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A novel shorted anode lateral-insulated gate bipolar transistor (SA LIGBT) with snapback-free characteristic is pro-
posed and investigated. The device features a controlled barrier Vj,rier and resistance Rgp in anode, named CBR LIGBT.
The electron barrier is formed by the P-float/N-buffer junction, while the anode resistance includes the polysilicon layer
and N-float. At forward conduction stage, the Vp,rier and Rga can be increased by adjusting the doping of the P-float and
polysilicon layer, respectively, which can suppress the unipolar mode to eliminate the snapback. At turn-off stage, the
low-resistance extraction path (N-buffer/P-float/polysilicon layer /N-float) can quickly extract the electrons in the N-drift,
which can effectively accelerate the turn-off speed of the device. The simulation results show that at the same Vi, of 1.3V,
the Eqg of the CBR LIGBT is reduced by 85%, 73%, and 59.6% compared with the SSA LIGBT, conventional LIGBT, and
TSA LIGBT, respectively. Additionally, at the same E of 1.5 mJ/cm?, the CBR LIGBT achieves the lowest Vo, of 1.1 V

compared with the other LIGBTs.

Keywords: shorted anode lateral-insulated gate bipolar transistor, snapback, barrier, trade-off

PACS: 85.30.De, 85.30.Pq, 85.30.Tv

1. Introduction

Lateral insulated gate bipolar transistor (LIGBT) is a pop-
ular power device due to its voltage control and low power loss
at forward conduction, which is widely used in the field of the
power integrated circuits.!'®) However, the excessive carriers
in the N-drift lead to the large turn-off loss Eoe. 11017 The
shorted anode (SA) LIGBT can effectively accelerate the ex-
traction of electrons by introducing the N+ anode in anode. 8]
However, the snapback effect is induced when the working
mode of the device transforms from unipolar mode to bipo-
lar mode. In order to solve this problem, several novel struc-
tures have been proposed. The separated shorted anode (SSA)
LIGBT is adopted to suppress the snapback by controlling
the distance between N+ anode and P+ anode.!"”! The trench
shorted anode (TSA) LIGBT is proposed to alleviate the snap-
back by inducing an oxide trench between N+ anode and P+
anode, which extends the path of the electrons.!*’! The seg-
mented trench in the anode region (STA) LIGBT can avoid the
snapback by inducing a deep trench in anode.?!-*?! The mul-
tiple current plugs (MCP) LIGBT can eliminate the snapback
by introducing three separated current plugs into N-buffer.!?!

In this work, a novel SA LIGBT featuring a controlled
anode barrier and resistance (CBR) is proposed and discussed
to achieve the snapback-free and better trade-off character-

istic between V,, and E, . The devices simulation results

DOI: 10.1088/1674-1056/abb7fc

and validations are obtained by the TCAD MEDICI tools,
and the parallel field mobility model, concentration-dependent
model, perpendicular electric field mobility model, auger re-
combination, and Shockley—Read—Hall recombination model
are adopted.?*

2. Device structure and mechanism

Figure 1(a) shows the schematic views of the CBR
LIGBT. An oxide trench is set to be in anode region, which
divides the N-drift into two parts. The P-float is set to be on
the left of the oxide trench, which forms an electron barrier
Vbarrier t0 inhibit the electrons from flowing into the N+ anode.
The N-type doping polysilicon layer is located on the top of the
oxide trench, while the N-float is set to be on the right of the
oxide trench, which forms the anode resistance Rgp in series.
The key parameters for the different structures compared with
each other in this paper are listed in Table 1, where ¢ and Npo1y
are the thickness and doping concentration of the polysilicon
layer, respectively; Np_ and Ny_ are the doping concentra-
tions of the P-float and N-float, respectively; Lg is the distance
between N+ anode and P+ anode of the SSA LIGBT; L; is the
length of oxide trench of the TSA LIGBT.

Figure 1(b) shows the equivalent circuit and operating
mechanism of the CBR LIGBT. The polysilicon layer and N-
float are respectively regarded as the R; and R; in series, while

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61604027 and 61704016) and the Fund from Chongging Technology
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fCorresponding author. E-mail: cwz@cqu.edu.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

028501-1


http://dx.doi.org/10.1088/1674-1056/abb7fc
cwz@cqu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 30, No. 2 (2021) 028501

the P-float is an electron barrier to block electrons flowing into
the N+ anode. The height of the potential barrier Vyapier 1S €X-
pressed as

;i

koT M “Np_
Vbarrier = 07 (ln buffer2P> ) (1)

where n; is the intrinsic carrier concentration, Nyyffer 1S the
doping of the N-buffer, Np_ and k¢ are the doping of the P-
float and Boltzmann constant, respectively.
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Fig. 1. (a) Schematic diagram of CBR LIGBT, Ngig doping Ng = 1.8 x
10™ cm™3, N-drift length Wy = 30 um. (b) Equivalent circuit and operating
mechanism of CBR LIGBT in unipolar mode.

