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ABSTRACT In this paper, a novel bulk silicon lateral superjunction double diffused MOSFET (SJ-LDMOS)
with dual gate (DG) is proposed and its mechanism is investigated by numerical TCAD simulations.
The proposed structure features the combination of a trench gate and a planar gate, forming two current
conduction paths. One current conduction takes place along the highly doped N-pillar. The other is through
the N-buffer layer ensuring uniform current distributions, which solves the problem of low conduction in
the N-buffer layer of the SJ-LDMOS structures. The dual conduction paths improve the current uniformity
through the entire SJ layer and the N-buffer layer, which effectively reduces the resistance of the device.
Simulation results indicate that the proposed device is predicted to achieve a high breakdown voltage
(BV) of 643 V and an extremely low specific ON-resistance (Ron,sp) of 28.53 mQ-cm?, which is by
46.7 % lower than that of the previously N-buffer SJI-LDMOS structures with the same drift length.
Besides, the transconductance of DG SJ-LDMOS is increased by 54.5 % and the figure of merit (FOM)
on BV2/R0N,Sp of DG SJ-LDMOS is increased by 85.5 %.

INDEX TERMS Superjunction MOSFET, N-buffer, trench gate, breakdown voltage, ON-resistance.

I. INTRODUCTION

Superjunction (SJ) technology is with the ability to achieve
a remarkable low specific ON-resistance (Ron,sp) at a given
breakdown voltage (BV) while keeping almost all of the
advantages of the power MOSFET, which has been realized
in the 500-900 V power SJ] MOSFET [1]-[4]. The bulk
silicon lateral superjunction double diffused MOSFET (SJ-
LDMOS) with good heat dissipation and the low-cost sub-
strate has been developed in high voltage power integrated
circuits. The early development of bulk silicon SJ-LDMOS
devices were primarily to eliminate the substrate-assisted
depletion (SAD) effect of the device [S5]-[8]. Some authors
use additional N-type impurities to compensate for the
SAD [6], [8]. Then some reported structures based on the
N-buffer SJ-LDMOS are all focusing on the optimization of
the lateral and bulk electric field distributions of the device
to further improve the BV, using the technology of resistive
field plates [9]-[10], stepped doping buffer layers [11]-[12],
N-type buried layers [13]-[14], deep drain diffusion [15],
high-K dielectric trench [16], etc. However, the Ron;sp of the

N-buffer SJ-LDMOS structures is still limited at high volt-
age ratings (~600V).This is because of the JFET effect of
N/P pillars. When the pillar width of SJ-LDMOS decreases,
the pillar width becomes comparable to the built-in depletion
regions between N- and P-pillars, which narrows the current
path in the pillars [17]. The electronic current mainly flows
at the surface of the N-pillars. Moreover, the conductivity of
the N-buffer layer is poor, especially, the N-buffer layer in the
area under the P-pillar due to the built-in depletions between
the N-buffer layer and the P-pillars. Thus, the conduction
of the N-buffer layer is not fully utilized, which limits the
ON-resistance of the device. In order to further reduce the
resistance of the LDMOS, several types of trench LDMOS
have been reported to improve the performance of the con-
ventional LDMOS [18]—[24], however, these structures are
mainly adopted for the low voltage applications.

To address the requirement for high voltage lateral
MOSFETs with low Ron,sp. In this paper, a novel SJ-
LDMOS with dual gate (DG) is proposed, which combines
the advantages of the trench gate and the planar gate. The
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TABLE 1. Parameters of optimized device structures.

