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A low on-resistance buried current path SOI p-channel LDMOS
compatible with n-channel LDMOS*
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A novel low specific on-resistance (Ropsp) silicon-on-insulator (SOI) p-channel lateral double-diffused metal-oxide
semiconductor (pLDMOS) compatible with high voltage (HV) n-channel LDMOS (nLDMOS) is proposed. The pLDMOS
is built in the N-type SOI layer with a buried P-type layer acting as a current conduction path in the on-state (BP SOI pLD-
MOS). Its superior compatibility with the HV nLDMOS and low voltage (LV) complementary metal-oxide semiconductor
(CMOS) circuitry which are formed on the N-SOI layer can be obtained. In the off-state the P-buried layer built in the N-
SOI layer causes multiple depletion and electric field reshaping, leading to an enhanced (reduced) surface field (RESURF)
effect. The proposed BP SOI pLDMOS achieves not only an improved breakdown voltage (BV) but also a significantly
reduced Ronsp- The BV of the BP SOI pLDMOS increases to 319 V from 215 V of the conventional SOI pLDMOS at
the same half cell pitch of 25 pum, and Ronsp decreases from 157 mQ-cm? to 55 mQ-cm?. Compared with the PW SOI
pLDMOS, the BP SOI pLDMOS also reduces the Ron sp by 34% with almost the same BV'.
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1. Introduction

The lateral double-diffused metal-oxide semiconductor
(LDMOS) transistor is widely used in power integrated cir-
cuits (ICs) due to its superior integration.!?! Silicon-on-
insulator (SOI) technology offers superior isolation and strong
immunity to latch-up.>-81 The hole mobility in the p-channel
LDMOS (pLDMOS) is much lower than electron mobility in
the n-channel LDMOS (nLDMOS), leading to higher specific
on-resistance (Romgp) of the pPLDMOS. Therefore the pLD-
MOS has received little attention. However, the pLDMOS is
desirable for high-side applications since it has the advantage
of circuit simplification. [>~'") Unfortunately, conventional SOI
pLDMOS (Con. SOI pLDMOS) at high-side operation suffers
from handler wafer biasing, leading to a reduced BV, com-
pared with the nLDMOS at low-side operation. 1214

In the present paper, a novel low resistance SOI pLD-
MOS device is proposed. The pLDMOS is characterized by
a P-buried layer (PBL) implanted in the N-type SOI layer (BP
SOI pLDMOS). This PBL acts as the low resistance current
path during the on-state. In the off-state, the PBL causes
multiple depletion with the N-type SOI layer, thus enhanc-
ing the RESUREF effect, which not only improves the break-
down voltage (BV) but also reduces the Ry, sp. In addition,
the proposed BP SOI pLDMOS exhibits excellent compatibil-
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ity, which can be easily integrated with the high voltage (HV)
nLDMOS. Thus, high performance high voltage complemen-
tary metal-oxide semiconductor (CMOS) devices can be built

conveniently.

2. Device structure and mechanism

Figure 1(a) shows the schematic cross section of the BP
SOI pLDMOS (in the dashed rectangle) integrated with the
HV nLDMOS and low voltage (LV) CMOS. The BP SOI pLD-
MOS features a P-type buried layer within the N-type SOI
layer. The P-sinker and the P+ drain are implanted to con-
nect the PBL, which forms a current conduction path in the
on-state. Wp and Lp are the width and length of the PBL, re-
spectively. Dp is the depth of the PBL and Npp is its doping
concentration. fs and Np are the thickness and doping concen-
tration of the N-SOI layer. 7. is the thickness of the buried ox-
ide (BOX). The schematic cross sections of the PW and Con.
SOI pLDMOS are also provided in Figs. 1(b) and 1(c).