Table 1. Key parameters of different LIGBTs.

CBR SA SSA TSA
Ty (um) 25 25 25 25
Wy (um) 30 30 30 30

Ny (em™3) 1.8x10%  1.8x10™ 1.8x10™ 1.8x10
Tiox (m) 2 2 2 2
Tox (nm) 25 25 25 25

Nouffer (cm™3)  5x1015 5%x1015 5%x1015 5%x1015
Lp (um) - - 20 -

Ly (pm) - - -
Np_ em™3)  9x10" - - -
Nx— em™3)  1x10'° - - -
Npoty (em™3)  1x10'0 - - -

The value of R; and R, can be obtained from

Ry = Ppoly

Lpoly

Lpoly _

Spoly

NpotyqgtZ ’

2

In— In_
Ry = PN- o

= 3
SN- NN-quinZ

where Lpoly and Ly are the length of the polysilicon layer
and N-float, respectively, #, is the thickness of the N-float, and
Z is the length of the device in the vertical direction. Thus,
the proposed device obtains a larger Rga than the SA LIGBT.
At the initial forward conduction stage (Ip - Rsa < 0.7 V),
the device operates in unipolar mode with single electrons,
and the P-body/N-drift/P+ anode triode is turned off. When
Ipn - Rsp > 0.7 V, the PNP transistor is turned on, and the
P+ anode injects holes into the N-drift. The device works in
the bipolar mode. When the device transforms from unipolar
mode to bipolar mode, the turnover voltage of snapback effect
Vsp can be approximated as the following expression: >

R4+ Rep
Vs = VpN (1 + RC> — Vbarriers 4
SA

where Ry and Ry, are the resistance of N-drift region and chan-
nel, respectively; Rsa can be calculated from

Rsa = Ryuffer +R1 + Ra. (5)

So, the snapback Vsp can be suppressed by increasing the
Viarrier» R1 or Ry in the anode.

At turning off stage, the N-buffer/P-float/Polysilicon
layer/N-float forms a low-resistance path to accelerate the ex-
traction of electrons, which effectively reduces the Eqg of the
CBR LIGBT.

3. Results and discussion
3.1. Forward conduction characteristics

Figure 2(a) shows the comparison of forward conduc-
tion characteristics among the CBR LIGBT, SA LIGBT, SSA
LIGBT, and TSA LIGBT. For the SA LIGBT, it switches from
unipolar mode to bipolar mode with abrupt voltage due to the
shorted effect of the N+ anode. Thus it exhibits the most se-
rious snapback phenomenon in all the LIGBTs above. For
the SSA LIGBT, it still suffers a tiny snapback even if the
Lp increases to 20 pm, which leads to the waste of the chip
length. For the TSA LIGBT, the snapback effect can be ef-
fectively suppressed when the oxide trench is deep enough
(Ly > 3 wm). The CBR LIGBT achieves the snapback-free
characteristic, because the Rsa and the Viaier can be easily
increased by adjusting the doping concentration of polysili-
con layer and P-float. Additionally, both the CBR LIGBT and
TSA LIGBT achieve the lowest voltage drop of 1.12 V at Ja
of 100 A/em?.

Figure 2(b) shows the current distributions in the anode
region of the CBR LIGBT at points A and B. At point A of
Ja =3 Alem?, the device operates in a unipolar mode, and
the P+ anode/N-buffer junctions is turned off. The electron
current flows to the N+ anode along the path of N-buffer/ P-
float/ Polysilicon layer/ N-float. At point B of J5 = 40 A/cm?,
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the P+anode/N-buffer junction is turned on, and the P+ anode
begins to inject holes into the N-drift. The device mode trans-
forms into bipolar mode with exponentially increased current.

100

— —SA (a)
I Von=1.12V ——SSA
80 TSA
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Fig. 2. (a) Forward conduction characteristics of CBR LIGBT, SA LIGBT,
SSA LIGBT (Lg = 20 um), and TSA LIGBT (L; = 3 pum), with voltage
applied to the gate Vg being 15 V, and cathode connected to the ground
Veathode = 0 V. (b) Current distributions in anode at points A and B of CBR
LIGBT (points A and B are shown in (a)).
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Fig. 3. Forward conduction characteristics of CBR LIGBT (a) at different
values of Npoly, NN, and (b) Np_.

