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A novel low specific on-resistance (Ron,sp) lateral double-diffused metal oxide semiconductor (LDMOS) with a buried
improved super-junction (BISJ) layer is proposed. A super-junction layer is buried in the drift region and the P pillar is split
into two parts with different doping concentrations. Firstly, the buried super-junction layer causes the multiple-direction
assisted depletion effect. The drift region doping concentration of the BISJ] LDMOS is therefore much higher than that of
the conventional LDMOS. Secondly, the buried super-junction layer provides a bulk low on-resistance path. Both of them
reduce Ron sp greatly. Thirdly, the electric field modulation effect of the new electric field peak introduced by the step doped
P pillar improves the breakdown voltage (BV). The BIS] LDMOS exhibits a BV of 300 V and Rop sp of 8.08 mQ-cm? which
increases BV by 35% and reduces Ron,sp by 60% compared with those of a conventional LDMOS with a drift length of

15 pm, respectively.

Keywords: multiple-direction assisted depletion effect, breakdown voltage (BV), electric field modulation,
lateral double-diffusion MOSFET (LDMOS)
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1. Introduction

The lateral double-diffusion MOSFET (LDMOS) acts as
an important component in power electronics applications for
its facility integration. One of the main issues is the trade-
off between breakdown voltage (BV) capability and spe-
cific on-resistance (Romsp). Some new structures have been
reported.['#! The superjunction (SJ) concept!® used in an
LDMOS® further improves the trade-off between the BV and
Ronsp- Based on an SJ concept, several new structures have
been developed.!’-1?]

In this paper, we propose a novel LDMOS with a buried
improved superjunction (BISJ) layer. The BISJ layer not only
enhances the reduced surface field (RESURF) effect,!!3! but
also provides a bulk low on-resistance path. Moreover, the
new electric field peak caused by the BISJ layer modulates the
surface electric field. As a result, the BISJ layer reduces the
Ronsp and increases the BV in the proposed device.

2. Device structure and mechanism

The proposed BISJ] LDMOS and its physical mechanism
are illustrated in Fig. 1. An SJ layer is imbedded in a drift
region and the P pillar is split into two parts with doping
concentrations N, and Ny, respectively. The buried SJ layer
which is surrounded by the N drift region causes multiple-
directional depletion not only along the z direction but also
along the y direction. The depleting directions and the charges
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balance between the ionized donors and acceptors are shown

by arrows in Figs. 1(b) and 1(c). Consequently, the drift
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Fig. 1. (a) Structure of the BISJ LDMOS; (b) cross sections along the
AA’ plane; (c) schematic of charge balance.
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region implantation dose in the BIS] LDMOS is much higher
than that in the conventional LDMOS and the implantation
dose of the P pillar is also much higher than that of the N pillar
in the SJ layer. The highly doped SJ layer also provides a bulk
low on-resistance path. Therefore, the buried SJ layer reduces
Ronsp significantly. Furthermore, the new electric field peak
appearing at Pp-pillar/Py,-pillar interface (i.e., interface F; in
Fig. 1(a)) modulates the surface electric field, which causes a
more uniform distribution of the surface electric field. It re-
sults in a high BV. #; and # are the thickness of the BISJ layer
and the N~ drift region. # is the buried SJ layer depth. Wiy and
Wp are the widths of the N pillar and the P pillar, respectively.
Len, Lp, and Lgy are the length of the channel, the drift region,
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and the buried SJ layer, respectively. In this paper, Wn = Wp
=2um, h=5pum Ny=2x10"%cm™3, N, =1 x10'° cm 3,
L =3 pum, and g = 1 wm are used, and Lp = 15 wm is used
in Figs. 2-7.

