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A dual-gate and dielectric-inserted lateral trench insulated gate
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In this paper, a novel dual-gate and dielectric-inserted lateral trench insulated gate bipolar transistor (DGDI LTIGBT)
structure, which features a double extended trench gate and a dielectric inserted in the drift region, is proposed and dis-
cussed. The device can not only decrease the specific on-resistance Ron,sp, but also simultaneously improve the temperature
performance. Simulation results show that the proposed LTIGBT achieves an ultra-low on-state voltage drop of 1.31 V at
700 A-cm~2 with a small half-cell pitch of 10.5 pum, a specific on-resistance Ron,sp of 187 mQ-mm?, and a high breakdown
voltage of 250 V. The on-state voltage drop of the DGDI LTIGBT is 18% less than that of the DI LTIGBT and 30.3% less
than that of the conventional LTIGBT. The proposed LTIGBT exhibits a good positive temperature coefficient for safety
paralleling to handling larger currents and enhances the short-circuit capability while maintaining a low self-heating effect.
Furthermore, it also shows a better tradeoft between the specific on-resistance and the turnoff loss, although it has a longer

turnoff delay time.
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1. Introduction

Lateral insulated gate bipolar transistors (LIGBTSs)
have attractive features such as a low on-state voltage
drop, high-current controllability, and easy integration.
Silicon-on-insulator (SOI) technology provides many superior
advantages,!!=3! such as high speed, superior isolation, and
strong immunity to latch-up compared with bulk silicon. LIG-
BTs on SOI substrates have been widely used in power elec-
tronic applications because of the above features, especially in
plasma display panel (PDP) driver integrated circuits (ICs). In
PDP scan driver IC applications, a high current handling capa-
bility in the scan mode and a high current density with a low
on-state voltage drop for the light emission discharge in the
sustain mode are both necessary in LIGBTs.[47!

However, the supply voltage should be increased to im-
prove the luminous efficacy of PDPs with a higher Xe con-
centration in discharge gas, leading to a larger device area
and a higher cost.l® So many efforts have been widely made
to develop LIGBTs of small size, low cost, and high relia-
bility. Trench gate technology was first introduced to IGBTs
(LTIGBTS) to reduce the saturation voltage drops of the planar

(9-111 which was invented for the higher integration

structures,
due to smaller cell pitches. By using a trench filled with ox-
ide in the drift region of the device, the characteristics of the
breakdown voltage and the specific on-resistance of reduced
surface field (RESURF) laterally diffused metal oxide semi-

conductors (LDMOS) and LIGBT transistors based on SOI
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can be improved.[!>-16]

The aim of this paper is to present a novel dual-gate and
dielectric-inserted LTIGBT (DGDI LTIGBT) structure, which
combines the merits of the dielectric trench and SOI tech-
nologies. Numerical simulations with MEDICI are performed
to analyze the proposed DGDI LTIGBT in terms of the on-
state characteristics and the temperature performance. We also
compare the turnoff loss with that of the DI LTIGBT and the
conventional LTIGBT.

2. Device structure and operation

The schematic cross-sectional view of the proposed
DGDI LTIGBT structure on an SOI substrate is shown in
Fig. 1(a). The DGDI LTIGBT features double trench gates
and is dielectric-inserted: a deep oxide trench in the drift re-
gion, a buried trench gate inserted in the oxide trench, and
another trench gate extended to the buried oxide layer. Fig-
ure 1(b) is the equivalent circuit. Here, Tso1, Tox, and Box are
the thicknesses of the top silicon layer, the deep oxide trench,
and the buried oxide layer, respectively; D, is the depth of
gate 2; and Np and Psyp are the doping concentrations of the
N-drift region and the P-substrate region, respectively. The de-
vice parameters listed in Table 1 and at room temperature are

used.
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Fig. 1. (a) Schematic cross-sectional view of the proposed DGDI
LTIGBT, and (b) its equivalent circuit. The DI LTIGBT structure is
that without the gate 2 electrode.

also decrease the on-state resistance and improve the temper-
ature performance of the proposed DGDI LTIGBT structure.
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Fig. 2. Electric field distributions in the x direction at the surface for the
same cell pitch devices.