Symbol Description DG N-buffer DG
Y p SI-LDMOS SJ-LDMOS LDMOS
Wy, Wp N, P drift width (um) 1.0 1.0
Tw P well depth (um) 3.0 3.0 3.0
Ts; SJ layer thickness (um) 2.0 2.0 --
Ts Buffer layer thickness (um) 2.0 2.0 2.0~4.0
Lep, Lop  Gate, Drain FP length (um) 3.0, 2.0 3.0,2.0 3.0,2.0
Tox  Gate oxide thickness (um) 0.05 0.05 0.05
Trox  Field oxide thickness (um) 0.8 0.8 0.8
Lpc Plane channel length (um) 2.0 2.0 2.0
Lrc  Trench channel length (um) 2.5 - 2.5
T Plane, trench gate depth(um)  1.0~5.0 1.0~5.0
War Gate trench width (um) 2.0 -- 2.0
Lp Drift length (um) 20~80 20~80 20~80
Ns Substrate doping (cm™) 1~2x10™  1~2x10" 1~2x10™"
Nb,Na N, P drift doping (cm™) 5x10'° 5x10'° --
Ns Buffer layer doping (cm™) ~ 2~4x10"5  2~4x10" 3~12x10%
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FIGURE 1. Three-dimensional schematic structures. (a) Conventional
N-buffer SJ-LDMOS. (b) Sectional view along AA. (c) Proposed DG
SJ-LDMOS. (d) Simplified equivalent circuit of the dual current conduction
paths.

dual current conduction paths are achieved, taking place
along both the N-pillar and the N-buffer layer. The N-buffer
layer not only effectively eliminates the substrate-assisted
depletion effect, but also fully participates in current conduc-
tion. The dual conduction paths improve current uniformity
through the entire SJ layer and the N-buffer layer, which
effectively reduces the resistance of the device. Simulation
results indicate that the Ron,sp of DG SJ-LDMOS is con-
siderably reduced, which is 46.7 % lower than that of the
previously N-buffer SJ-LDMOS structures. The transcon-
ductance of DG SJ-LDMOS is increased by 54.5 % and the
figure of merit (FOM) on sz/RON’Sp of DG SJ-LDMOS
reaches 14.49 MW/cm?, increased by 85.5 %. The struc-
ture and theory for the proposal will be described in the
following.

Il. DEVICE STRUCTURE AND WORKING PRINCIPLE

The three-dimensional schematic structures of the proposed
DG SJ-LDMOS and the conventional N-buffer SI-LDMOS
are shown in Fig. 1 (c¢) and (a). The main feature of DG
SJ-LDMOS is the combination of a planar gate and a trench
gate structure. This novel design inherits the advantages of
both concepts while requiring only a minimum of additional
process. The process flow is the same as the conventional
N-buffer SJ-ILDMOS apart from the implantation of a trench
gate structure incorporated into the source side of the SJ-
LDMOS complementing the standard p-well body contact.
The width and depth of the gate trench are Wg and Tg. The
thickness of the gate oxide of the trench gate and the planar
gate are both Tox. The parameters of the proposed DG
SJ-LDMOS, the conventional N-buffer SJ-LDMOS and the
conventional RESURF LDMOS with dual gate structure (DG
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LDMOS) used in the three-dimensional device simulation are
specified in TABLE 1.

For the conventional SJ-LDMOS structures, the specific
resistance of the SJ drift region Rp_sj,sp is the dominant
component at high voltage ratings above 200 V, which is
given by

PpLp
Lp(WnN + Wp)

NA

RD-SJ,sp =

Wn + Wp ) )

L2

_ D
guNpTsy (WN — Wp(x)/2
where Sna = Tsy (Wn — Wp(x)/2) is the equivalent cross-
sectional area of the electron current flowing in the N-pillar.
Fig. 1 (b) shows the sectional view along AA’ of the conven-
tional N-buffer SJ-LDMOS. Wp(x) is the depletion region
width between the N- and P-pillar (No = Np), which is sup-
ported by the voltage difference AV that is equal to the sum
of the built-in potential Vy; and the on-state voltage Von(x)
drop of the SJ drift region [25]. Wp(x) and Vo,(x) gradually

increase from the channel to the drain. In these case

2esi (Vi + Von Na + N
o P

Therefore, the Rp-sysp is limited by the existence of the
Wp(x) due to the JFET effect, especially when the Wy
becomes comparable to the Wp(x). Similarly, the current
conduction path in the N-buffer layer is poor, which is
depleted both by the P-pillar with the voltage difference
of AVy and by the P-substrate with the voltage difference
of AVy,, with the depletion region width of Wpg(x).