In the on-state, in the presence of a negative gate-source
voltage, the holes flow from the P+ source through the chan-
nel, P-sinker, and the PBL to the P+ drain, which is shown
by the bold arrow head in Fig. 1. In the off-state the high
voltage is applied to the source and gate, and the drain as
well as the substrate are grounded. The PBL is depleted by
the upper and lower PN junctions, resulting in a high Ngp
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and low on-resistance. Note that the N-type region under-
neath the PBL is depleted by both the PBL and the inverted
metal—insulator—semiconductor (MIS) structure consisting of
the substrate, buried oxide, and the silicon-on-insulator layer
(as shown in the dashed rectangle of Fig. 1). The PBL built in

the N-type silicon-on-insulator layer causes multiple depletion
and electric field reshaping, and thus, the P-sinker, PBL, and
the N-type region are fully depleted to support the high volt-
age between the source and drain (the depleting directions are
indicated by the arrow heads in Figs. 3(a)-3(c)).
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Fig. 1. Schematic cross sections of (a) BP SOI pLDMOS proposed in an integrated circuit, (b) PW SOI pLDMOS, (c) conventional

SOI pLDMOS.

As a simplified one-dimensional (1D) analysis in the y
direction, Fig. 2 provides a depiction of the vertical electric
field at the midpoint of the BP SOI pLDMOS and PW SOI
pLDMOS (shown in Fig. 1(b)) when the two devices are fully
depleted. Based on the 1D Poisson’s equation, the vertical
electric field Ey(y) for the BP SOI pLDMOS can be written as

dE N
0) _aND o e (et We) <y<h (1)
dy es

dE, N
g(y) = TP D <y < (Dp+Wp). )
y &

The boundary conditions are

EY(y) | y=0 = 07 (3)
&Ey | - = €oxEy | -

On the surface, the vertical electric field component is as-
sumed to be zero.® At the SOI/BOX interface, the vertical
electric field Ey satisfies the Gauss law. Combining Eq. (3)

with Egs. (1) and (2), we can obtain

E,(Dp) ~E,(0) _ qNp
Dp & ’
E/(Dp+We) —Ey(Dp) _ gNgp @
WP & ’
E)’@S) *Ey(DP+WP) _ gNp
ts — (Dp+Wp) R

The on-resistance is dominated by the drift region re-
The Ry for BP SOI
pLDMOS represents the resistance of the PBL, expressed as
Raritt=Lp/ (quNgpS) =Lp/ (quNgpWp - 1), where the S is the

cross-sectional area of the current (S = Wp - 1, considering that

sistance (Rgir) for HV devices.

distance perpendicular to the x—y plane is unit length). There-
fore, higher doping dose Ogp (Opp = NgpWp) is conducive to
the reduction of Rg;ir. According to Eq. (4), Opp can be cal-

culated approximately as

—&[Ey(Dp+Wp) —Ey(Dp)] _ & |AE,|
q q

&)

Opp =
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From Eq. (5), we can conclude that the doping dose
Q o< |AE,|. A similar 1D analysis can be performed for the
PW SOI pLDMOS. To ensure the full depletion at breakdown,
both the E,(Dp + Wp) for BP SOI pLDMOS and the E,(Dpw)
for PW SOI pLDMOS are assumed to reach the maximum
(absolute) value —En, i.e., Ey(Dp+Wp) = Ey(Dpw) = —Em.
Thus, for the PW SOI pLDMOS, the |AE,| across the P-well
is described as |AE, pw| = |(—Em) — 0| = Em. For the BP SOI
pLDMOS, owing to the positive field peak at the upper bound-
ary of the PBL, the |AE,| across the PBL is |AE, ppr.| > En.
According to Q o |AEy|, Opp can be greatly increased com-
pared with Opw, thus enabling a significant reduction in Rop sp
of the proposed BP SOI pLDMOS.

cutting line

EyA a b
3 T n |
S p | Eox=3E,(ts)
p A Be "
A\ "b’
.

EyA - 3
) p Eoe = 3E,(ts)
n
LN
PR PR N
H
Dpw /
+ $ »
0 ts  tetFtox
7E1u

(b)

Fig. 2. Schematic depictions of electric field in the y direction at the
midpoint of (a) BP SOI pLDMOS, (b) PW SOI pLDMOS.