The on-state characteristics of the IGBT structure can be
obtained using the MOSFET/PNP model. The on-state resis-
tance of an LTIGBT transistor can be written as the sum of
a channel component and a drift-region component (shown in
Fig. 1(b))

Riotal = Ren +Ra + Ry. (D

For the proposed DGDI LTIGBT structure, the channel com-
ponent can be written as

1

Reh = Rent [[Ren2 = (Rhl
C!

4t )_1
Rcn2 '

Table 1. The key parameters in the device simulations.

Parameter DGDI LTIGBT
Cell width Weep/pm 10.5

SOI layer thickness Tsor/pm 10

Buried oxide thickness Box/pm 1

N-drift doping Np/cm 3 2.5%10"
Oxide trench depth Tox/pm 7

Oxide trench length Lox/pm 4

P-substrate doping Psyp/cm > 610

P-well doping Npw/cm 3 3x10"7
N-buffer doping Nxp/cm ™3 1.5%x10"

As we know, the ratio of the maximum electric field oc-
curring inside the silicon, Egj, to that in the insulator inside the
trench, E., is the inverse of their permittivities: Ey,/Eox =
€ox/&si- The lateral critical electric field strength is increased
due to the lower permittivity of the oxide (&yx = 3.9) than
that of Si (& = 11.9), as shown in Fig. 2. The oxide trench,
therefore, leads to electric field reshaping, and an enhanced
RESUREF effect, which results in a much smaller cell pitch
compared to that of the conventional LTIGBT structure for
maintaining nearly the same breakdown voltage Vg ofr. The
extended double trench gates can widen the conduction area,
enhance the electron injection efficiency, and make the current
flow line distribution on the cathode side uniform. They will

Generally, there are two main modes in IGBT device op-
eration: the bipolar portion at low current densities, and the
mobility portion at high current densities, which dictate the
temperature behavior. Differentiating the expression of the an-
ode current density Jo with respect to temperature yields

1dJy 1 dpni 1 9Ppnp
Ja 0T o OT  Bpnp OT

where Cox is the capacitance per unit area; [, is the aver-

3

age electron mobility; and By is the common-emitter current
gain of the P-N-P transistor. These two effects counter each
other, so at a low current density, the voltage drop across the
junction and the reduction in the drift resistance due to a higher
PNP gain f3p,p will dominate and result in a negative temper-
ature coefficient of the on-state voltage drop; while at a higher
current density, the degradation of the mobility will dominate
and result in a positive temperature coefficient of the on-state
voltage drop.

3. Results and discussion
3.1. On-state and turnoff characteristics

Figure 3 shows the on-state /-V characteristics of the con-
ventional LTIGBT (con. LTIGBT), the DI LTIGBT, and the
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proposed DGDI LTIGBT. It indicates that the proposed DGDI ~ and the half-cell width is reduced to 10.5 pm with a break-
LTIGBT has lower on-state voltage drop and higher transcon- ~ down voltage of 250 V by using double trench gates and the
ductance than the conventional LTIGBT and the DI LTIGBT  dielectric-inserted technology.

due to the higher doping concentration in the N-drift region

and the widened effective conduction area caused by the ex- 12 5
tended trench gate and gate 2. This would result in the en- [ 03 / #f —e—DGDI LTIGET|
& gate 2 wp f------ L DI LTIGBT

hancement of the electron injection efficiency and the corre-

v ¢ —8—con. LTIGBT

sponding conductivity modulation effect. The N-drift doping
concentration of the DI LTIGBT and the DGDI LTIGBT is
2.5%x10' ¢cm3, while that of the conventional structure is
1.2x10"° cm™3. The on-state voltage drop V, at Jo =700
A- cm~2, 300 K of the DGDI LTIGBT (shown in the inset of
Fig. 3) is 1.31 V, while those of the DI LTIGBT and the con-
ventional LTIGBT are 1.59 V and 1.88 V, respectively. The

