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A lateral insulated gate bipolar transistor (LIGBT) based on silicon-on-insulator (SOI) structure is proposed and
investigated. This device features a compound dielectric buried layer (CDBL) and an assistant-depletion trench (ADT).
The CDBL is employed to introduce two high electric field peaks that optimize the electric field distributions and that,
under the same breakdown voltage (BV) condition, allow the CDBL to acquire a drift region of shorter length and a smaller
number of stored carriers. Reducing their numbers helps in fast-switching. Furthermore, the ADT contributes to the rapid
extraction of the stored carriers from the drift region as well as the formation of an additional heat-flow channel. The
simulation results show that the BV of the proposed LIGBT is increased by 113% compared with the conventional SOI
LIGBT of the same length Lp. Contrastingly, the length of the drift region of the proposed device (11.2 um) is about one
third that of a traditional device (33 wm) with the same BV of 141 V. Therefore, the turn-off loss (Eggp) of the CDBL SOI
LIGBT is decreased by 88.7% compared with a conventional SOI LIGBT when the forward voltage drop (Vp) is 1.64 V.
Moreover, the short-circuit failure time of the proposed device is 45% longer than that of the conventional SOI LIGBT.
Therefor, the proposed CDBL SOI LIGBT exhibits a better Vp—Egpr tradeoft and an improved short-circuit robustness.

Keywords: lateral insulated gate bipolar transistor, breakdown voltage, electric field modulation, turn-off loss

PACS: 73.40.Ty, 85.30.De, 85.30.Tv

1. Introduction

Because of the lower turn-on voltage, better thermal sta-
bility and easier integration,!!=! silicon-on-insulator lateral-
insulated gate bipolar transistors (SOI-LIGBTs) are common
devices in power integrated circuits that are prevalent for ex-
ample in automotive electronics and switching mode power
supplies. The low forward voltage drop (V) arises a modu-
lation in conductivity in the drift region during turn-on. Con-
currently, many injected nonequilibrium carriers need to be
extracted or recombined during turn-off. The shortcoming is
that it leads to a large turn-off loss (Eopg).[+©]

One important challenge for power semiconductor de-
vices of the LIGBT is to obtain an optimal compromise be-
tween Vp and Eopr. The main ways of generating a better Vg—
Eorr trade-off are through: i) anode engineering including a
shorted anode structure, a Schottky anode structure and a seg-
mented NPN anode structure, which are realized by adding an
extra carrier extraction channel;[7-1% ii) effectively accelerat-
ing carrier recombination by shortening carrier lifetime with
high-power irradiations of protons and electrons,!"1?! and iii)
creating deep oxide trenches that assist in sustaining the lat-
eral field from the anode side, so as to increase the breakdown
voltage (BV) and shorten the length of the drift region while
maintaining a superior Vg—Eogr trade-off. [13-15] Moreover, to
optimize the distribution of surface electric field, an electric
field modulation is introduced by adjusting the size and com-
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16.17] thereby improving BV and

position of the buried layer,|
reducing the device pitch.

In this paper, a fast-switching SOI-LIGBT with com-
pound dielectric buried layer (CDBL) and assistant depletion
trench (ADT) is investigated and simulated. New electric field
peaks are generated with the presence of the CDBL, result-
ing in a uniform distribution of the surface electric field and a
shorter drift region length that improves the breakdown char-
acteristics and reduces the total number of carriers stored in
the drift region. Moreover, the stored carriers are extracted
rapidly through an expedited depletion of the N-drift region by
the ADT. Consequently, the proposed device exhibits a lower
turn-off loss than a conventional SOI LIGBT. This study was
performed by using Sentaurus device simulation tools, which
contain models of the Enormal mobility, Auger recombina-
tion, high-field-saturation mobility, Philips unified mobility,
Lackner avalanche generation, and the theory of Shockley—
Read-Hall recombination.

2. Device structure and description

The SOI LIGBT (Fig. 1) comprises an oxide segment
and a low-k dielectric segment that are alternately placed as a
buried layer and both have the same thicknesses (7,x). The rel-
ative permittivity &y of the low-k dielectric layer increases from
1 to 3 with a step size of 0.5, and a k; value near 1 is obtained
by employing buried gaps of air or gas. The dielectric layer
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introduced into the buried air gap structure is formed by re-
moving a SiGe layer using isotropic plasma dry etching.!'3! In
addition, a gas-dielectric process to achieve a minimum physi-
cally possible value for the dielectric constant was instigated in
which the carbon trench in the buried layer reacts with oxygen
in an oxidation furnace to form carbon dioxide gas.!'”! With
N being the number of alternately placed oxide and low-k di-
electric segments, we set Nq and Ty as the concentration and
thickness of the N-drift region, respectively. When the lateral
length of the device is much larger than the vertical thickness
of the top Si layer, breakdown occurs along the vertical di-
rection. New electric field peaks are produced because of the
variable-k buried layer, which raises the electric field at the
surface of the substrate of different k1 and introduces electric
field peaks on both sides of the p—n junction and the n-n*
junction. This rise helps to produce a uniform surface electric
field distribution and thus increase the BV.