Considering that the highest electric field is at point A
shown in Fig. 2(a), Ey(t;) at point B (in the middle of the drift
region) is approximated to be E./2, where E. is the critical
electric field (normally, E. = 30 V/um~40 V/um). Therefore,
at the lower boundary of the PBL, —E./2 < E,(Dp+Wp) <0
can be obtained by considering that dEy(y)/dy values along
the ad’ line and bb' line are approximately equal, because
both variation rates are determined by dE,(y)/dy = gNp/&;.
Analogously, —E./2 < Ey(Dpw) < 0 is obtained for the PW
SOI pLDMOS. It should be noted that almost all the elec-
tric flux lines of the ionized donors above the PBL can be

absorbed by the ionized acceptors in the PBL. Consequently,
E,(Dp) could reach a relatively high value, which is described
by E,(Dp) = aE,, where o denotes the impact factor of the
depth of the PBL and the gate field plate. Under the opti-
mal breakdown conditions, 0.5 < a < 1 can be achieved, en-
abling E. < |AEyppr| < 1.5E.. However, |AEypw| can just
reach 0.5E. at most according to the above analysis. Thus,
20pw < Opp < 3Q0pw can be achieved by appropriate opti-
mization.

Another advantage of the BP SOI pLDMOS is the excel-
lent process compatibility. Only one additional mask is needed
for the BP SOI pLDMOS compared with that for the PW SOI
pLDMOS. Owing to the choice of N-type SOI layer to form
the BP SOI pLDMOS, it exhibits good compatibility with HV
nL.DMOS and conventional LV CMOS. It is worth pointing
out that the BP SOI pLDMOS can be integrated directly with
the triple RESURF nLDMOS as shown in Fig. 1(a). This ben-
efit facilitates the fabrication of high performance HV comple-
mentary device in the same power integrated circuit (PIC).

3. Results and discussion

In order to demonstrate the multiple-dimensional deple-
tion in the off-state, Fig. 3 shows equi-potential contours for
the BP, PW, and Con. SOI pLDMOS at different values of
drain voltage Vps. In the off-state, the high voltage (Vypp) is
applied to the source and gate (i.e., Vs = Vg = Vypp) with the
handler wafer and the drain grounded (i.e., Vouop = Vp =0 V)
in practical operations. For convenience, equivalent volt-
age conditions in simulation are employed in the off-state:
Vs =Vg=0YV,and Vg, = Vp = 7Vapp_[16] The arrow heads
denote the depleting directions, which indicate that the PBL
is depleted by the upper and lower two PN junctions. Conse-
quently, the dose in the PBL (i.e. Ogp) is higher and thus Ronsp
is lower than those of the PW and Con. SOI pLDMOS. Com-
paring Fig. 3(c) with Fig. 3(f), we see that the proposed BP
SOI pLDMOS exhibits stronger electric field reshaping than
the PW SOI pLDMOS, owing to the two field peaks induced
at the PBL/N-junctions. In addition, the lateral and vertical
PN junctions as well as the vertical MIS reshape the electric
field, which is advantageous to achieve a high BV. It can be
observed from Figs. 3(g), 3(h), and 3(i) that there is only the
lateral Npody/P-junction depletion for the Con. SOI pLDMOS.
There is no voltage drop between the substrate and the P-SOI
layer below the drain during the depleting process. Thus the
MIS structure is completely suppressed and cannot assist in
depleting the P-SOI layer of the Con. SOI pLDMOS. This is
the intrinsic reason why the Con. SOI pLDMOS does not meet
the RESURF principle and suffers degraded BV and undesir-
ably high Roy sp.
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Fig. 3. Equipotential contours for BP, PW, and Con. SOI pLDMOS at different drain voltages (f; = 7 um and #ox = 2 pm).

Figure 4(a) shows the comparisons of the vertical electric ~ dance with the simulation result of 2.8 x 10'> cm~2. For the
field distribution between the BP and PW SOI pLDMOS. The ~ pw SOI pLDMOS, there is only one field peak, leading to

electric field reshaping induced by the PBL in the y direction |AE, pw| = |(—15 V/um) — 0| = 15 V/um. In consequence
yPW| = = : ’

the Qpw allowed for the PW SOI pLDMOS is (1 x 101> cm™2)

simulation results accord well with the 1D analytical model. much lower than the Qgp for the BP SOI pLDMOS. Therefore

With E,(Dp) = 29 V/um and E,(Dp + Wp) = —15 V/um the greatest superiority of the BP SOI pLDMOS over the PW
y - y - ]

|AEyppL| = 44 V/um is attained. From Egq. (5), the QOpp SOI pLDMOS consists in the significantly reducing Roy sp and
is obtained to be 2.9 x 10'> cm™2, which is in good accor-  maintaining a high BV

is obvious. Two field peaks are induced at the upper and lower
boundaries of the PBL, verifying the above 1D analysis. The

—s— BP SOI PMOS
6 —o—PW SOI PMOS

4r  additional field peak
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Fig. 4. (a) Vertical electric field distributions: (a) at the midpoint (x = 13 um), and (b) 3D distribution of E, for BP SOI pLDMOS.