3. Results and discussion

The three-dimensional (3D) device simulations are per-
formed by Sentaurus.!'*! Figure 2 shows the comparison of
the equipotential contour between the BIS] LDMOS and the
conventional LDMOS at the drain voltage Vps = 20 V. Arrow
heads show depleting directions. It is clear that the multiple-
directional depletion is caused in the BISJ LDMOS.
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Fig. 2. (color online) Equipotential contours for (a) BISJ LDMOS along the BB’ plane, (b) BISJ LDMOS along the AA’ plane, and
(c) the conventional LDMOS at Vs = 20 V (10 V/contour. BISJ LDMOS: #, = 1.5 um, Ly = 7.5 pm, Ny = 3.5 x 10'® cm™3,
Np =6.5x% 1016 cm—3, Np = 6.8 10" ¢cm—3, Lgy = Lp; conventional LDMOS: Np = 1.6 X 1013 cm’3).

Figure 3 shows the 3D equipotential contours at break-
down for the kind of devices above. It is clear that the equipo-
tential contours of the BISJ LDMOS are evenly spaced and the
depletion area is further extended into the substrate in compar-
ison with those of the conventional LDMOS. The BV of the
BISJ LDMOS reaches 300 V, which increases 35% compared
with the BV of 220 V for the conventional LDMOS.
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Fig. 3. (color online) The 3D equipotential contours for (a) BISJ LD-
MOS (300 V) and (b) the conventional LDMOS (220 V) (10 V/contour).
The device structure parameters are the same as those in Fig. 2.

In Fig. 4(a), the lateral electric field profiles are com-
pared. There is another electric field peak Px at F; interface

in the P pillar due to the variation in doping concentration.
This new electric field Px makes the lateral electric field of the
BISJ LDMOS in the middle of the drift region much higher
than that of the conventional LDMOS. Figure 4(b) shows ver-
tical electric field distributions and the charge densities. For
the BISJ LDMOS, firstly, the high electric field strength Ep is
introduced by the high doping concentration of the P pillar in
the BISJ layer; secondly, the electric field peak at D3 junction
increases greatly (E; > E;). Thus the drift-region/substrate
junction sustains a higher blocking voltage. It is also evident
that the concentrations of the drift region in the BISJ LDMOS
and the P pillar are much higher than those of the drift region
in the conventional LDMOS and the N pillar respectively.

Figure 5 shows the current flow lines for the BISJ LD-
MOS and the conventional LDMOS in the on-state. It shows
that the high doping N pillars in the BISJ offer bulk low on-
resistance paths. These paths coupled with the increased dop-
ing concentration of drift region reduce Ry sp significantly.
The BISJ LDMOS exhibits an Ry sp of 8.08 mQ-cm? in com-
parison with 20.5 mQ-cm? for the conventional LDMOS at the
same drift length, which decreases by 60%.
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Fig. 4. (color online) (a) Lateral electronic field distributions, (b) verti-
cal electronic field distributions and the charge density around the drain
(x = 22 pum) for the BISJ] LDMOS and the conventional LDMOS at
breakdown (with the same structure parameters as those in Fig. 2.
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Fig. 5. (color online) Current flow line contours for (a) the BISJ LD-
MOS along the CC’ plane and (b) the conventional LDMOS (the gate
oxide thickness 7ox is 800 A, Vgs = 12 V, and the device structure
parameters are the same as those in Fig. 2. Under the unit thick-
ness (i.e., z=1 pm), each current line represents a current value of
6x10~7 A-um~!/contour.

Figure 6 shows the dependences of Ry sp and doping con-
centration of the drift region on Lgy for the BIS] LDMOS re-
spectively. With the decrease of Lgy, the multiple-directional
depletion effect is weakened and the doping concentration of
the drift region is reduced. Meanwhile, the bulk low on-
resistance paths become shorter. The Ronsp is therefore in-
creased. However, the doping concentration of the drift region
in the BISJ LDMOS is also higher than that of drift region
in the conventional LDMOS and the bulk low on-resistance
paths still exist when Lsy < Lp. Consequently, the Ron sp value
of the BISJ LDMOS is smaller than that of the conventional
LDMOS. Because the minimum Rop sp for the BISJ] LDMOS

is obtained at Lsy = Lp, Lsy = Lp is used in the discussion be-

low.
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Fig. 6. Ronsp and Np versus Lgy for the BISJ LDMOS with #, = 1.5 um,
m = 0.5Lsy, Nm = 3.5 x 10!® cm ™3, and N, = 6.5 x 1016 cm 3.

