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ABSTRACT A novel low loss lateral insulated gate bipolar transistor (LIGBT) with high voltage level is
designed and studied in this paper, and is proposed with assisted depletion N-region (AD) and P-buried
layer (PB) in the bulk Si substrate, named PBAD LIGBT. The proposed PBAD LIGBT utilizes the idea of
electric field modulation (EFM) to greatly improve the breakdown voltage, which optimizes the lateral
and longitudinal electric field distribution by introduced high electric field peak. Therefore, compared
with conventional (Conv.) LIGBT, the shortened drift length of proposed PBAD LIGBT is beneficial to
improve the forward and switching characteristics at the same time, while maintaining the same breakdown
characteristics. When the breakdown voltage reaches 360 V, according to the TCAD simulation results,
the drift length of proposed PBAD LIGBT is 20pm, which is 71.4% shorter than that of Conv. LIGBT
of 70um. As a result of shortening drift length, the forward voltage drop and turn-off loss of proposed
PBAD LIGBT are reduced by 51.4% and 68.5%, respectively. The simulated trade-off curves show that,
proposed PBAD LIGBT achieves significantly improved trade-off performance between turn-off loss and
forward voltage drop than that of Conv. LIGBT, including PB LIGBT and AD LIGBT.

INDEX TERMS LIGBT, breakdown voltage, electric field modulation (EFM), turn-off loss, forward

voltage drop.

I. INTRODUCTION
In silicon-based power semiconductor devices, lateral insu-
lated gate bipolar transistors (LIGBT) have become the
core device of energy conversion and transmission in power
electronic system after more than 20 years of develop-
ment [1], [2], which is mainly used in high-voltage DC
power supply, smart grid and rail transportation [3]. Due
to limitation of longitudinal electric field, conventional
LIGBT with silicon-on-insulator (SOI) substrate is diffi-
cult to achieve very high breakdown voltage (BV) at the
short drift length (Lp) condition [4]. Furthermore, the self-
heating effect (SHE) introduced by SOI substrate will lead
to many adverse effects, such as threshold voltage shift,
deteriorating reliability and low carrier mobility [5]. To
avoid the above problems, bulk Si substrate is developed
to achieve higher BV, better heat dissipation and lower
cost [6], [7].

Although LIGBT on bulk Si substrate are easier to
achieve higher BV than that on SOI substrate, it also

requires a large Lp to adapt higher voltage level appli-
cations. Due to the existence of conductivity modulation
effect in drift region, the forward characteristics will not
be greatly degraded. However, for the same condition, the
switching characteristics will be greatly affected by more
excess carriers.

The main method to reduce turn-off loss is to decrease
turn-off time, which is to accelerate the removal process
of excess carriers generated by forward conduction. One
of commonly used structure to speed up the extraction of
excess electrons is an anode-shorted (SA) design [8], which
results in a negative differential resistance regime (NDR) in
forward characteristic curves and further leads to possible
oscillations during off-state. Separated shorted-anode (SSA)
structure with the suppressed NDR [9] reduces the turn-off
time while improves the working stability. However, because
of the extended anode length of device, the large chip area is
wasted and conductivity modulation in drift region is also
weakened.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 9, 2021

409


https://orcid.org/0000-0002-3556-6800
https://orcid.org/0000-0002-0004-1895
https://orcid.org/0000-0001-9745-5404

ELECTRON DEVICES SOCIETY

SUN et al.:

NOVEL LOW LOSS LIGBT WITH ASSISTED DEPLETION N-REGION AND PB LAYER

Cathode

Anode

N-drift
A e Ten
P-substrate P-substrate
v a) - (b)

Cathode Cathode & Gage

Gate

N-drift
P-base

K P-buried |
Duwi| N
P-substrate i P-substrate
i)
v (c) ¥ ()]

FIGURE 1. Schematic cross-section of (a) the Conv. LIGBT, (b) the PB LIGBT,
(c) the AD LIGBT, and (d) the proposed PBAD LIGBT.

