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A novel planar vertical double-diffused metal-oxide-
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A novel planar vertical double-diffused metal-oxide-semiconductor (VDMOS) structure with an ultra-low specific
on-resistance (Ron,sp)7 whose distinctive feature is the use of inhomogeneous floating p-islands in the n-drift region, is
proposed. The theoretical limit of its Ron,sp is deduced, the influence of structure parameters on the breakdown voltage
(BV) and Ron,sp are investigated, and the optimized results with BV of 83 V and Ron,sp of 54 mQ-mm? are obtained.
Simulations show that the inhomogeneous-floating-islands metal-oxide-semiconductor field-effect transistor (MOSFET)
has a superior “Ron,sp/BV” trade-off to the conventional VDMOS (a 38% reduction of Ron,sp with the same BV) and the
homogeneous-floating-islands MOSFET (a 10% reduction of Ron sp with the same BV). The inhomogeneous-floating-
islands MOSFET also has a much better body-diode characteristic than the superjunction MOSFET. Its reverse recovery
peak current, reverse recovery time and reverse recovery charge are about 50, 80 and 40% of those of the superjunction
MOSFET, respectively.
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1. Introduction

field-effect
transistors (MOSFETSs) are widely used as switches

Power metal-oxide-semiconductor
in power systems such as DC-DC converters. There-
fore, MOSFETSs are required not only to have a high
breakdown voltage (BV), but also a low on-resistance,
as well as a body diode with superior reverse recov-
ery characteristics to suppress radio noise and volt-
age surges.[l A trade-off relationship exists between
specific on-state resistance and BV for conventional
power MOSFETs. Many groups have reported su-
perjunction (SJ) MOSFETS to improve the trade-off
characteristic.2~% SJI-MOSFETSs, however, have two
major drawbacks, the hardness of the body-diode
reverse-recovery operation and the difficulty of fab-
rication. The hardness of reverse recovery with an
abrupt current drop imposes electrical stress upon the
other circuit elements, producing large electromag-
netic interference noise and high-power dissipation. (¢
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Recently, a new concept named the floating-
islands MOSFET (FLIMOS), in which floating is-
lands are placed into the drift region, has been pro-
posed to reduce on-state resistance without degrad-
ing breakdown voltage.[""19 The additional PN junc-
tions, formed by buried P-type floating islands (FI)
in the drift region, sustain a higher blocking volt-
age, and the high doping concentration in the drift
region reduces Ronsp. Alves et al.l8] implemented a
FLIMOS with a single floating island dedicated to au-
tomotive applications using a two-step epitaxy pro-
cess. Compared to the conventional vertical double-
diffused metal-oxide-semiconductor (VDMOS), a 33%
reduction in the Ry, sp for the same BV was obtained.
Theoretically, the breakdown voltage can be improved
with an increase in the number of floating islands.[”] In
order to achieve a better “Ropn p/BV” trade-off, Luo
et al.l% proposed a trench gate power MOSFET with
double buried p-islands, whose widths, thicknesses
and doping concentrations are uniform, by using the
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self-alignment process. In this paper, we propose an
inhomogeneous FLIMOS (I-FLIMOS), whose distinc-
tive feature is the inhomogeneous FI in the n-drift
region. Compared with the homogeneous FLIMOS
(H-FLIMOS), higher BV can be obtained by opti-
mizing the electronic field distribution of I-FLIMOS,
and lower Ronsp can be achieved due to the wider
current path. The trade-off between BV=83 V and
Ron,sp = 54 m-mm? of the I-FLIMOS is superior to

that reported in Ref. [8].

Although there is much research on the static
characteristics of the FLIMOS, its dynamic charac-
teristics need to be explored thoroughly. The reverse—
recovery characteristics of the body diodes in the I-
FLIMOS have been analysed, and the I-FLIMOS has
shown remarkable advantages in comparison with the
conventional SJ structure. Otherwise, the fabrication
process of I-FLIMOS is simpler than that of the SJ
structure. The proposed I-FLIMOS is therefore a very
attractive candidate for power systems, thanks to its
low Ronsp and better recovery body-diode character-

istics.

2. Device structure and process

The I-FLIMOS features separated buried inhomo-
geneous floating p-islands in the n-type drift region.
The D, (n =1, 2,3, ...
th buried p-island from the surface, while T, and W/,

represent its thickness and width, respectively.

) is the distance of the n-

Fig-
ure 1(a) shows the schematic cross-section of an I-
FLIMOS with two inhomogeneous floating p-islands
(n=2).

