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Abstract: A new super junction LDMOST structure that suppresses the substrate-assisted depletion effect is de-

signed with an n* -floating layer embedded in the high-resistance p-type substrate by implanting phosphor or arse-

nic. This effect results from a charge imbalance between the n-type and p-type pillars when the n-type pillars are

depleted by p-type substrate. The high electric field around the drain is reduced by the n' -floating layer due to the
REBULF effect,which causes the redistribution of the bulk electric field in the drift region,and thus the substrate
supports more biases. The new structure features high breakdown voltage,low on-resistance,and charge balance in

the drift region.
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1 Introduction

The lateral double diffused MOSFET (LD-
MOS) structure has been widely used in intelligent
power applications because its process is compati-
ble with VLSI processes and it is easy to integrate
with other devices. The performance goal in LD-
MOS is to use the lowest specific on-resistance
(Ron,) to minimize conduction loss. Several tech-
nologies have been proposed,such as reduced sur-
face field (RESURF) LDMOS'", new structures
based on RESURF technology*~*',PSOI with a p-
type buried layer™ , and the buried oxide double
step MOSFET™! . LDMOS based on the super junc-
tion concept'” ,in which the n-type drift region of
the RESURF LDMOS is replaced by a set of al-
ternating highly doped n- and p-type semiconduc-
tor pillars, was recently proposed to further im-
prove the trade-off characteristics between the
breakdown voltage (BV) and the specific on-re-
sistance (R, ) s which has always been a major
issue in the design of power devices. However,the
p-type pillars of the SJ-LDMOST implemented on
a p-substrate cannot be depleted completely be-
fore the electric field of the silicon reaches its
critical breakdown. This results from charge im-
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balance due to the substrate-assisted depletion
effect’™ by depleting n-type pillars to degrade the
BV of the device. To eliminate this effect,several
structures have been reported ',

In this paper,a novel SI-LDMOST with n” -
floating layer (n" -floating SJ-LDMOS) embedded
in the high-resistance substrate (Fig. 1) is pro-
posed for the first time to suppress the charge im-
balance effect, and an important REBULF
effect'’ is introduced by an n’-floating layer.
The high electric field around the drain is reduced
by the n"-floating layer, and the bulk electric
field is redistributed in the drift region due to the
REBULF effect.

2  Device structure and description

Figure 1 shows the proposed n* -floating SJ-
LDMOST. The key feature of the structure is the
use of an n” -floating layer with a concentration
of more than 1 X 10" cm™ in the high-resistance
substrate ( N;), and the distance from the n'-
floating layer to the bottom of the drift region is
W, which must be less than the thickness of the
depletion layer ( W,) in the substrate of a conven-
tional SJ-LDMOS. N, and N, are the peaks of the

concentration of n- and p-type pillars made by ion
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implantation and diffusion, respectively. L, is the
length of the super junction layer. h, Wy and W,
are the height and widths of the n- and p-type pil-
lars,and are 1pm throughout the following discus-
sion. As the drain voltage of the device is in-
creased in the off-state, the n-pillars of the n + -
floating SJ-LDMOST are depleted by the neigh-
boring p-pillars,as well as by the p-type substrate
above the n" -floating layer. The p-pillars start to
be affected by the n” -floating layer after the p-
type charge above n” -floating is fully depleted at
a high enough drain voltage. In the n'-floating
SJ-LDMOST structure, both pillars are affected by
the vertical depletion effect due to the electric
field in the y axial direction, which results in the
charge balance between the pillars. In the conven-
tional SJ structure,only the n-pillars are affected
by the p-type substrate.
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Fig.1 Three-dimension view of the n' -floating SJ-
LDMOST

The potential of the n* layer is floated up
when the depletion layer spreads into its region,
and thus the high electric field around the drain is
reduced by the redistribution of the bulk electric
field in the drift region, and the high-resistance
substrate supports more biases due to the parallel
plane D; junction. This instance is different from
Ref.[13] in which the n” -floating layer is embed-
ded into p’ substrate. A high breakdown voltage
could not be obtained in Ref.[13] due to the ab-
sence of the parallel plane junction D;.

3 Simulation results
Figure 2 shows the simulated potential con-

tours at the breakdown using simulation software
ISE"" for the proposed n'-floating SJ-LDMOST

and the conventional SJ-LDMOST. It is clear that
the breakdown occurs at the surface of the con-
ventional SJI-LDMOST (Fig.2(a)) due to electric
field crowding and the p-type pillars cannot be
depleted completely for charge imbalance effect.
Thus the breakdown voltage is limited to 147V.
However, compared with a conventional SJ-LD-
MOST, there are two significant differences for
the proposed n'-floating SJ-LDMOST ( Fig. 2
(b)) . First,both p- and n-type pillars are depleted
completely at breakdown due to the fact that
charge balance is obtained in the proposed struc-
ture. Second, a significant part of the potential
contours gets pulled out toward the source region
due to the presence of the n’ -floating layer, by
which the electric field around the drain is re-
duced due to the REBULF effect (shown in Fig.3
(a)) ,thus the potential across the D, junction has
been reduced significantly,and the breakdown of
the n" -floating SJ-LDMOST occurs at the D, and
D, junctions simultaneously in the best case, which
allows the breakdown voltage to reach 263V.
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Fig.2 Potential distributions of the conventional (a)
and n' -floating SJ-LDMOS (b) Ly = 15um, Np =
No=5.0X10"%em™,N,=1.2X10"ecm™*, W =18um,
W, =22pm
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Fig.3 Vertical electric field profiles around the drain (a) and the source (b) for the conventional and n” -
floating SJ-LDMOS Ly =10pm, W =16pm,Np =N, =5.0X10"cm *,N,=1.2X10"cm™*

The vertical electric field distributions
around the drain and source are shown in Fig. 3.
Under reverse bias, the electric field around the
drain of the n" -floating SJ-LDMOST (Fig.3(a))
is divided into two parts (their peaks are denoted
by A and B), which were produced by junctions
D, and D, . In this way,the maximal electric field
around the drain becomes lower than that of the
conventional SJ-LDMOST. It can be seen from
Fig.3 (b) that the strength and area of electric
field distribution near the source in the n* -float-
ing SJ-LDMOST are larger than that of the con-
ventional SJ-LDMOST. This is a result of the de-
pletion layer spreading into source region.