In addition, the shorter Lp makes it easier to achieve
enhanced conductivity modulation and fewer excess carri-
ers at the same time. Therefore, to meet the application
requirements, the approach of improving BV instead of
extending Lp can be used as another design way to reduce
turn-off loss indirectly. References [10], [11] respectively
report deep oxide trench formed in drift region of LDMOS
and LIGBT that can reduce the device pitch to approxi-
mately the half of the conventional devices. Dual deep-oxide
trenches (DDOTs) structure of [12] assists in sustaining the
electric potential from anode, which also enables the shorten-
ing in device pitch. Reference [13] reports single-step buried
oxide (SSBO) structure that modulates electric field distribu-
tions of drift region to gain high BV. Most of these structure
designs require additional processing steps by forming oxide
trenches or special buried oxide layer, which will further
increase time and process costs.

In this paper, the proposed LIGBT makes full use of bulk
Si substrate thickness to greatly improve BV, which achieves
significantly improved trade-off performance between turn-
off loss (E,) and forward voltage drop (Vr). Although in
view of the limitation of current standard CMOS process
condition, for the great improvement of breakdown ability,
the proposed structure is promising to meet the requirement
of high voltage, high current and low turn-off loss in power
electronic system.

Il. DEVICE STRUCTURE

Fig. 1(d) shows the schematic cross-sectional view of
the proposed LIGBT, which features assisted depletion
N-region (AD) and P-buried layer (PB). The proposed PBAD
LIGBT greatly improves BV by modulating the lateral and
longitudinal electric field distribution with new high electric
field peak. In addition, the PB LIGBT [14] in Fig. 1(b) shows
that the PB structure is mainly optimized for the lateral elec-
tric field to make the distribution of surface electric field
more uniform, and the AD LIGBT in Fig. 1(c) shows that the
AD structure is mainly optimized for the longitudinal electric
field to make the depletion of bulk Si substrate more suffi-
cient. Meanwhile, the design of conventional (Conv.) LIGBT
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FIGURE 2. Simulated equipotential lines distribution (20V/line) of (a) the
Conv. LIGBT, (b) the PB LIGBT, (c) the AD LIGBT, and (d) the proposed PBAD
LIGBT at breakdown.
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in Fig. 1(a) is based on the standard bulk Si technology
without any extra introduced structures.

By satisfying RESURF concept [15] for lateral power
devices, all LIGBT devices in Fig. 1 have adjusted the sur-
face electric field distributions with optimized Np to ensure
the best breakdown ability. The doping concentration of
P-substrate is 1.0x10'*cm™3. The doping concentration of
N-buffer and P-base is 1.0 x 10!7 cm~3 and 5.0 x 10'¢ ¢cm3,
respectively. Both the PB and AD structure doping concentra-
tion are set as 5.0 x 10" cm™3. The device thickness (7p) is
2pm, and Np is the doping concentration of the N-drift while
Lp and Np vary with BV. In the proposed PBAD LIGBT, the
PB structure length (Lpp) is half of Lp, Tpp is the thickness
of PB structure, and the AD structure length (Lsp) is lpum,
Dap is the depth of AD structure.

In this work, the physical models used in Sentaurus TCAD
two-dimensional numerical simulation [16] include Mobility
model (Doping DepHighFieldsat Enormal), Effectivelntrinsic
Density model (OldSlotboom), Recombination model
(SRH (DopingDep) Auger Avalanche (Eparal)). And the cri-
terion of device breakdown is set as BreakCriteria {Current
(Contact = “drain” Absval = le-7)}.

