H28% 3
2007 4 3 1

= %= W

CHINESE JOURNAL OF SEMICONDUCTORS

Vol.28 No.3
Mar. ,2007
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Abstract: A new design concept is proposed to eliminate the substrate-assisted depletion effect that significantly

degrades the breakdown voltage (BV) of conventional super junction-LDMOS. The key feature of the new con-

cept is that a partial buried layer is implemented which compensates for the charge interaction between the p-sub-

strate and SJ region,realizing high breakdown voltage and low on-resistance. Numerical simulation results indicate

that the proposed device features high breakdown voltage,low on-resistance,and reduced sensitivity to doping im-

balance in the pillars. In addition, the proposed device is compatible with smart power technology.
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1 Introduction

The development of smart power IC (SPIC)
is driven by the rapid growth in applications of
motor control, electronic ballasts, switched mode
power supplies, and other related technologies'' .
The key component used in SPIC that dominates
these functions is the LDMOS device. One of the
main issues concerning the design of LDMOS is
the trade-off between breakdown voltage (BV)
capability and the on-resistance (R,,) . Recently,a
new device called the super junction (SJ) device
has been gaining attention because it can be used
to achieve significant improvement in the tradeoff
between on-resistance and breakdown voltage as
compared to conventional devices. The SJ concept
is based on achieving charge compensation in the
off-state,in a set of alternating and heavily doped
n and p pillars comprising the drift region of the
device. Provided that the pillars of SJ are fairly
narrow and net dopants in both pillars are ap-
proximately equal,it is possible to deplete the pil-
lars at a relatively low voltage. Upon depletion,
the pillars appear to be an “intrinsic” layer and a
near uniform electric field is achieved, resulting in
a high BV,

However, the SJ concept has not yet been
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widely applied in lateral power devices because
the SJ-LDMOS implemented on a p-substrate re-
sults in a charge interaction between the p-sub-
strate and SJ region,as shown in Fig.1 (a),which
is called the “substrate-assisted depletion effect”.
Then the behavior of the structure deviates from
the above ideal description, which significantly
degrades the BV of the SJ-LDMOS device'” ', In
order to increase breakdown voltage capability,
several solutions have been proposed to eliminate
the substrate-assisted depletion effect. An SJ/R-
LDMOS structure was reported in which the drift
region was split into an SJ region and RESURF
region with different doping concentrations™®' .
However,it is difficult to form the different do-
ping concentrations for the SJ region and RE-
SURF region. Furthermore, a USJ-LDMOS was
developed on SOI which also can be applied to
bulk silicon''’. Unfortunately. it requires both a
tight layout and high process tolerances. Another
possible solution to suppress the substrate-assisted
depletion effect is the use of an n-buffer layer be-
tween the p-substrate and SJ region''.

In this paper,a novel SJ-LDMOS using a par-
tial n-buried layer is proposed. A more uniform
surface electric field is obtained due to the sup-
pression of the substrate-assisted depletion effect,
which results in high BV and low on-resistance.
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Fig.1 Three-dimension view of the conventional SJ-
LDMOS (a) and proposed SJ-LDMOS (b)

Furthermore,the proposed device allows the inte-
gration of lateral power devices based on the SJ
concept into mainstream and low-cost CMOS/
BiCMOS technology without any additional
processes.

2 Device structure and operation

The basic cell of the proposed structure is
shown in Fig. 1 (b). In the conventional SJ-LD-
MOS C(called the conventional device), pn junc-
tions are formed between the n-pillars and the p-
substrate,resulting in a vertical electric field com-
ponent E,(x) which is a function of lateral posi-
tion in the drift region. The vertical electric field
component gives rise to a surplus of p-type charge
in the p-pillars and upsets the delicate charge bal-
ance between the n-and p-pillars in the off-state.

Generally, the charge imbalance in the pillars
leads to reduced BV™!. In the proposed SI-LD-
MOS (called the proposed device), an n-buried
layer is implemented between the p-substrate and
SJ pillars in order to suppress the substrate-assis-
ted depletion effect, resulting in an improvement
in BV. This is due to the fact that the depletion
between the p-pillars and the n-buried layer causes
the reduction of the charge density in the p-pil-
lars, which compensates for the lack of charge in
the n-pillars caused by the depletion between the
n-pillars and p-substrate. However, the substrate-
assisted depletion effect is most significant near
the drain and less effective near the channel, as
evident from the equipotential contours in Fig. 2
(a) for the conventional device. Thus,it is impor-
tant that the n-buried layer is only partially under
the drain contact region, which is different from
the n-buffered SJ-LDMOS where the n-buffered
layer is under the entire drift region.
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Fig.2 Equipotential contours plotted at the break-
down voltage (a) Conventional SJI-LDMOS; (b) n-
buffered SJ-LDMOS; (¢) Proposed SJ-LDMOS
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Table 1 Device specifications

Parameter Conven. n-buffered Proposed
Drift length, Lq/pm 8.0 8.0 8.0
Gate length, Ly/pm 1 1 1
n-pillar doping, Np/cm ™3 2Xx10' 2Xx10 2X10%
p-pillar doping. Na/cm ™3 2X1016 2X1016 2X101
Pillar width, W,, W,/um 1 1 1
Epi thickness, T'./pm 2 2 2
Buried dose. Qp/cm ™2 1.4Xx10% 3X1012
Buried length, Lg/pm — 8 5
Sub doping, Ns/cm ™3 5X 10 5X 10 5X 10