Cathode Gate

Lp

N drift

P substrate

vy

Fig. 1. Schematic cross-section of the proposed CDBL SOI LIGBT.

From another perspective, while maintaining the same
BV value, both the length of the proposed device and the total
number of stored carriers in the drift region decrease signifi-
cantly. Hence, a superior Vp—Eopr trade-off is obtained. The
ADT consisting of an enclosed oxide and grounded polysili-
con is located leftmost of the cathode and connected to the P+
cathode. The ADT reshapes laterally the electric potential dis-
tribution, which expedites the depletion of the drift region and
generates an additional heat flow with the formation of a hole
inversion layer along the ADT.

3. Results and discussion

Table 1 provides a list of the main simulation parameter
settings for both the proposed structure and the conventional
structure. The concentrations of the drift region for all devices
are optimized to meet the reduced surface field (RESURF)
condition. Because the dielectric at the interface between the
top Si layer and the buried layer changes (Fig. 2), two new
surface electric field peaks in the proposed device appear near
M and N through the coupling of the electric field peaks for

the new interface. Moreover, the new electric field peaks re-
duce the original electric field peak at the gate and drain edges,
ensuring a more uniform electric field distribution within the
proposed CDBL LIGBT structure. Furthermore, the lower k;
is, the higher the electric field peak is. When the minimum
value of k is 1, the internal electric field peak reaches its max-
imum value, thereby improving the BV of the proposed CDBL

LIGBT correspondingly.

Table 1. Design parameters of the two devices.

Symbol Description CDBL SOI LIGBT SOI LIGBT

BV breakdown voltage (V) 141 300 141

Lp N-drift length (pm) 11.2 33.0 33.0

No N-drift doping (cm ™) 3.2x10"5 4.7x10® 3.0x10"
Ty N-drift thickness (um) 2.0 2.0

Tox buried-layer thickness (um) 1.0 1.0

ki relative permittivity 1.0-3.0 /

——SOI Lp=33.0 um
4} - CDBL SOI Lp=11.2 um k=1

—— CDBL SOI Lp=33.0 ym

L Surface field}

Electric field (105 V/cm)

0 5 10 15 20 25 30 35
X-axis distance (pm)

Fig. 2. Electric field distributions on the bottom interface of the
Si/buried layer and the surface.

The simulation results of the surface electric potential dis-
tributions of a conventional SOI LIGBT (Lp =33 um, k; =1,
N =4 and Tox = 1 um) and the proposed CDBL SOI LIGBT
(Lp = 33 um and Tox = 1 wm) at breakdown [Fig. 3(a)] show
that their BVs are approximately 300 V and 141 V, respec-
tively, despite the device size being the same. This shows that
for the same Lp the BV of the proposed CDBL SOI LIGBT
is 113% higher compared with the conventional SOI LIGBT.
Furthermore, when maintaining the same BV of 141 V, the
length of the drift region of the CDBL SOI LIGBT is 11.2 um,
which is approximate a third of the length (33 um) of a con-
ventional structure. Consequently, the CDBL of the proposed
LIGBT creates a drift region of shorter length and a higher
BV by modulating the electric field. The equipotential con-
tour of the proposed CDBL LIGBT and the conventional SOI
LIGBT at breakdown [Fig. 3(b)] manifest a laterally reshaped
electric potential distribution in the structure because of the
ADT, which expedites the depletion of the drift region and
contributes to a fast extraction of the stored carriers in the off-
state.
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Fig. 3. (a) Horizontal surface electric potential distributions and (b) equipotential contour distributions of the proposed CDBL LIGBT and the

conventional SOI LIGBT at breakdown.

The dependence of the BV on Ty for various &y [Fig. 4(a)]
exhibits linearity with Ty and an inverse proportionality with
k1. To better analyze this relationship, breakdown characteris-
tics were investigated by using an analytical model taking into
account the effects of electric field modulation. With a reverse
bias applied to the device, the completely depleted drift region
is divided up within the variable-ky buried layer. The potential
distribution function @;(x,y) in each drift region satisfies the

two-dimensional Poisson equation!?%-2!]
*gi(x,y) | I*@i(x,y) _ _qNai
ox? dy? ks
(i=1,2,3,...,n,0<y < Ty). )

Through applying a second-order Taylor series expansion, the
potential distribution ¢;(x,y) of the drift region in the y direc-

v Witi1th(Lai/2t;) + Wi 1tith(Laiy1 /2ti41) + fi¥y

tion is expressed as

2,
@mwzwmm+aﬁgm

az(pi(xvo) 2.