1Il. RESULTS AND DISCUSSION

Fig. 2 shows the equipotential lines distribution for four
types of LIGBT at breakdown. Highly doped PB structure
can modulate the lateral electric field distribution, especially
the surface electric field distribution, which makes the sur-
face equipotential lines distribution denser. Furthermore, for
Conv. LIGBT and PB LIGBT, the dense longitudinal equipo-
tential lines at bottom of anode are easy to cause breakdown,
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FIGURE 3. Simulated (a) surface and (b) longitudinal electric field
distribution of the Conv. LIGBT, the PB LIGBT, the AD LIGBT, and the
proposed PBAD LIGBT at breakdown.

while the AD structure can sustain part of the electric field
in substrate, so as to alleviate the peak electric field at anode
bottom. Meanwhile, it can be clearly seen that the AD struc-
ture formed in the AD LIGBT and PBAD LIGBT makes
the depletion boundary of longitudinal space charge region
expand greatly, and the equipotential lines distribution are
also more uniform, which realizes the full use of substrate
thickness. The longitudinal depletion boundary depth of AD
LIGBT (73.1pm) has been expanded by 28.9%, and that
of PBAD LIGBT (78.3um) has been expanded by 38.1%,
respectively, compared with that of Conv. LIGBT (56.7wm).

Fig. 3 shows the surface and longitudinal electric field
distribution for four types of LIGBT at breakdown. From
the surface electric field distribution in Fig. 3(a), based on
traditional U-shaped electric field curve, the PB structure
produces additional electric field peak (Epg 1) through elec-
tric field modulation (EFM) between highly doped buried
layer and high impedance substrate. While through addi-
tional reversed PN junction formed by N-type region and
substrate, the AD structure raises the whole electric field
curve. Furthermore, from the longitudinal electric field dis-
tribution in Fig. 3(b), based on traditional triangle-shaped
electric field curve, the PB structure raises and extends the
whole electric field curve by EFM effect. While by additional
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FIGURE 4. Simulated breakdown characteristic curves of the Conv. LIGBT,
the PB LIGBT, the AD LIGBT, and the proposed PBAD LIGBT.

reversed PN junction, the AD structure produces additional
electric field peak (Epk,v), alleviates the peak electric field
at anode bottom and greatly extends the whole electric field
curve. Due to the common optimization by EFM effect of
PB and AD structure, the proposed PBAD LIGBT has more
uniform lateral and longitudinal electric field distribution.
Therefore, the BV of proposed PBAD LIGBT can reach
707V, which is improved by 96.9% than that of Conv. LIGBT
(359V), 53.0% than that of PB LIGBT (462V), and 21.7%
than that of AD LIGBT (581V), respectively.

Fig. 4 shows the breakdown characteristic curves for four
types of LIGBT. Under the same Lp = 70um, the BV
of Conv. LIGBT is as lowest as 358V, while that of PB
LIGBT, AD LIGBT and proposed PBAD LIGBT increases
significantly and improves by 28.7%, 61.8% and 96.9%,
respectively. Meanwhile, at the same BV level of 360V,
the Lp of Conv. LIGBT is as largest as 70pum, while that
of PB LIGBT (40pm), AD LIGBT (24pum) and proposed
PBAD LIGBT (20im) decreases significantly and reduces
by 42.9%, 65.7% and 71.4%, respectively. Furthermore, the
reverse leakage current of all devices is kept at a low value
of about 10~'2A/pwm. In order to satisfy the RESURF con-
dition, the optimized Np decreases with the decrease of Lp.
As can be seen in Fig. 5, for the proposed PBAD LIGBT, the
change trend of Np is similar to that of AD LIGBT, while
the initial higher Np is similar to that of PB LIGBT. Finally,
when Lp = 20um, Np can be obtained similar to that of
Conv. LIGBT (Lp = 70pum), which is helpful to further
optimize the forward characteristics.