With the additional trench gate of DG SJ-LDMOS, these
problems mentioned above can be effectively improved.
Firstly, due to the trench gate, electron current is fully
conducted in the N-pillar, which will reduce the Vq(x)
and the Wp(x). Secondly, the dual current conduction paths
are achieved, taking place along both the N-pillar (path I)
and the N-buffer layer (path II) as shown in Fig. 1 (d),
which effectively reduces the resistance of the device. The
total resistance of the drift region (Rp-tota1) and the channel
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FIGURE 2. (a) Experimental and simulation breakdown characteristics for
the conventional N-buffer SJ-LDMOS, DG SJ-LDMOS, DG LDMOS and JITR
LDMOS. (b) The equipotential distribution at the onset of breakdown for
DG SJ-LDMOS and the conventional N-buffer SJ-LDMOS.

(Rch-total) of DG SJ-LDMOS is effectively reduced, which
is given by

RD-total + Rch-total = (Rp + Rpc) | (RB + R1e) 3)

where Rp and Rp are the resistance of the N-pillar and N-
buffer layer respectively, Rpc the resistance of the planar
channel and Rtc the resistance of the trench channel.

11l. RESULTS AND DISCUSSION

In this paper, to illustrate the credibility of the simula-
tion, the TCAD simulation [26] is calibrated to experimental
breakdown characteristics (Igs — Vgs) data extracted from
N-Buffer SJ-LDMOS [8] and Triple RESURF (Reduced
SURface Field) LDMOS [27] with a certain channel width
(Wcn) shown in Fig. 2 (a). With one set of self-consistent
parameters, the TCAD simulation results and the experi-
mental data are all well matched. Fig. 2 (a) shows the
off-state breakdown characteristics of the proposed DG SJ-
LDMOS, the conventional N-buffer SI-LDMOS and the DG
LDMOS under the optimized conditions. Compared to the
DG LDMOS (522 V), both the conventional N-buffer SJ-
LDMOS (647 V) and DG SJ-LDMOS (643 V) have obtained
the high BV due to the SJ drift. These devices are with the
same low leakage current. Fig. 2 (b) shows the equipotential
distribution at the onset of breakdown for DG SJ-LDMOS
and the conventional N-buffer SI-LDMOS. The breakdown
points of these two devices are located where the equipo-
tential lines dense under the drain, which is affected by the
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FIGURE 3. Comparisons of (a) Transfer and transconductance
characteristics (b) Output characteristics (Vgg @ 1.0, 2.5, 3.0, 4.0, 5.0,
10.0 V) for DG SJ-LDMOS, the conventional N-buffer S-LDMOS and
DG LDMOS.

curvature effect of the N* drain diffusion. It can be seen
that the trench gate is located near the low voltage source
of DG SJ-LDMOS, and there is no equipotential line dense
around it, so the trench gate has little effect on the breakdown
voltage of the device.

The transfer and transconductance characteristics of DG
SJ-LDMOS, the conventional N-buffer SJ-LDMOS, and DG
LDMOS are shown in Fig. 3 (a). The threshold voltage
of DG SJ-LDMOS, the conventional N-buffer SJ-LDMOS,
and DG LDMOS is found to be 1.7 V, 2.0 V and 1.8V,
respectively. For DG SJ-LDMOS, a higher peak transcon-
ductance (gn,) is obtained due to the simultaneous formation
of the two current conduction paths. The g of DG SJ-
LDMOS (153 uS/wm) is higher than that (99 uS/wm) of
the conventional N-buffer SI-LDMOS and that (67 ©S/pm)
of DG LDMOS with the improvement of 54.5 % and
128.4 %, respectively. The comparison of output charac-
teristics for the three devices is shown in Fig 3 (b). DG
SJ-LDMOS demonstrates better output performance than
the conventional N-buffer SJ-LDMOS and DG LDMOS,
under the conditions of different gate voltages (Vgs @
1.0, 2.5, 3.0, 4.0, 5.0, 10.0 V). DG SJ-LDMOS has
a higher slope in the linear region, indicating a lower RoN,sp
(28.53 mQcm?) than that (53.57 mQcm?) of the conven-
tional N-buffer SJ-LDMOS and that (124.84 mQcm?) of
DG LDMOS with the decrease of 46.7 % and 77.2 %,
respectively.
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FIGURE 4. Electron current density of the conventional N-buffer SJ-LDMOS
and DG SJ-LDMOS in the ON-state (Vgg = 10V, Vpg = 10 V). (a) DG
SJ-LDMOS and (b) Con. SJ-LDMOS @ Z = 0.5 um (Middle position of the
N-pillar) and @ Z = 1.5 um (Middle position of the P-pillar).
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FIGURE 5. BV and Ro,sp versus Lp for DG SJ-LDMOS, the conventional
N-buffer SJ-LDMOS and DG LDMOS.