The surface electric field distribution, vertical electric ~ tions of BP and PW SOI pLDMOS exhibit four field peaks in
field, and potential distributions underneath the source regions  Fig. 5(a). Compared with the PW SOI pLDMOS, the BP SOI
of the BP, PW, and Con. SOI pLDMOS are shown in Fig. 5. has a uniform surface field distribution. However, for the Con.
Field plates are used, thus the surface electric field distribu-  SOI pLDMOS, the P-region underneath the drain is not effec-
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tive to share the BV. Figure 5(b) shows the electric fields be-
low the source regions of the three structures. Both the BP and
PW SOI pLDMOS can achieve high field strength in the BOX,
from 4.1x 103 V/em of the Con. SOI to 11.6x 10° V/em of the
BP or PW SOI pLDMOS. The electric field of the Con. SOI
pLDMOS varies with a negative slope in the y direction due to
the negative ionized acceptor charges, leading to a low electric
field of 1.5x10 V/cm on the SOI/BOX interface. Different
from the Con. SOI pLDMOS, the BP SOI pLDMOS is built
in the N-type SOI layer rather than P-type. The electric field
in the N-type SOI layer varies with a positive slope. There-
fore high electric field strengths on the SOI/BOX interface are
obtained for the BP and PW SOI pLDMOS.
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Fig. 5. (a) Surface electric field distributions, (b) electric field and po-
tential distributions in the y direction (x = 0.1 wm) at breakdown.

Figure 6 shows the current flowline contours for the three
structures. The current flows along the highly doped PBL for
the BP SOI pLDMOS, while flowing along the top P-well for
the PW SOI pLDMOS. Owing to the multiple depletion and
enhanced RESUREF effect, the optimal Qpp of the BP SOI
pLDMOS reaches 2.8 x10'2 cm~2, while the optimal Qpyw of
the PW SOI is 1.2x10'2 cm2. Consequently, the Ronsp of
the BP SOI pLDMOS (55 mQ-cm?) decreases by 34% com-
pared with that of the PW SOI pLDMOS (83 mQ-cm?). For
the Con. SOI pLDMOS, the BV exceeds 200 V only when the
Ny < 1x 10" em ™3, leading to the poor on-state performance.

Figure 7 shows the influences of Np, Ngp, Dp on BV and
Ronsp. The Ngp and Np need to be appropriately optimized.
Each Npp value corresponds to an optimal Np, which increases
with Npp increasing as shown in Fig. 7(a). Too high (low) a

value of Np causes a high electric field in the source (drain)
region, leading to premature breakdown. The maximum BV

0‘”‘5”“10‘“‘15““20” 25
x/um

(b)

0 5 10 15 20 25
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Fig. 6. Current flowline contours for (a) BP SOI pLDMOS, (b) PW SOI
pLDMOS, (c) Con. SOI pLDMOS (2x10~7 A-um~!/contour).
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067306-5



Chin. Phys. B Vol. 22, No. 6 (2013) 067306

[BVmax, marked by open circles in Fig. 7(a)] is obtained with
the optimal Np. As expected, the Ronsp decreases with Npp
increasing. Figure 7(b) shows the dependences of BVj,,x and
Ronsp on Npp at different values of Dp. Each BV is ob-
tained at the optimal Np for a given Ngp. The BV« decreases
with Npp increasing for each Dp. A high Npp leads to incom-
plete depletion, reducing the BV. There is a steady increase in
Ron,sp as Dp increases from 1.75 um to 2.75 pum because of a
lengthened current path. It can be seen from Fig. 7(b) that the
optimal Dp is 2.25 pum, at which the utmost trade-off between
the BV and Ry, sp can be obtained.

