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To enhance the reverse blocking capability with low specific on-resistance, a novel vertical metal-oxide—
semiconductor field-effect transistor (MOSFET) with a Schottky—drian (SD) and SD-connected semisuperjunctions (SD-
D-semi-SJ), named as SD-D-semi-SJ MOSFET is proposed and demonstrated by two-dimensional (2D) numerical simula-
tions. The SD contacted with the n-pillar exhibits the Schottky-contact property, and that with the p-pillar the Ohmic-contact
property. Based on these features, the SD-D-semi-SJ] MOSFET could obviously overcome the great obstacle of the inef-
fectivity of the conventional superjunctions (SJ) or semisuperjunctions (semi-SJ) for the reverse applications and achieve a
satisfactory trade-off between the reverse breakdown voltage (BV) and the specific on-resistance (RonA). For a given pillar
width and n-drift thickness, there exists a proper range of n-drift concentration (N), in which the SD-D-semi-S] MOSFET
could exhibit a better trade-off of R,nA—BV compared to the predication of SJ MOSFET in the forward applications. And
what is much valuable, in this proper range of N, the desired BV and good trade-off could be achieved only by determining
the pillar thickness, with the top assist layer thickness unchanged. Detailed analyses have been carried out to get physical
insights into the intrinsic mechanism of R,nA—BV improvement in SD-D-semi-SJ] MOSFET. These results demonstrate a
great potential of SD-D-semi-SJ MOSFET in reverse applications.
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1. Introduction

As the core component, power MOSFETs have been
playing more and more important roles in many power elec-
tronics, such as automotive electronics, inverter systems and
power switches. So far, many studies have been performed
to improve the performance of MOSFETs, of which the intro-
duction of the superjunction (SJ) into vertical MOSFETs, as a
milestone in the development of MOSFETs, has been a promi-
nent catalyst for improving the power performance.!!! And the
MOSFETs with SJ, named as S] MOSFETs, have opened up
important opportunities for breaking the silicon limit of power
MOSFETs, which have attracted much attention in the op-
timization of SJ structure and the development of novel SJ
MOSFETSs structures.>"'?1 Moreover, the explorations of SJ
MOSFETs structures and mechanisms are still on the road.

Recently, actual demands in power converters, 13! class-
S amplifier,['*! and power management systems!!>1®! stimu-
late many researchers to put the focus on the development
of Schottky—drain (SD) lateral devices with a good reverse
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blocking capability,!'’~1°] namely the drain electrode of de-
vices may undergo a great negative bias at the off-state. This
could provide a good deal of significant enlightenment that
if it is possible to realize the desired reverse blocking ability
based on the vertical MOSFET with a SD (SD MOSFET), the
SJ MOSFET with a SD (SD-SJ MOSFET) or semisuperjunc-
tion MOSFET (semi-SJ MOSFET!) with an SD (SD-semi-SJ
MOSFET). Unfortunately, so far, none of studies about these
has been reported. And what is worse, it is nearly ineffective
to enhance the reverse blocking capability with SD-SJ MOS-
FETs or SD-semi-SJ] MOSFETSs according to our studies in
this paper.

In this paper, for the first time, a novel vertical SD-
D-semi-SJ] MOSFET with a high workfunction SD and SD-
connected semisuperjunctions is proposed for the purpose of
excellent reverse breakdown voltage (BV) and low specific on-
resistance (RopA). The SD contacted with the p-pillar or the n-
pillar shows an Ohimc contact performance or a Schottky con-
tact performance, respectively. These features could overcome
the drawback of conventional devices during the reverse appli-
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cations. Systematic and comparative studies of the proposed
SD-D-semi-SJ MOSFET, related to the device physical mech-
anisms, the device optimization as well as the trade-off prop-
erty, have been performed based on two-dimensional numer-
ical simulations with Silvaco-Atlas.>”) And the device fabri-
cation issues are also discussed. These results demonstrate
feasible reverse applications of the SD-D-semi-SJ] MOSFET.