Fig. 4 (a) and (b) show the comparisons of the electron
current density plots in the middle of the P-and N-pillar with
the corresponding N-buffer layer below of the two devices.
It can be seen that the electron current density of the N-
buffer layer of DG SJ-LDMOS is higher than that of the
conventional N-buffer SJI-LDMOS. For the conventional N-
buffer SJI-LDMOS, the N-buffer layer in the area below
the P-pillar is almost non-conductive. However, for DG SJ-
LDMOS, the N-buffer layer is completely conductive due to
the trench gate.

Fig. 5 shows the comparisons of the BV and Ron,sp for
the three devices with the different Lp (20, 40, 60, 80 pum).
It can be seen that DG SJ-LDMOS has obtained a lower
on-resistance at different Lp. In addition, the Ron,sp gener-
ated by the path II of DG SJ-LDMOS (only the trench gate
turns on) is still lower than that of DG LDMOS due to the
highly doped N-pillar drift, which is an important part of
the overall Ron,sp reduction for DG SJ-LDMOS. The fig-
ure of merit (FOM) on BV?/ Ron,sp of DG SJ-LDMOS is
14.49 MW/cm?, higher than that (7.81 MW/cm?) of the con-
ventional N-buffer SJ-LDMOS and that (2.18 MW/cm?) of
DG LDMOS, with the improvement of 85.5 % and 564.7 %
with the same Lp of 40 um.

Fig. 6 (a) shows the influence of TG on Ron;sp of DG
SJ-LDMOS. The Ron;,sp decreases as T increases and tends
to saturate when TG is 3.0 um because the vertical channel
length of the trench Ltc is 2.5 um. Although further increas-
ing Tg will form a vertical gate field plate at the bottom of
the trench gate, leading to carrier accumulation and reduce
resistance, it will also increase the gate capacitance of the
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FIGURE 6. Simulated output characteristics at different (a) T¢g
and (b) different surface trap density at the Oxide/Silicon interface around
the trench gate.

device. Fig. 6 (b) shows the output characteristics at differ-
ent surface trap density at the Oxide/Silicon interface around
the trench gate. In reality, the mobility on the trench side-
walls could be different from the planar one due to the traps
at the etched interface. It can be seen from the simulation
results that as the density of traps increases, the conduc-
tion characteristics of DG SJ-LDMOS slightly decrease, but
the overall conduction is still significantly higher than that
of conventional N-buffer SJI-LDMOS. For the high voltage
(>200) LDMOS devices, the on-resistance in the drift region
plays a major role.

Fig. 7 (a) shows the influence of Ng on Ron,sp and BV
of DG SJ-LDMOS. Since the N-buffer layer needs to fully
compensate for the substrate-assisted depletion effect, there
is an optimal Np to obtain the maximum BV and correspond-
ingly low Ron,sp. Fig. 7 (b) shows the influence of Na/Np
on Ron,sp and BV of DG SJ-LDMOS. With the increase of
Na/Np, the Ron,sp of DG SJ-LDMOS gradually decreases
and the maximum BV can be obtained under the condition of
satisfying the charge balance. Fig. 7 (c) shows the influence
of Tsy on Ron,sp and BV of DG SJ-LDMOS. Since the con-
ditions of RESURF and charge balance need to be satisfied
between the SJ layer and the N-buffer layer, the optimal
BV and Ronp are obtained under certain Ng conditions.
Fig. 7 (d) shows the influence of T on Ron,sp and BV of
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(d) Ron,sp and BV versus Tg at different Lp for DG SJ-LDMOS.

DG SJ-LDMOS. A certain Tg can make DG SJ-LDMOS
meet the conditions of RESURF and charge balance at the
same time, so that the device can obtain a high BV. As Tp
increases, although the Ron,sp of the device decreases, the
voltage of the device also decreases.