The BV improvement of the proposed device
can also be explained by the electric field modula-
tion effect. Since the partial n-buried layer is im-
plemented between the SJ region and p-substrate,
the electric field peak occurs near the buried layer
regions at the bottom surface of the epitaxial lay-
er in the off-state. The electric field peak near the
buried layer modulates the electric field distribu-
tion at the top surface of the epitaxial layer, cau-
sing a uniform distribution of the surface electric
field as shown in Fig. 3 (b). Through optimizing
the dose of the n-buried layer,the optimal modu-
lation effect can be obtained and the optimization
of BV is achieved.

The dose Qg and the length Ly of the n-bur-
ied layer are important parameters in the design

X/pm

Fig.3 Electric field distributions for different devices
(a) Vertical electric field distributions near the drain
terminal (x = 10pm, and the z axis located in the n-
pillar center) ; (b) Lateral electric field distributions at
the bottom (y = 5um,and the z axis located in the p
pillar center) and the top surface (y = Opm,and the z
axis located in the p-pillar center) of the epitaxial lay-
er

of the proposed device. Figure 4 shows the de-
pendence of the BV on the length Ly. It is clearly
shown that there is an optimal value Ly for the
maximum BV of the proposed device. At smaller
values of the length Ljy,the n-buried layer is only
located under the drain region, which cannot com-
pletely compensate for the charge imbalance in
the entire drift region, resulting in the low BV.
However,at larger values of the length Ly,the n-
buried layer is nearer the channel region,and only
low dose Qg can be depleted by the low potential
of the channel region. The low dose Qp cannot
completely suppress the substrate-assisted deple-
tion effect, especially near the drain region.
Therefore,the BV of this case is low, too. In fact,
the n-buffered SJ-LDMOS is like this case. The
optimal length Lg o, for our condition is 5pm,for
which BV reaches 188V. The conventional SJ-LD-
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MOS and n-buffered SJI-LDMOS can be treated as
the specific cases of the proposed device at Lz =0
and Ly = 8,respectively. Obviously, the BV of the
proposed device with an optimal length is larger
than those of its counterparts.
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Fig.4 BV versus the length of the n-buried layer

Figure 5 shows the BV versus the dose Oy of
the n-buried layer for three typical cases ( Ly <C
Ly opsLs= LyopsLs>Lgoy). It is shown that,
firstly,there is an optimal value Qy for a certain
length of n-buried layer. Secondly, the optimal
value Qg increases as the length of n-buried layer
is reduced. Moreover, to obtain the maximum BV
for a certain length,the process tolerance also in-
creases with the reduction of the length of the n-
buried layer. It is advantageous to achieve a low
on-resistance with a high BV.
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Fig.5 BV as a function of the n-buried layer dose

The effect of the doping imbalance on the
BV for the proposed device and n-buffered device
are compared in Fig. 6. It can be seen from this
figure that the proposed device has almost the
same sensitivity to doping imbalance as the n-

buffered device for the same doping concentra-
tion. This is due to the partial n-buried layer
which contributes to the balance between the n-
pillar and p-pillar of SJ.
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Fig.6 Dependences of the BV on doping imbalance

The on-state characteristics have been com-
pared. The simulation results are shown in Fig. 7
(a). It is clear that the proposed device and n-
buffered device have almost similar on resist-
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al,n-buffered, and proposed devices when V, = 12V;

(a) On-state characteristics of the convention-

(b) Dependence of the BV and specific on-resistance
on pillar height of the proposed device
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ances,which have a superior on-state characteris-
tic to that of the conventional device. The im-
provement in the on-state characteristics must be
due to the highly doped n-buried layer. In fact,the
on-resistance of the SJ-LDMOS decreases with in-
verse proportion of aspect ratio, as expressed in
Ref.[8]:

Rovy == KL hﬂ = KL: (D

Q‘»—A

Here K is a constant,« is the aspect ratio,and w
and h are the pillar width and height of the SJ re-
gion,respectively. Figure 7 (b) shows the depend-
ence of the BV and specific on-resistance on the
pillar height of the proposed device. In this pic-
ture,the BV of the proposed device remains al-
most constant while the specific on-resistance de-
creases with the increase in the pillar height.

The proposed SJ-LDMOS is compatible with
smart power technology. Before the n epitaxial
layer is grown. the n-type buried layer is imple-
mented. Then the alternate n- and p-pillars drift
region and other processes are formed like those
of a conventional SJ] LDMOS.

4 Conclusions

A novel SJ-LDMOS with partial n-buried lay-
er is proposed that realizes high breakdown volt-
age and low on-resistance (R,,). The proposed
structure overcomes the substrate-assisted deple-
tion effect, thus achieving the charge compensa-
tion between the n- and p-pillars as well as a near
uniform electric field distribution in the drift re-
gion in the off-state. The n-buried layer also pro-

vides a low current path in the on-state. In addi-
tion, the proposed device is compatible with smart
power technology.
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