Figure 8 gives the temperature distributions of the three
devices. The maximum temperature values Tp,x are also given
in Table 1. The temperature of substrate bottom is main-
tained at 300 K with Vg = —20 V in simulations. The heat
is mainly dissipated through the heat sink attached to the sub-
strate and thus temperature decreases from the surface to the
substrate as shown in Fig. 8. For a silicon-on-insulator de-
vice, low thermal conductivity of the BOX (0.015 W/cm-K
of SiOy; 1.4 W/cm-K of Si) is responsible for severe self-
heating effect (SHE). The temperature is extracted at a cur-
rent of 3x 107> A/um (our baseline is the same on-state cur-
rent for all the three structures). At the same current, a
lower on-resistance is advantageous to alleviate the SHE. In

368 K (a)
—a— Con.
360 — DWW
ﬁ ——BP
£
z
£ 330
Q
g
[}
B
300+ Ip=3X10"% A/um

0 2 4 6 8 10 12
y/pm

Fig. 8(a) the Tyax of the BP silicon-on-insulator reduces to
321 K from 369 K of conventional silicon-on-insulator. Fig-
ure 8(b) shows a comparison of the Roysp versus BV between
the three structures. The conventional silicon-on-insulator
p-channel lateral double-diffused metal-oxide semiconductor
suffers a degraded BV and high Rosp due to the suppressed
RESUREF effect. The Ronsp of the conventional silicon-on-
insulator p-channel lateral double-diffused metal-oxide semi-
conductor increases rapidly with the value of BV as ob-
served in Fig. 8(b). The BP silicon-on-insulator p-channel
lateral double-diffused metal-oxide semiconductor increases
the value of BV and simultaneously achieves the reduction
in Ronsp by 30% compared with the PW silicon-on-insulator
p-channel lateral double-diffused metal-oxide semiconductor.
The Ronsp of the BP silicon-on-insulator p-channel lateral
double-diffused metal-oxide semiconductor increases more
slowly with the value of BV than the PW and the conven-
tional silicon-on-insulator p-channel lateral double-diffused
metal-oxide semiconductor. A summary of the characteris-
tics of the three structures is provided in Table 1. The BP
silicon-on-insulator p-channel lateral double-diffused metal—
oxide semiconductor exhibits the best improvement in terms
of the BV /Ron sp trade-off and the thermal characteristic in the
three structures.
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2 100 | /A /‘
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50 i 1 1 /L 1 1
150 200 300 330
BV/V

Fig. 8. (a) Temperature distributions in the y direction via the Timax point, and (b) Ronsp versus BV.

Table 1. Values of BV, Ron,sp, FOM, and Tiax for BP, PW, and Con. SOI pLDMOS.

Device types BVIV RonASp/mQ-cm2 (BV?/ Rontsp)/(MW/cmz) Trmax/K Optimal doping dose of
the P region/cm >
BP SOI pLDMOS 319 55 1.9 318 2.8%10'?
Con. SOI pLDMOS 215 157 0.3 368 0.56x10'2
PW SOI pLDMOS 318 83 12 333 1.2x10"?

4. Conclusion

A low on-resistance p-channel SOI LDMOS is proposed
and investigated by simulation. In the on-state, the PBL acts
as a low resistance current path. In the off-state, the PBL

and the N-type SOI layer cause multiple depletion and elec-
tric field reshaping, leading to an enhanced BV and reduced
Ron,sp- Compared with the Con. SOI pLDMOS, the proposed
BP SOI pLDMOS increases BV from 215 V to 319 V and re-
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duces Ron sp by 65% with the device dimensions of #; = 7 pum,
fox =2 um, Lq = 25 um. The thermal characteristic is im-
proved. Furthermore, the BP SOI pLDMOS is compatible

Appendix A: List of symbols

with the HV nLDMOS devices and low voltage CMOS cir-
cuitry, thus facilitating the fabrication of high voltage inte-
grated circuits (HVICs).

List of symbols
Wp width of the P-buried layer
Lp length of the P-buried layer
Dp depth of the P-buried layer
Np doping concentration of the N-SOI layer for the BP SOI pLDMOS
Npp doping concentration of the P-buried layer
Opp doping dose of the P-buried layer Ogp = NgpWp
AEypBL the change of E, across the P-buried layer, AEy pp. = Ey(Dp +Wp) — E;(Dp)
Dpw depth of the P well
pr dOpll’lg dose of the P well for the PW SOI pLDMOS
AE, pw the change of E, across the P well, AE, pw = E,(Dpw) — Ey(0)
Ny doping concentration of the P-SOI layer for the Con. SOI pLDMOS
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