2072 (@)

With imposing boundary conditions and the continuity
of the electric potential, the surface potential distribution ob-
tained by substituting Eq. (2) into Eq. (1) satisfies

82(Pi(x,0) _ (p,-(x,O) _ _qui (3)
ox? l‘l-2 ks ’
where #; denotes the characteristic thickness, for which
1 k.
2 2
1= Ets +k*deTox- 4)

After a series of derivations and calculations, the surface po-
tential at the interface of regions i and i + 1 of the device is

i

where

_ gNgit?

Y
i ks

(6)

Clearly, from Eqgs. (4)-(6), the characteristic thickness f;
increases with increasing 7o« and decreases with increasing k.
Accordingly, the BV also increases, which is consistent with
the simulation results [Fig. 4(a)]. The drift region of the pro-
posed CDBL SOI LIGBT is divided into N equal parts accord-
ing to the different k1 of the buried layer. The maximum BV is
316 V when ky is 1 and N is 2. Moreover, with increasing &,
the BV has little effect on value N [see Fig. 4(b)].

The forward characteristics [Fig. 5(a)] of the conventional
SOI LIGBT and the proposed CDBL SOI LIGBT with the
same BV (141 V) show that, because of its shorter Lp of
11.2 pm, the latter acquires a lower Vg of 1.02 V at Jc =

tiv1cth(Lyi/t;) + ticth(Laiy1 /tiv1)

sinh(Lgis1/%i1) &)

9

\
100 A/cm? that is significantly less than Vi of 1.64 V for the

conventional structure. The proposed device has a better cur-
rent capability. The dependence of Vi on T for different kg
[Fig. 5(b)] exhibits a linear relationship, and lower V¢ values
are obtained because of the optimal drift concentration. How-
ever, the functional relationship between Vg and kg is weak and
demonstrates that changes in & influence the forward conduc-
tion characteristics less, and Vg only changes by approximately
0.02 V between k; from 3 to 1.

From the turn-off equivalent circuit [Fig. 6(a), inset], the
inductive turn-off characteristics for the proposed CDBL SOI
LIGBT (Lp = 11.2 um) and the conventional SOI LIGBT
(Lp = 33 um) were obtained [Fig. 6(a)]. The turn-off time
(Togs = 71.4 ns) for the CDBL SOI LIGBT is 48.9% lower
than that of the conventional SOI LIGBT (T,¢ = 139.6 ns). In

addition, the area of the overlapped region between the cur-
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rent and voltage curves of the CDBL SOI LIGBT is smaller
than that of the conventional SOI LIGBT during turn-off. The
decrease indicates that the proposed structure gives a lower
Eopr. This is because the number of stored carriers in a drift
region of shorter Lp is obviously lower. In addition, the ADT
contributes by laterally reshaping the electric potential distri-

bution and expediting the depletion of drift region. Therefore,
by changing the concentrations of the P+ anode, lower Eopp
and Vg are obtained with the proposed CDBL SOI LIGBT
[Fig. 6(b)]. By adjusting the anode concentration, the Egpp
of the CDBL SOI LIGBT is 88.7% lower than that of the con-
ventional SOI LIGBT for the same VE.

350

300

250

200

Breakdown voltage (V)

150

10 15 20 25 3.0

Fig. 4. BV as a function of Ty, and kp: (a) BV versus Tox and (b) BV versus 4.

350
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(a) °
—0—CDBL SOI Lp=11.2
——SOI Lp=33.0 pm
0.4
~ k=1,
g 0.3 ox=1.0 pm
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0.2
S
0.1
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0 !

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Vac (V)

120 ——k;=1.0 CDBL SOI Lp=33.0 ym
(b) " =k =1.5
A k=20
LIOF o
——k1=3.0
—~ 1.18}
z
=
= 1.17
1.16
1.15

04 06 08 10 12 14
Tox (pm)

Fig. 5. Forward characteristics of the conventional and proposed structure: (a) profiles of the simulated forward characteristics and (b) Vi as a

function of Ty for various kj.