Fig. 6 shows the forward -V characteristic curves for four
types of LIGBT. When the gate voltage Vg = 10V, VF is the
anode bias voltage at anode current density Jps = 100A/cm?.
When the device starts to conduct, because the PB structure
at cathode promotes the hole extraction process and weak-
ens the conductivity modulation of drift region, the forward
characteristics will be degraded. On the contrary, the AD
structure promotes the electron accumulation at anode and
enhances the conductivity modulation of drift region, so the
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FIGURE 5. Simulated dependence of BV and Np on the Lp for the Conv.
LIGBT, the PB LIGBT, the AD LIGBT, and the proposed PBAD LIGBT.
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FIGURE 6. Simulated forward /-V characteristic curves of the Conv. LIGBT,
the PB LIGBT, the AD LIGBT, and the proposed PBAD LIGBT.

forward characteristics will be improved. Therefore, com-
pared to the Vg of Conv. LIGBT (2.90V) with the same
device size, that of PB LIGBT (3.25V) is increased while
that of AD LIGBT (2.82V) is decreased. However, consid-
ering the advantages of improved breakdown performance,
it can be clearly seen in figure that the device with folded
drift region has obtained lower Vp, that is, lower Lp can
obtain better forward characteristics. For the same break-
down capability, the Vg of Conv. LIGBT is as highest as
2.90V, while that of PB LIGBT (1.87V), AD LIGBT (1.98V)
and proposed PBAD LIGBT (1.41V) decreases significantly
and reduces by 35.5%, 31.7% and 51.4%, respectively.
Fig. 7(a) compares the relationship between BV, Vg, Np
and Dyp for the proposed PBAD LIGBT with different Lp.
With the increase of Dyp, the influence of AD structure
on the surface peak electric field and longitudinal electric
field distribution at anode increases gradually, and the BV
increases accordingly. However, higher surface peak electric
field needs lower Np to maintain, which also makes Vg
slowly improve. When D4p = Owm, that is, the situation
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FIGURE 7. Simulated dependence of BV, Vg, and Np on the (a) Dgp
and (b) Tpg for the proposed PBAD LIGBT with different Lp.

that AD structure does not exist, but PB structure exists
only, the forward characteristic is affected by the enhanced
hole extraction, which will result in higher Vg, especially
when Lp is high. Similarly, in Fig. 7(b), fixing Dap and
increasing Tpp means that the charge balance capability of
PB structure in drift region is gradually enhanced, so BV
and Np also show a rising trend. In addition, thicker PB
structure further enhances the hole extraction ability, which
also leads to the improvement of Vg. The above results also
show that with the increase of device size, BV will increase
with the larger depletion area, Np will increase by enhancing
assisted depletion in substrate region, and Vg will increase
due to the degradation of conductivity modulation in drift
region.

Fig. 8 shows the switching characteristics curves with
inductive load circuit for four types of LIGBT. The turn-off
process of the device under inductive load can be divided into
two stages. The first stage is the rise of anode bias voltage. At
this time, Vpg increases while Jps remains unchanged. The
time spent in first stage (Ty) is related to the spreading speed
of depletion region. According to Fig. 2, it can be seen that
PB and AD structure has increased the substrate depletion
area, so as that the time for Vpg to reach anode supply
voltage will be longer. The voltage rise curves of devices with
PB and AD structure in Fig. 8 also shows large capacitance
effect, so the Ty of proposed PBAD LIGBT obtains the

VOLUME 9, 2021



SUN et al.: NOVEL LOW LOSS LIGBT WITH ASSISTED DEPLETION N-REGION AND PB LAYER

ELECTRON DEVICES SOCIETY

@BV=360V.
100 — 6= 1200
v, G\« T
82.1ns. H H L I
< 80 .n et n 173.8ns
E L 713040 . iy \ 45.6ns 150»-\
@ ,* 155.7ns .’ LN > S
< 60 e T TN 15.7ns <
- [ - 19.10s{100_ 2
Z40F .° .t i N
| . . -
~ [ . “large capacitance effect, * |}
0 ‘L" .= __4_ ......... e i é 50
10% sy spgidiman i
== Conv " — 0
c-——PB ---——PBAD

0 50

(@

100150 200 250 300
Time(ns)

Lload

(b)

FIGURE 8. (a) Simulated switching characteristic curves with inductive
load for the Conv. LIGBT, the PB LIGBT, the AD LIGBT, and the proposed
PBAD LIGBT. (b) Schematic diagram of inductive load circuit for device
switching simulation.