The influences of Ly, and the variation AN in the dop-
ing concentration of P pillar (ie., AN = N, — Ny) on BV
at different values of # for the BIS] LDMOS are shown in
Figs. 7(a) and 6(b). In Fig. 6(a), the maximum BV for the
BISJ LDMOS is obtained at L, = 0.5Lp. Hence, in the fol-
lowing discussion, Ly, is fixed at 0.5Lp. In Fig. 7(b), the av-
erage doping concentration of P pillar N = (N, + Np)/2 is
kept unchanged (N = 5 x 10'® cm™3 in this case) to ensure
the charge balance. A well-designed AN makes the modu-
lation effect obvious but prevents the premature breakdown
at Fy interface. It is found that the optimal range of AN is
2 x 10 ¢cm™3 < AN <3 x 10!® cm~3. Due to the modulation
effect of the electric field peak at F; interface, the maximum
BV of the BISJ LDMOS is 35% higher than that of the device
with uniform doping P pillar (AN = 0). Figure 7(c) shows the
dependences of Ronsp and BV on #. The reduction in # is con-
ductive to the electric field modulation effect. However, if #
is too low, the D; junction breaks down prematurely. To ob-
tain the tradeoff between BV and R, sp, the optimal range is
1 <# <2 um. In Fig. 7(d), the values of BV and Ry s, for
the BISJ LDMOS and the conventional LDMOS at different
Np values are compared. Due to the multiple-directional de-
pletion effect, the optimum Np value of the BIS] LDMOS is
about four times as great as that of the conventional LDMOS.
The Ropsp of the BISJT LDMOS is decreased by 60% in com-
parison with that of the conventional LDMOS.

For the BISJ LDMOS, the fabrication of the buried SJ
layer is a key process. The main steps of one feasible fabri-
cation method are given as follows (see Fig. 8): when high
temperature processes in field oxide formation, the device is
masked to prevent the thick oxide from forming the above N~
drift region. Then a uniform, thin gate oxide is employed,
which has a typical thickness of 200-1000 A. An advantage
of using such a thin oxide is that it reduces the required en-
ergy for the ions to be implanted to form the buried SJ layer;
for phosphorus ions and boron ions to be implanted to form
the buried SJ layer; and finally to form the P* contact the N*
source/drain regions and electrodes.
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Fig. 7. (color online) BVs and Ron p versus (a) Ly (Nm = 3.5 x 106 cm ™3, N, = 6.5 x 10! cm™3, Np = 6.8 x 10! cm™3), (b) AN
(L = 7.5 pm, Np = 6.8 x 105 ecm™3), (¢) tt (L = 7.5 pm, Ny =3.5x 1016 cm™3, N, = 6.5 x 10! cm ™3, Np = 6.8 x 10! cm™3),
and (d) Np (Lm = 7.5 um, t; = 1.5 um, Ny = 3.5 x 10'® cm =3, N, = 6.5 x 106 cm~3).
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Fig. 8. Process flows of fabrication of the buried SJ layer. (a) Grow gate
oxide. (b) Implant ions to form the buried SJ layer.

Figure 9 shows the plots of Ry sp versus BV for the BIS]
LDMOS and several bulk Si devices with prior technologies in
Refs. [2], [7], and [8]. The reduction in Ry sp of the BISJ LD-
MOS is limited in BV < 100 V because the Ry, sp is dominated
by the channel resistance in the low voltage device with short
drift length. As BV increases, the long drift region resistance
becomes a main part of the Ry, sp. The performance of the
BISJ LDMOS therefore is superior to those of the other bulk
Si devices which break the silicon limit!!>! in BV > 200 V.
There are three causes: the multiple-directional depletion ef-
fect, a bulk low on-resistance path, and the electric field mod-
ulation effect caused by the electric field peak appearing at F;

interface.
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Fig. 9. (color online) Plots of Roysp versus BV for several bulk silicon
n-channel LDMOS.