Figure 3 shows the forward conduction characteristics of
CBR LIGBT at different values of Np_, NN, and Nply. Obvi-
ously, the decreasing of Npo1y and Ny are favorable for sup-
pressing the snapback because the R and R; are increased as
shown in Fig. 3(a). In Fig. 3(b), increasing Np_ is helpful in
suppressing the snapback because the Vymier 1S increased ac-
cording to Eqgs. (1) and (4). Moreover, the inhibition effect
of Np_ and Ny on snapback are more obvious than that of
Nn-. So adjusting Np— and N,y are a promising method to
eliminate the snapback phenomenon.

Figure 4 shows the influences of N,y on forward volt-
age drop V,, at different temperatures 7 of CBR LIGBT. For
the given T, both the V,, and AVsp gradually increase with
Npoly increasing, and it also illustrates that reducing Npoly is
beneficial to solving the snapback problem and reducing the
Von- In addition, at the same Npoly, Von decreases obviously
with the increase of 7', and a higher temperature is also eas-
ier to achieve the snapback-free characteristic. This is because
the mobility decreases with the increase of temperature, which
leads to a larger Rga for the CBR LIGBT. At T = 400 K, the

device exhibits snapback effect only at N,opy of 1x 1018 cm=3.
poly
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Fig. 4. Influences of Nyoyon forward voltage drop Vo, at different tem-
peratures of CBR LIGBT, with V;, calculated at anode current density of
100 A/em?.

3.2. Turn off characteristics

In Fig. 5 the turn-off characteristics of different LIGBTs
are compared among each other. All the devices are compared
mutually at the same V,,, of 1.3 V. The turnoff time Ty is cal-
culated from 90% I to 10% I. For the SSA LIGBT, it shows
the longest Torr of 570 ns, because a long Lp is designed to
suppress the snapback and also reduce the V;,, resulting in a
long extraction path with high resistance at turn-off stage. For
the TSA LIGBT, it has Ty of 160 ns, because the trench ox-
ide in anode will prevent the electrons from being extracted.
The Ty of SA LIGBT is 90 ns, which is slightly slower than
that of the CBR LIGBT. This is the result of a long and high
doping concentration P+ anode necessary to achieve the Vg,
of 1.3 V, which is not conducive to the extraction of electrons.

028501-3



Chin. Phys. B Vol. 30, No. 2 (2021) 028501

For the CBR LIGBT, it achieves the shortest To¢ of 70 ns, be-
cause the N-buffer/P-float/polysilicon layer/N-float provides a
low-resistance path to accelerate the extraction of electrons in
N-drift.

Figure 6 shows the distributions of the electron concen-
tration N, of different LIGBTs (y = 4 wm) from #; to 4 pe-
riod, and the devices start to be turned off at #; period. At r,
and #3 periods, the N, of CBR LIGBT is lower obviously than
that of the SSA LIGBT and TSA LIGBT. At #4 period, the SA
LIGBT and CBR LIGBT have completed the turn-off process,
while there remain a lot of electrons in SSA LIGBT and TSA
LIGBT.
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Fig. 6. Distributions of electron concentration N, along x direction (y =

and (d) 4 period. (Curves at period #;—4 are shown in Fig. 5).
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Fig. 5. Turn-off characteristics of different LIGBTSs at the same Vo, of 1.3V,
obtained in the same circuit with bus voltage (Vyys) 200 V, gate resistance
(R) 10 Q, load inductance (Lc) 10 uH, and stray inductance (Ls) 10 nH.
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Fig. 7. Turn-off characteristics of CBR LIGBT (a) at different values of N,y and (b) different values of Np_.

Figure 7(a) shows the turn-off characteristics of CBR
LIGBT at different values of Npoy. The CBR LIGBT has a
Togr of 390 ns at an Npely of 1% 10'5 cm™3. The T, decreases
gradually with N,y increasing due to R; decreasing, thus the
turn-off loss Ey can be further reduced. Figure 7(b) shows

the turn-off characteristics of CBR LIGBT at different values
of Np_. The Ty decreases from 390 ns to 160 ns with Np_
decreasing form 2.5x10'® cm™3 to 1x10'® cm™3 due to the
enhanced Vyapier. Furthermore, a reasonable Nyoy or Np_ is

important to obtain a better trade-off between V,, and Eg.
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3.3. Trade-off characteristic

Figure 8 displays the influences of N1y and L on AVsp
and Efr. For the device with Nyoly of 1x 101 cm~3, it shows
that the snapback-free characteristic occurs with the increase
of L. However, it also results in a large Eqg. For the device
with Nyoly of 1x10'® cm™3 and 1x10'7 cm™3, the AVsp in-
creases with L increasing, and a higher N1y will bring a larger
AVsg. On the other hand, the E. ¢ decreases with the increase
of L, and increasing Npoly is beneficial to obtaining a lower
Eofr. Because L can be regarded as the width of the cross sec-
tion of electron path from P-float to polysilicon layer, increas-
ing L leads to a narrower path for electrons, which is helpful

in reducing the value of Eg.