Fig. 8 (a) compares the gate charge (Qg) characteristics
of DG SJ-LDMOS, DG LDMOS, and the N-buffer SJ-
LDMOS. The components (gate—source charge (Qgs) and
gate—drain charge Qgp) of the gate charge for DG SJ-
LDMOS (Qgs = 26.3 nC-cm™2, Qgp = 53.5 nC-cm™2)
and DG LDMOS (Qgs = 26.1 nC-cm™2, Qgp =
51.2 nC-cm™2) is larger than that (Qgs = 18 nC-cm™2,
Ocp = 43.7 nC-cm™2) of the N-buffer SJI-LDMOS due
to the additional capacitance of the trench gate. The gate
plateau voltage for the proposed DG SJ-LDMOS is smaller
due to its lower threshold voltage and larger transconduc-
tance. The switching characteristics of these three structures
are given in Fig. 8 (b). The time spent on charging the
additional capacitance of the trench gate increases the turn
on and off time of DG SJ-LDMOS and DG LDMOS
structures, which is larger than that of the conventional
N-buffer SJ-LDMOS. The dynamic characteristic of the
proposed DG SJ-LDMOS is more inclined to apply to the
low and medium frequencies (10~200 kHz) in the power
field. Although the DG structure will increase a certain
switching loss, it can significantly reduce the on-state power
loss.

Temperature distributions in the N-buffer SJ-LDMOS and
DG SJ-LDMOS are shown in Fig. 9. The thermodynamic
transport model is required for simulations with high current
levels, where considerable self-heating may occur. It can be
seen from the results that although the high current causes the
temperature of the two devices to increase, the two devices
can still work normally.
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Fig. 10 shows the R,y s versus BV for DG SJ-LDMOS,
DG LDMOS, the N-buffer SJ-LDMOS, and other existing
SJ-LDMOS structures [4], [6], [14]-[16]. It is shown that
DG SJ-LDMOS is with better performance in the BV region
(400~1200V) much closer to the lateral SJ Silicon limit [28].

Fig. 11 shows the key fabrication steps of the proposed DG
SJ-LDMOS, which is basically the same as the process of the
conventional N-buffer SJ-LDMOS, except that of a sidewall
trench gate structure is formed. This device starts from a P-
type (100) substrate and forms an N-type buffer layer with
a certain concentration by the epitaxial process as shown
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FIGURE 11. Simplified key fabrication steps of DG SJ-LDMOS. (a) The
P-type substrate with N-type epitaxial layer. (b)After active region
formation, the P-base and SJ layer are formed in the N-buffer layer. Then
the field oxide is formed by STI. (c) A gate trench is formed. (d) Deposit
and etch polysilicon after gate oxide layer thermally grown. (e) The source
and drain are formed by N* and P* ions implantation. (f) Deposit and
etch metal to form source and drain electrodes.

in Fig. 11 (a). After active region formation, the P-type
base region is formed by P-type ion implantation, and the
SJ layer is then formed by N and P-type ion implantation,
respectively. Then the field oxide layer is formed by the
shallow trench isolation (STI) as shown in Fig. 11 (b). The
sidewall trench gate is formed by a trench etching process
as shown in Fig. 11 (c). A thin gate oxide layer formation
grows by thermal oxidation. Polysilicon is then deposited
and etched to form the plane and trench gate electrode as
shown in Fig. 11 (d). The N* and P* in the source and
drain region are formed by high dosage ion implantation.
as shown in Fig. 11 (e). Finally, deposit and etch metal to
form source and drain electrodes as shown in Fig. 11 (f).

IV. CONCLUSION

In this paper, we propose a novel bulk Silicon SJ-LDMOS
with the dual gate structure, which features the combination
of a planar gate and a trench gate structure forming a dual
current conduction path to reduce the overall ON-resistance.
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Device simulations show that the proposed DG SJ-LDMOS
can deliver a remarkably lower RoN;,sp than the conventional
N-buffer SJ-LDMOS with the same drift length. The slightly
longer switching time produced by the gate trench is toler-
able. DG SJ-LDMOS provides noticeable benefits over the
conventional N-buffer SJ-LDMOS structures with a limited
amount of additional process steps.
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