBT has a higher peak
value both at the trench gate corners and junction D
compared with that of C-TIGBT, which is induced by
higher positive charge density from the N-CS layer.
With vertical and lateral electric field modulation
from the negative charges of the BP layer, the electric
field peaks both at the trench gate corners and the D,
junction are reduced and new electric field peaks ap-
pear at the Ds junction for the proposed BP—CSTBT.
With a higher electric field at the D5y junction, the
overall electric field in the N~ drift region is enhanced,
therefore, a higher blocking voltage is obtained for
the proposed BP-CSTBT. Figure 7 shows the electric
field distribution at breakdown for the structures with

Nx_cs = 2 x 1016 cm™3: (a) AA’ line, (b) BB’ line,
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Fig. 6. (colour online) Electric field distribution at break-
down with Ny_cs = 1 x 1018 cm™3: (a) AA’ line, (b) BB’
line, (¢) CC’ line, and (d) DD’ line. The parameters are taken
as: Ngp = 7 x 10*® cm™3, Lgp = 2.5 um, Wgp = 5 pum,
Nn_cs =1x 1016 Cmig, Ln_—cs =2 um, Wn_cs = 6 pm,
Nq =6 x 1013 cm™3, Ly = 150 um, and Wy = 8 um.
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Fig. 7. (colour online) Electric field distribution at breakdown with Nx_cgs = 2 x 106 cm=3: (a) AA’ line, (b) BB’

line, (c) CC’ line, and (d) DD’ line.

(c) CC' line, and (d) DD’ line. The BV values of
the BP-CSTBT and CSTBT structures are 1861 V
and 438 V, respectively. It can be seen that with the
Nn_cs increasing from 1x 10 ¢cm ™3 to 2x 1016 cm =3,
the CSTBT is broken down even without depleting the
N~ drift region due to the enhanced electric field peaks
at the trench gate corners and D; junction. With elec-
tric field modulation from the negative charges of the
BP layer, the electric field distribution at breakdown
for the BP-CSTBT with Nx_cg = 2 x 10'% em ™3 is
almost the same as that with Ny_cg = 1 x 1016 cm 3.
The negative influence of Ny_cg on the electric field
is shielded by the BP layer well for the BP—~CSTBT
structure.

Figure 8 shows the influences of the Ny_cg on the
BV of different voltage class BP—-CSTBT and CSTBT
devices. It can be seen that the curves of BV ver-
sus Nn_cg for the different voltage class devices have
trends similar to those in Fig. 5. The BV of the
BP-CSTBT remains almost unchanged with the in-
crease in Ny_cs, however, the BV of the CSTBT de-
creases significantly. Based on this result, it can be

concluded that the proposed structure is suitable for

various high-voltage applications.

5 L
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L L L 1 L i
0.5 1.0 1.5 2.0 25
]\71\1703/1016 cm—3

Fig. 8. (colour online) The influences of the Nny_cgs on
the BV of different voltage class devices.

4. Conclusion

A novel high-voltage LPT BP-CSTBT is pro-
posed in this paper. The proposed structure improves
the BV significantly compared with the LPT CSTBT
due to the electric field modulation from the nega-
tive charges in the BP layer. Furthermore, the pro-
posed structure breaks the limitation of the Nn_cgg

068504-5



Chin. Phys. B Vol. 21, No. 6 (2012) 068504

to the BV, and hence a higher Nx_cs can be used
for the proposed structure and a lower Vee(sar) can be
obtained with almost constant BV. The results show
that with Ngp = 7 x 10" ecm™3, Lgp = 2.5 um and
Wgp = 5 um, the BV of the proposed LPT BP-
CSTBT increases from 1859 V to 1862 V, with Ny_cs
increasing from 5 x 10 cm™3 to 2.5 x 10'¢ cm—3.
However, with the same N~ drift region thickness
of 150 um and Nn_cg, the BV of the CSTBT de-
creases from 1598 V to 247 V. Meanwhile, the Vie(sat)
of the proposed structure decreases from 1.78 V to
1.45 V with Ny_cg increasing from 5 x 10*® ¢cm™3 to
2.5 x 10'6 cm™3.
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