1.64,0.97)
100 100
—A—SOI Lp=11.2 ym
0.8 —— CDB L SOI
8O-V QJo=1 b 80 o Lp=33.0 ym
r@Jc = 10f &
Vr=1.02 - é 0.6
Vr=1.64 Vf . ‘
& 60pve=10 v oo sor 169 § E Vr@100 A /cm?
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SOl - L
S: 40F ‘ Lp=33.0 ym 40 ’%_7 l'.on 0.4 P
} M Tox=1.0 ym
ITnff:l39,6 ng
20} ott:71A4&ﬂ 20 0.2
A (1.64,0.11)
0 0.3 %.4 e 5.9 9% 1.5 2.0 2.5 3.0

Time (ps)

1.0

Ve (V)

Fig. 6. (a) Inductive turn-off characteristics and (b) Eqpg versus Vg for the CDBL and conventional SOI LIGBTSs.
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A failure in self-heating appears during the on-state of the device when the intrinsic temperature of the device increases
rapidly. A hole inversion layer is realized along the ADT of the proposed structure, which acts as an extra heat dissipation path
during a short-circuit [Fig. 7(a)]. Therefore, the proposed CDBL SOI LIGBT exhibits a lower maximum lattice temperature
(681 K) in comparison with the conventional SOI LIGBT (753 K) [Fig. 7(b)]. Correspondingly, the short-circuit failure time

of the proposed CDBL SOI LIGBT is 45% longer than that of the conventional SOI LIGBT (Fig. 8), which indicates a better
short-circuit robustness for the proposed structure.

-3
o
o

600

9 . 9 Heat flux (W-cm~2)
CDBL SOI LIGBT 2.000X10-3 500
5.020x10~2

1.260x102 400

Lattice temperature (K)

3.161x10~1

| 7.906Xx10°

I1.867><10”
0

700

<
[}
-
=}
< 600
-
)
g
Heat flux (W-cm~2)
2.000x10-3 % 500
5.020X10~2 ;:;i
1.260%x10~2 3 400
3.161x10-! 1.8
1.4
|7.906x10° 15 1.0 \
1.867x10° 25 0.6 W
(a) (b)
Fig. 7. (a) Hole heat flux distributions and (b) lattice temperature profiles for the CDBL and conventional SOI LIGBTSs under short-circuit
condition with V4 =80 V.
1000 3 foati
CDBL SO1 .Th.e steps in fabrication of .the proposed CDBL. LIGBT
Lp=33.0 are similar to those for a conventional SOI LIGBT [Fig. 9(a)].
800} —&— SOl Lp=33.0 ym One major difference between the two devices concerns the
formation of the low k dielectric. In the flow of the low-k
= 600l dielectric implementation process [Fig. 9(b)],1%2! the trenches
é are firstly etched in the insulator film, which is located in the
~
=< low k dielectric regions, and subsequently, carbon is produced
5 400 during either a physical or a chemical vapor deposition, which
fills up the trenches with carbon. Next, an approximately 50-
200 nm-thick thin insulator film is deposited over the low k dielec-
tric area. Finally, when oxygen is diffused through the thin
0 . . . . . . layer of insulator, a thermal treatment of about 450 °C is per-
0 2 4 6 - 8 ( )10 121416 formed in the oxygen atmosphere of the furnace. The carbon
ime (ps . ..
then reacts with oxygen to form carbon dioxide that pervades
Fig. 8. Short-circuit waves for the CDBL SOI LIGBT and conventional
SOI LIGBT.

the spaces, thereby forming the ultra-low k dielectric regions.
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(a)

P substrate

Carbon SiO»

P substrate ¢

(b)
Trench formation

Carbon deposition

L]
TR
P substrate

Silicon dioxide sputter

P substrate ¢ Oxygen furnace ashing

T [T

| ¢ Via hole formation & filling

MR

P substrate

P substrate

Fig. 9. Key process steps of the CDBL LIGBT: (a) basic process flows, (b) low k dielectric implementation process.

4. Conclusion

A SOI LIGBT with a CDBL and an ADT was proposed
and investigated. By employing a CDBL, two electric field
peaks were produced to optimize the surface electric field dis-
tributions. The BV of the LIGBT was improved as a result
of a more uniform electric field distribution. Simulation re-
sults of the BV for the proposed CDBL SOI LIGBT showed
an increase of 113% over that for the conventional SOI LIGBT
under the same Lp condition. This increase leaded to a shorter
length of the drift region and a smaller number of stored car-
riers, compared with the conventional SOI LIGBT. The pro-
posed CDBL SOI LIGBT exhibited a better Vg—Eopr trade-
off. Moreover, aided by the ADT, a rapid extraction of the
stored carriers and a high switching speed were achieved. We
demonstrated also that self-heating within the proposed CDBL
SOI LIGBT was alleviated effectively.
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