oo
T T
=}
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_

Anode current/103 A-cm—2
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Ve=3V
on-state voltage drop of the DGDI LTIGBT is 18% less than AL é p
that of the DI LTIGBT and 30.3% less than that of the conven- Anode voltage/V
tional LTIGBT. The ultra-low on-state voltage drop suggests Fig. 3. (color online) The on-state / — V characteristics of the con-
that the DGDI LTIGBT can Sigl‘li ﬁcantly reduce the energy ventional LTIGBT, the DI LTIGBT, and the proposed DGDI LTIGBT,

) ) where Vg1 = Vg, = 3-8 V. The inset shows the on-state voltage drop
loss during on-state operation. characteristics at Jo = 700 A-cm™2, Vg1 = Vg2 =5 V, 300 K.

Figure 4 shows the tradeoff relation between the spe-
cific on-resistance Ronsp and the breakdown voltage Vg ofr
of the DGDI LTIGBT structure and different state-of-the-art
technologies.!'?? The experimental and simulated data re-

104

.
thin layer SOI LIGBT!  ~
‘\Q.

SOI EDMOSFET!8] , 4

ported previously are shown in Fig. 4 and Table 2. It can & ’

. g , “DI LDMOS2)
be seen that the DGDI LTIGBT has the lowest Roysp in the B! A —— Ve / @
250 V-class LTIGBTSs, which shows that the performance is E ~— "Con I— LIGBT®!

. ]
the best in power applications. The results of the state-of- z -{'/
Qo 4

the-art devices show that for the DI LIGBT structure, the & DILIGBT! S ltemitter LIGBTZ
Ronsp 1s 330 mQ-mm?, and VB.ofr 1s 210 V; 16l for the DI 102F '&j’/

. . > DGDI LTIGBT (this work
LDMOS structure, the Ronsp is 700 mQ-mm?, and VB off 18 (;})/ (this work)

I

250 V; [20] and for the multi-emitter LIGBT structure, the
Ronsp is 237 mQ-mm?, and Vi ofr is 270 V.1*2] Whereas in
the proposed DGDI LTIGBT, the current density is improved ) ) ) - )

s . 5 Fig. 4. (color online) The tradeoff relation of the specific on-resistance
to 700 A-cm at Von = 1.31V, the ROH,SP is 187 mQ-mm?, Ron,sp at Ja =700 A/em? with the breakdown voltage VB off-

102 103
Breakdown voltage/V

Table 2. Comparison of the experimental and simulated data reported, and the data of this work.

Device structure Half-cell pitch/um VB.off IV R(,,,Tslf,/m(}mm2 Tmax/K
DGDI LTIGBT 10.5 250 187 346
DI LTIGBT 10.5 250 227 382
Con. LTIGBT 10.5/18 105/250 193/268 344.5/386
DI LTIGBT!®! 13.5 210 330 -
Multi-emitter LIGBT!2?! 35 270 237 -

Figure 5 shows the influences of the gate 2 depth (D)  trations of the P-anode is comparatively illustrated in Fig. 6.
on the specific on-resistance and the turnoff loss for the  The proposed DGDI LTIGBT shows greatly superior tradeoff
DGDI LTIGBT. The increase in D, makes the proposed DGDI
LTIGBT show a lower on-state voltage drop and specific on-
resistance, while the turnoff loss of the DGDI LTIGBT is kept
unchanged. The tradeoff between the specific on-resistance  than that of the DI LTIGBT due to a larger gate parasitic ca-
and the turnoff loss obtained by varying the doping concen-  pacitance for the DGDI LTIGBT.

characteristics than the other two. It is also worth mentioning

that the turnoff delay time 74 of the DGDI LTIGBT is longer
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Fig. 5. (color online) The dependence of the specific on-resistance and
the turnoff loss on the gate 2 depth.
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Fig. 6. (color online) The tradeoff between the specific on-resistance
and the turnoff loss.