The FLIMOS is not strictly based on the charge
compensation principle,® and therefore the control
of impurity concentration in the FLIMOS is not as
rigorous as that in the SJ devices. Compared to
the process of alternate boron implantation and n-
epitaxial growth for several turns to form the p-
columns in the SJ structure, FLIMOS fabrication has
advantages in both cost and complexity. Analogous
to the H-FLIMOS shown in Fig. 1(c), the two float-
ing p-islands are realized either by the implantation—
epitaxial-implantation process, or by two-step ion im-
plantations with different energies. However, an addi-
tional mask is needed to achieve the inhomogeneous

floating p-islands.
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Fig. 1. Schematic diagram of the cross sections of (a) an I-FLIMOS with two buried inhomogeneous floating
p-islands; (b) an SJ-MOSFET; and (c) an H-FLIMOS with two homogeneous floating p-islands.

3. Simulation and discussion

3.1. “Ron,sp/BV” trade-off

The electric field distributions of I-FLIMOS, con-
ventional VDMOS, H-FLIMOS and SJ-VDMOS with
approximately equal BVs are shown in Fig. 2. The
floating islands improve the BV due to the similar
mechanism of floating field-limiting rings (FFLR) in

the planar terminations. Under reverse bias con-
ditions, once the depletion region from the P-body
reaches the floating island, the potential of the island
is enhanced and then the new depletion layer devel-
ops from the bottom of the island towards the drain.!8!
Thus, the maximal electric field at the P-body/N-epi
junction is divided into three electric field peaks, and

the BV of the I-FLIMOS is shared by three vertical PN
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junctions. In FFLR technology, we can modulate the
spacing, width and doping of the rings to achieve an
optimized structure whose breakdown voltage is much
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higher than that of the structure with uniform rings.
Similarly, the I-FLIMOS is promising in obtaining a
better “Ron sp/BV” trade-off than the H-FLIMOS.
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Fig. 2. The electric field distribution: (a) I-FLIMOS; (b) conventional VDMOS; (¢) H-FLIMOS; and (d)

SJ-VDMOS at Vgs = 0 and Vg5 = BV.

The conventional VDMOS has a “silicon limit”
of Ronsp O BV2'5, and the “Ronp/BV” theoretical
limit of the H-FLIMOS has been calculated by Cézac
et al.ll For the FLIMOS with “n” floating islands in
the drift region, the breakdown voltage is equally sup-
ported by (n+ 1) PN junctions. Since the conduction
section is reduced compared to a conventional VD-
MOS, the limit of the drift region resistance of the
H-FLIMOS is then equal to:

where Rp_u and Rp 1im are the drift region resistances
of FLIMOS and conventional VDMOS, respectively;
L, and Ly, are the length of the poly and P-body in
the half cell, respectively, as shown in Fig. 3.
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Fig. 3.
FLIMOS with “n” floating islands in the drift region, the
BV is approximately equally supported by the (n+1) PN
junctions.

The resistance of an I-FLIMOS. For the I-

In the I-FLIMOS, the compression of the conduc-
tion section by the p-islands is less than that in the
H-FLIMOS. Therefore, the theoretical limit of the I-
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FLIMOS drift region resistance (Rp_1) is

2L, + 2Ly,
2La + Lb

2L,
57— 7 o
2L, + Ly

Rp 1 ~ (TLJr 1)71'5RD,1im

Q

H- (2)

Obviously, with the increase in n, the “Roygp/BV”
trade-off is improved; on the other hand the fab-
rication process is more difficult. But for low-
voltage applications, the I-FLIMOS can obtain a bet-
ter “Ron,sp/BV” trade-off with a slightly higher fabri-
cation cost.

2.00

Distance/pm

4.00f

0 2.00

Distance,/pm

4.00

Distance/pm

0 200 4.00
Distance/um

The simulated BV and Roy sp of the I-FLIMOS,
conventional VDMOS, SJ-VDMOS and H-FLIMOS
are shown in Table 1. The device parameters are
the best choice in terms of “Rgy sp/BV” trade-off, ac-
cording to two-dimensional (2D) simulations. The I-
FLIMOS has a 38% reduction in R, sp relative to
the conventional structure because it can obtain the
same BV with a higher N-epi doping concentration.
It also had a 10% reduction in R,y sp relative to the
H-FLIMOS due to the wider current path. Figure 4
shows the current flow lines distribution in these de-
vices at Vg = 10 V and Vg = 0.1 V.
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Fig. 4. The current flowlines: (a) I-FLIMOS; (b) conventional VDMOS; (¢) H-FLIMOS; and (d) SJ-VDMOS

at Vgs =10 V and Vgg = 0.1 V.