maximum value of 196.3ns. Similarly, the second stage is the
drop of anode current. At this time, Vpg has reached anode
supply voltage and remained unchanged while Jpg starts
to decrease. The time spent in second stage (77) is mainly
controlled by recombination speed of excess electron-hole
pairs. Due to lower number of excess carriers in the folded
drift region, the recombination process will be accelerated
accordingly. The current drop curves of devices with folded
drift region in Fig. 8 also show the alleviated current tailing,
so the 77 of proposed PBAD LIGBT obtains the low value
of 19.1ns. In the meantime, the value of Eyy for devices can
be obtained by the area integral formed through voltage rise
curve and current drop curve. Therefore, it is shown from
the figure that compared with Conv. LIGBT, the proposed
PBAD LIGBT with the same high voltage capability can
still obtain lower Eyy.

Fig. 9 compares the relationship between figure of merit
(FOM), Ty, Eof and Dap for the proposed PBAD LIGBT
with different Tpp. The special FOM here is defined as
FOM = (Eoft - VF)/BV, which is used to characterize the
trade-off performance between breakdown, forward and
switching characteristics. And the smaller FOM is, show-
ing that the larger denominator term is while the smaller
numerator term is, so the better trade-off performance is.
With the increase of Tpg, when Dap is less than 30um,
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Ty and E,; show a downward trend, while when Dyp is
greater than 30pm, E,y presents a saturated state and Ty
presents an opposite upward trend. The above curve changes
can prove that when Dsp=30um, the effect of AD structure
on the device substrate is close to saturation. Finally, on
the whole from figure, when Dsp = 30pm, the device can
achieve the best trade-off performance, while maintaining
low Eyf and Ty.

By changing the doping concentration of the P-region
at anode to control the hole injection efficiency of the
device, the corresponding E,s can be obtained under dif-
ferent Vr values, so as to gain the trade-off curves of
Vr versus E, for four types of LIGBT in Fig. 10. The
shortening of drift region has enhanced the conductivity mod-
ulation and reduced the number of excess carriers. Thus,
compared to the Conv. LIGBT with the same breakdown
capability, the Vg and E,r of proposed PBAD LIGBT
is reduced by 51.4% and 68.5%, respectively. It can be
proven that proposed PBAD LIGBT achieves significantly
improved trade-off performance between E,; and Vp than
Conv. LIGBT, including PB LIGBT and AD LIGBT.
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The key fabrication process for the proposed PBAD
LIGBT can be briefly described as follows: (1) Selecting
P-type <100> epitaxial wafers with certain epitaxial thick-
ness and high resistivity. (2) The masking layer is formed
by chemical vapor deposition of SiN material, and the next
step is to obtain assisted depletion region by deep reactive
ion etching. (3) Formation of assisted depletion N-region
by selective epitaxial growth technology. (4) Removing the
masking layer and prepared highly doped P-buried layer by
boron ion implantation annealing. (5) Epitaxial growth of
new silicon layer. (6) The following process steps are con-
sistent with the conventional LIGBT process, that is forming
active region by ion implantation, gate oxide by dry oxida-
tion, gate electrode by deposition and doping of polysilicon,
and finally source and drain electrode by metal deposition,
respectively.

IV. CONCLUSION

In summary, this paper reports a novel LIGBT structure
with assisted depletion N-region and P-buried layer in the
bulk Si substrate. By modulating the lateral and longitudinal
electric field distribution with high electric field peak, the
proposed PBAD LIGBT greatly shortens drift length from
70pm to 20pm while maintaining the high breakdown volt-
age of 360 V. As a result of shortening drift length, compared
to Conv. LIGBT, the forward voltage drop and turn-off loss
of proposed PBAD LIGBT is reduced by 51.4% and 68.5%,
respectively, which achieves much lower turn-off loss and
forward voltage drop at the same time. Therefore, fabricated
in the standard CMOS process condition, the device with
low cost bulk Si substrate is promising for high-frequency
and high-power applications.
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