4. Conclusion

A new LDMOS with a buried improved super-junction
layer is presented and investigated by simulation. The BISJ
layer causes the multiple-directional depletion effect and of-
fers a bulk low on-resistance path, reducing the Ry, p. The
new electric field peak generated by the BISJ layer with the
step doped P pillar increases BV. Compared with a conven-
tional LDMOS, the BISJ LDMOS increases BV from 220 to
300 V and reduces Roq sp by 60% at the same drift length.

038503-4



Chin. Phys. B Vol. 23, No. 3 (2014) 038503

References

(1
[2]

(3]
[4]
(5]

(6]
(71

Souza M M D and Narayanan E M S 1996 Electron. Lett. 32 1092
Disney D R, Paul A K, Darwish M, Basecki R and Rumennik V 2001
Proc. ISPSD 399

Hardikar S, Tadikonda R, Green D W, Vershinin K V and Narayanan E
M S 2004 IEEE Trans. Electron Dev. 51 808

Luo X R, Yao G L, Chen X, Wang Q, Ge R and Florin U 2011 Chin.
Phys. B 20 028501

Chen X B, Mawby P A and Salama T 1998 J. Microelectron. 29 1005
Udrea F, Popescu A and Miline W I 1998 IEEE Electron. Lett. 34 808
Duan B X, Yang Y T and Zhang B 2009 /EEE Electron Dev. Lett. 30
305

[8]

[9]

[10]
(1]
[12]

[13]
[14]
[15]

038503-5

Zhang B, Wang W L, Chen W J, Li Z H and Li Z J 2009 IEEE Electron
Dev. Lett. 30 849

Wu W, Zhang B, Fang J, Luo X R and Li Z J 2013 Chin. Phys. B 22
068501

Chen W J, Zhang B and Li Z J 2007 Semicond. Sci. Technol. 22 464
Park I Y and Salama T 2006 IEEE Trans. Electron Dev. 53 1909

Nassif-Khalil S G, Hou L Z and Salama T 2004 IEEE Trans. Electron
Dev. 51 1185

Appels J A and Vaes J 1979 IEDM 238
TCAD Sentaurus Manuals 2010 (Version D-2010.03)
Amato M and Rumennik V 1985 IEDM 736


http://dx.doi.org/10.1049/el:19960731
http://dx.doi.org/10.1109/ISPSD.2001.934638
http://dx.doi.org/10.1109/ISPSD.2001.934638
http://dx.doi.org/10.1109/TED.2004.839104
http://dx.doi.org/10.1088/1674-1056/20/2/028501
http://dx.doi.org/10.1088/1674-1056/20/2/028501
http://dx.doi.org/10.1016/S0026-2692(98)00065-2
http://dx.doi.org/10.1049/el:19980504
http://dx.doi.org/10.1109/LED.2009.2012396
http://dx.doi.org/10.1109/LED.2009.2012396
http://dx.doi.org/10.1109/LED.2009.2023541
http://dx.doi.org/10.1109/LED.2009.2023541
http://dx.doi.org/10.1088/1674-1056/22/6/068501
http://dx.doi.org/10.1088/1674-1056/22/6/068501
http://dx.doi.org/10.1088/0268-1242/22/5/002
http://dx.doi.org/10.1109/TED.2006.877007
http://dx.doi.org/10.1109/TED.2004.829876
http://dx.doi.org/10.1109/TED.2004.829876
http://dx.doi.org/10.1109/IEDM.1979.189589
http://dx.doi.org/10.1109/IEDM.1985.191081

	1. Introduction
	2. Device structure and mechanism
	3. Results and discussion
	4. Conclusion
	References