Table 1. The main device parameters and simulated Ron,sp and BV of the I-FLIMOS, conventional VDMOS,

H-FLIMOS and SJ-VDMOS.

Parameters I-FLIMOS Conventional VDMOS H-FLIMOS SJ-VDMOS
N-epi thickness/pm 4.0 4.5 4.0 4.0
N-epi doping concentration/cm ™3 1.5x1016 6x101° 1.5x1016 1.6x1016
The 1st FI doping concentration/cm ™3 3x1016 - 3x1016 -
The 2nd FT doping concentration/cm ™3 6x1016 - 3x1016 -
P-column doping concentration/cm ™3 - - - 2x1016
Distance of P-body to the 1st FI/um 0.6 - 0.8 -
Distance of the 1st FI to the 2nd FI/um 0.8 - 0.7 -
The 1st FI width W1 /pum 1.6 - 1.7 -
The 2nd FI width Wa/um 0.8 - 1.7 -
The P-column width/pum - - - 1.0
The 1st FI thickness T /pm 0.7 - 0.7 -
The 2nd FI thickness T5/pm 0.7 - 0.7 -
Cell size/um 5 5 5 5
Vas/V 83 82 83 82
Ron sp/m$2-mm? 54 87 60 51

128501-4



Chin. Phys. B Vol. 20, No. 12 (2011) 128501

3.2. Process tolerance

Although the SJ-VDMOS has an approximately
linear relation between Ronsp, and BV, Praveen et
al. pointed out that the device is highly sensitive to
charge imbalance.!* ] I-FLIMOS has a significant ad-
vantage over SJ-VDMOS because the boron implan-
tation dose control of the p-island does not have to be
severely controlled to compensate the space charges
in the N-drift layers. We investigated the sensitivity
of BV to the process deviation. The simulated results

are shown in Fig. 5.
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Fig. 5. The sensitivity of BV to the process deviation for
SJ-VDMOS and I-FLIMOS.

3.3. Body-diode characteristics

One of the disadvantages of the SJ-MOSFET is
its bad body-diode reverse recovery. The P-columns
in the epitaxial layer enlarge the P/N junction area,
resulting in a high injection of minority carriers to
the N-drift region. The injected electron—hole plasmas
have to be almost completely removed before the de-
vice starts to sustain reverse voltage, which gives rise
to a large reverse recovery charge. The drain/source
capacitance (Cgs) of SI-VDMOS changes rapidly dur-
The Cg4s shows a
And

it falls drastically as drain—source voltage increases

ing the reverse recovery process.

very large value at low drain—source voltages.

and the internal P/N column structure starts to de-
plete. Therefore, SJ-VDMOS has an abrupt current
drop and a hard reverse recovery.

The I-FLIMOS is expected to have a better body-
diode characteristic because the floating p-islands are
isolated from the source electrode. The injection of
minority carriers from the p-islands to the N-drift is
negligible. According to the body-diode reverse re-

covery test circuit provided by ST Microelectronics

Corp.,!'? the reverse-recovery processes of I-FLIMOS
and SJ-VDMOS were simulated by Medici. As shown
in Fig. 6, SJI-VDMOS has a much higher peak reverse—
recovery current, which is undesirable from the point
of view of the applications. The reverse-recovery peak
current (Iy,m ), reverse-recovery time (7,) and reverse
recovery charge (Q:,) of the I-FLIMOS are about 50,
80 and 40% of those of the SJ-VDMOS, respectively.
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Fig. 6. The normalized body-diode reverse-recovery
waveforms of the I-FLIMOS and SJ-VDMOS with the pa-
rameters in Table 1.

4. Conclusion

A novel inhomogeneous FLIMOS transistor with
an ultra-low specific on-resistance is proposed. Al-
though additional masks may be needed for the fab-
rication, more design freedom is provided. Simu-
lations show that the I-FLIMOS exhibits a better
“Ron,sp/BV” trade-off than the conventional VDMOS
and H-FLIMOS. In particular, it has better body-
diode characteristics than the SJ-VDMOS. Charge
balance is difficult to achieve in a practical manufac-
turing situation, so I-.FLIMOS is a competitive alter-
native to SJ-VDMOS in the low-voltage field.
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