2.0
1.6} —&— N,y = 1X1015

—A— N,y = 1Xx10'6 116
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- 1.2} - g
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Fig. 8. Influences of N0y and L on AVsp and Eug of CBR LIGBT, with L
shown in Fig. 1(b).
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Fig. 9. Trade-off characteristics between Vo, and Ey, showing (a) influ-

ences of Nyory and £ on Vo, and Eogr of CBR LIGBT, and (b) the influences

of temperature 7 and Np_ on V,, and Eqg of CBR LIGBT, with ¢ shown in
Fig. 1(b).

Figure 9(a) displays the influences of N1y and ¢ on Vo,
and Eqg. It is observed that increasing the width of the cross
section ¢ or Nyoly Will lead the value of V,, to increase. Simul-
taneously, the E,¢ decreases because the R; decreases with
the increase of ¢ and doping N,ory. Figure 9(b) shows the in-
fluences of temperature 7 and Np_ on Vo, and Ey. The Vi
decreases with T increasing due to a lower mobility, while
the Eg increases. Meanwhile, the increasing Np_ can bring a
higher Eq¢ and a lower V.

Figure 10 shows the trade-off characteristics between V,,
and E of different LIGBTs. The CBR LIGBT achieves the
best trade-off characteristics in all LIGBTs. At the same V,,
of 1.3V, it realizes 85%, 73%, and 59.6% reductions in E
compared with that of the SSA LIGBT, convention LIGBT,
and TSA LIGBT, respectively. Additionally, at the same Eq¢
of 1.5 mJ/cm?, the V,, of the CBR LIGBT reduces by 26%,
24%, and 6% compared with that of the SSA LIGBT, conven-
tional LIGBT and TSA LIGBT, respectively. Thus, the pro-
posed device not only achieves the snapback-free characteris-
tic, but also obtains a better trade-off characteristics between
Von and Eoff.

4
—o—CBR
r A —A— SSA
3k L —m—TSA
—A— conventional
| &V =13V

Eor=1.5 mJ/cm?

! 26%‘\‘\
Qi

TS A— 4
L O@l\.

o

Eofr (mJ/cm?)
o

0 1 1 H 1 1 1 1 1 1
1.0 1.2 1.4 1.6 1.8 2.0

Von (V)

Fig. 10. Trade-off characteristics between V, and Eq of different LIGBTS,
with Vo, values of different LIGBTSs obtained at Jo = 100 A/cm? and Eqg
value calculated by varying concentration of P+ anode.

3.4. Key process of CBR LIGBT

Figure 11 shows the key process of fabricating the CBR
LIGBTs. The main process can be divided into 8 steps. The
oxide trench can be formed simultaneously with the SOI struc-
ture as shown in Fig. 11(a). In Figs. 11(b) and 11(c), the
P-body, N-buffer, P+ anode, and N+ anode can be realized
by using the multiple ion implantation. Then the oxide in-
sulation layer and polysilicon are formed by deposition and
etching process as shown in Figs. 11(d) and 11(e). Note that
the secondary ion implantation is needed to reach the doping
concentration of the polysilicon gate as shown in Fig. 11(f).
Finally, the excess polysilicon and insulating layer are etched

and electrodes are placed.
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Fig. 11. Key process of fabricating CBR LIGBT, showing (a) oxide trench and SOI structure formation, (b) P-body, N-buffer, P-float, and N-float
formations, (c) P+ and N+ cathode formations, P+ and N+ anode formations, (d) oxide layer formation by deposition and etching, (e) doping of the
polysilicon layer, (f) secondary ion implantation to form polysilicon gate, (g) etching excess polysilicon, and (h) etching the oxide layer and place the

electrode.

4. Conclusions

The controlled barrier and resistance CBR in the anode is
introduced to control the Viuier and Rsa for the SA LIGBT
by adjusting the doping of the P-float, N-float and polisilicon
layer. The results show that the CBR LIGBT not only achieves
the snapback-free characteristic but also obtains better trade-
off property between V, and Ey than the SSA LIGBT, con-
ventional LIGBT, and TSA LIGBT.
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