The effect of the doping imbalance on the
BV for the n" -floating SJ-LDMOST and conven-
tional SJ-LDMOST are compared in Fig. 4. The
maximum breakdown voltage V, in the n* -float-
ing SJ-LDMOST is increased drastically by AV,
compared with Vj in the conventional SJ-LDMOS
due to suppression of the imbalance charge AQ,
and increased by AV, compared with V¢ in the
lateral unbalanced SJ-LDMOS™""' due to the RE-
BULF effect.

The optimum W is applied in accordance
with Fig.5 that shows the relation of the break-
down voltage and W in the n” -floating SJ-LD-
MOS. It is clear that the breakdown voltage peaks
when the REBULF condition is satisfied. This in-
dicates that the optimum REBULF condition is a-
chieved as the height of the electric field at points
A and B (shown in Fig.3(a)) is equal,which cau-
ses the breakdown to occur at junctions D; and
D, ,simultaneously.
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Fig.4 Breakdown voltage versus doping imbalance

for the conventional and n” -floating SJ-LDMOS L,
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Fig.5 Breakdown voltage versus W for the n” -float-
ing SJ-LDMOS Np = N, =5.0X10%cm™*, N, =1.2
X 10" cem™?

In practical implementation of the n™ -float-
ing SJ-LDMOST. the additional steps needed to
implement the device involve implanting phos-
phor or arsenic into the p-substrate to form the
n" -floating layer and the substrate above the n” -
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floating layer generated by epitaxy. Although the
n’ -floating layer will diffuse out due to the ther-
mal cycle,its total dose could be kept from chan-
ging,which would not affect the REBULF condi-
tion to suppress the substrate-assisted depletion
effect.

Figure 6 shows the on-state Ips-Vps charac-
teristics of the n" -floating ST-LDMOST with the
breakdown voltage of 117V and the RESURF
LDMOS based on RESURF technology'! with the
breakdown voltage of 103V. It indicates that the
on-resistance of the n"-floating SJ-LDMOST is
much lower than that of the RESURF LDMOST
due to highly doped n-type semiconductor pillars,
which can be explained in Ref.[15].
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Fig.6 On-state characteristics of the RESURF LD-
MOS and n" -floating SJ-ILDMOS L, = 10um, W =
16pm, Np = N, =5.0%X10%cm™*,N,=1.2X10"cm™

In general, the longer the drift region is, the
higher the breakdown voltage will be. However, it
should be noted that the breakdown voltage of the
device will also saturate due to the saturation of
the vertical breakdown voltage. In the n" -floating
SJ-LDMOST structure, the saturated length of the
drift region is larger than that of the conventional
SJ-LDMOST since the vertical breakdown voltage
of the n' -floating SJ-LDMOST is higher than that
of the conventional SJ-LDMOST due to the RE-
BULF effect. The maximum breakdown voltage
of the n’-floating SJ-LDMOST reaches 440V,
compared with that of 150V in the conventional
SJ-LDMOST.

The R, of the n' -floating SJ-LDMOS and
the RESURF LDMOS versus BV with various L4
are compared in Fig. 8 with an applied gate volt-
age V, of 6V and gate oxide thickness G, of
40nm. The comparison clearly demonstrates that
the R,.., of the n” -floating SI-LDMOS is almost
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MOS h=1pym,N,=1.2%X10"cm™’

Breakdown voltage versus the length of drift

the same as that of RESURF LDMOS at the low
breakdown voltage compared with the high-volt-
age because the whole on-resistance of a low volt-
age LDMOS is dominated by the resistance in the
channel region''®’, compared to the high-voltage
LDMOS dominated by the resistance of the drift
region. In the n* -floating SJ-LDMOS, a set of al-
ternating and highly doped n- and p-type semicon-
ductor pillars replace the n-type drift region of
the RESURF LDMOS, which causes the on-resist-
ance to decrease especially with the high break-

down voltage.
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Fig.8 R versus BV for the RESURF LDMOS and
n' -floating SI-LDMOS G, =40nm, V, =6V

4 Conclusions

A new SJ-LDMOS structure that employs an
n'-floating layer embedded in high-resistance
substrate was analyzed. This structure eliminates
charge imbalance by suppressing the substrate-as-
sisted depletion effect to achieve high breakdown
voltage while maintaining low on-resistance resul-
ting from the effect on the n- and p-type pillars of
the p-type substrate and n' -floating.which causes
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the charge balance between the pillars. In addi-
tion, the vertical electric field distributions around
the drain are reduced due to the REBULF effect,
improving the saturated breakdown voltage in the
n' -floating SJ-LDMOST compared to that in the
SJ-LDMOS without n"-floating layer. The re-
duced specific on-resistance is obtained in the n” -
floating SJ-LDMOS compared with the RESURF
LDMOS with the high breakdown voltage due to
highly doped n-type semiconductor pillars.
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