3.2. Temperature performance

The dependence on temperature and the on-state volt-
age drop of the DGDI LTIGBT are shown in Fig. 7. Sim-
ilarly to the DI LTIGBT and the conventional LTIGBT, the
DGDI LTIGBT has a negative temperature coefficient at oper-
ating current density Jo = 700 A-cm~2 and low gate voltage
Vo1 = Vg2 = 5 'V, because the bipolar conduction mode in
the DGDI LTIGBT dominates at high temperature. However,
it should be noted that the zero thermal coefficient (ZTC)
of the DGDI LTIGBT is at Jo = 3000 A-cm 2. Above the
ZTC, the temperature coefficient becomes positive and causes

7
solid lines: T'=300 K
T @} dashed lines: T=400 K _ -
g Var=Vae=5V -
< 5 DGDI LTIGBT ’
bl .
S 4} cross-over point
Z (zero temperature coefficight) DI LTIGBT
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Anode voltage/V

Fig. 7. (color online) Comparison of the on-state characteristics at var-
ious temperatures.

the mobility degradation, which is shown by the decrease in
the anode saturation current (shown in Fig. 7). Due to the
ultra-low on-state voltage of the DGDI LTIGBT, it is likely
to increase the operating current density to a higher level
(> 3000 A-cm*Z) to achieve a positive temperature coeffi-
cient. This therefore suggests that the on-state characteristics
of the chips exhibit a good positive temperature coefficient for
safety paralleling to handling larger currents.

(a) O

Distance/pm

buried oxide

(b)
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301.5 K
300 K
DI LTIGBT
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Distance/pm

Fig. 8. (color online) The 2D distributions of the temperature and cur-
rent of (a) the proposed DGDI LTIGBT, and (b) the DI LTIGBT.

Figures 8(a) and 8(b) show the two-dimensional (2D)
temperature distributions and the current distributions of the
DI LTIGBT and the proposed DGDI LTIGBT. The vertical
temperature comparison of the above structures in the cath-
ode region is shown in Fig. 9. The substrate temperature is
fixed at 300 K, and Vg and Vi, are 5 V. The temperature is
extracted at a current of 2x10™* A-um~"'. The heat is mainly
dissipated through the heat sink attached to the substrate; the
temperature thus decreases from the surface to the substrate.
The maximum temperatures, Tk, in these devices are also
given in Table 2. The temperature of the DGDI LTIGBT is the
lowest of the above structures with the 250V-class Vg of, but
that of the conventional LTIGBT is the highest in Fig. 9. That
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is because of the widened effective conduction area caused by
the double trench gates and the uniform current distribution
on the cathode side (shown in Fig. 8). It can be concluded that
DGDI LTIGBT devices can enhance the short-circuit capabil-
ity and achieve a larger maximum dissipation power, while
maintaining a low self-heating effect (SHE).

400
con. LTIGBT

380 (Leen =18 pm, Vi o =250 V)
e
o DI LTIGBT
g 3601 (Leen =10.5 pm,|
5 DGDI LTIGBT Vi oft = 250 V)
& 340f \
ﬁ‘) con. LTIGBT

LCC =10.5 s Vi off = 105 V

320 F (Leen pm, Vg of 5 V)

300k ) . . : ]
0 3 6 9 12 15

y/pm

Fig. 9. (color online) The vertical temperature distributions in the cath-
ode region.

4. Conclusion

In summary, we have proposed a novel dual-gate and
dielectric-inserted LTIGBT with an ultra-low on-state voltage
drop of 1.31 V at 700 A-cm~2. The half-cell pitch of the IGBT
is reduced to 10.5 um and the specific on-resistance Rop sp is
decreased to 187 mQ-mm? with a breakdown voltage of 250 V
by using double trench gates and the dielectric-inserted tech-
nology. It also shows a better tradeoff between the specific
on-resistance and the turnoff loss. Furthermore, the on-state
characteristics of the proposed LTIGBT exhibit a good posi-
tive temperature coefficient and maintain a low SHE for safety
paralleling to handling larger currents.
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