2. Device structures

The cross section schematics of the SD MOSFET, the SD-
semi-SJ MOSFET and the proposed SD-D-semi-SJ] MOSFET
are shown in Fig. 1. The SD-D-semi-SJ structure is composed
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All the devices have the same main dimensions as shown in
Table 1, unless otherwise stated. The same concentration N is
used in n-drift layer, n-pillar, p-pillar, TAL, and BAL for all
devices. The Schottky—drain contact with a workfunction of
5 eV is used. It is worth noting that SD contacted with the
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respectively, due to the electron affinity of about 4.05 eV in
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Fig. 1. (color online) Cross section schematics and electric field distribution sketch along the line A;A; for (a) SD MOSFET, (b) SD-D-semi-SJ MOSFET,
and (c) SD-semi-SJ MOSFET. The line A;A; or B1B; denotes the vertical direction at the middle or the left edge of device, respectively. The line C;C

denotes the horizontal direction at a distance of 14 um from the Schottky—drain.

Table 1. Device specifications.

Symbol Description Values
L/um n-drift thickness 35
Wa—drie/um  n-drift width 16
Wa/um n-pillar width 8
Wp/um p-pillar width 8
n-drift doping concentration
Ni/cm™3 n-pillar doping concentration 7 x 1013
p-pillar doping concentration
Alum? active region area 16
TraL top assist layer thickness -
TBAL bottom assist layer thickness -
Tsy SJ thickness -

3. On-state and off-state analyses

3.1. On-state performance

Figure 2 shows the I-V curves of the on-state perfor-
mance at Vgs = 10 V and Vps = 30 V for the SD MOS-
FET, the SD-D-semi-SJ MOSFET, and the SD-semi-SJ MOS-
FET. A slight onset voltage of 0.5 V (at the drain current of
1079 A/um!!7) could be seen for all the devices, which is in-
troduced by the Schottky barrier. And it is amazing that the
current of the SD-D-semi-SJ] MOSFET is obviously greater

than other two devices at the same Vpg, leading to the small-
est Rsp_p—_semi—sJA of 6.6 mQ -cm?. The lowest current and
the biggest Rsp_semi—siA of 17 mQ - cm? appear in the SD-
semi-SJ MOSFET. In order to reveal the physical mechanisms
of these phenomena, figure 3 shows the two-dimensional (2D)
current density distributions. Because the obvious differences
between the three devices in Fig. 3 lie in the connection man-
ner of the p-pillar.
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Fig. 2. (color online) I-V curves of on-state at Vgs = 10 V for three devices.
N=3x10"cm3, W, = Wy =8 um, Wy_gige = 16 wm for all devices.
TtaL = TgaL = 7 um.
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Fig. 3. (color online) The 2D current density distributions at Vgs = 10 V and Vps =5 V corresponding to the devices in Fig. 2.

Figure 4 gives the one-dimensional (1D) current density
distributions along the line C;C, as shown in Fig. 1. Based
on Figs. 3 and 4, it could be seen that the currents in both SD
MOSFET and SD-semi-SJ MOSFET are mostly composed of
electron current. Only the n-pillar and the bottom n-drift layer
could effectively conduct current in SD-semi-SJ MOSFET. In
contrast, for SD-D-semi-SJ] MOSFET, both the n-pillar and
the p-pillar could conduct current, whose current then could
be collected by the TAL beneath the gate. Careful analysis
shows the junction between the p-pillar and the TAL remains
forward biased. Therefore, in SD-D-semi-SJ MOSFET, the
current conducted through the p-pillar is composed of both the
electron and the hole current while that through the n-pillar the
electron current as illustrated in Fig. 4.
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Fig. 4. (color online) Current density distributions along the line C,C; as
shown in Fig. 1 corresponding to the devices in Fig. 3.

In Fig. 4, in comparison with the SD MOSFET, although
the current density in the n-pillar in the SD-semi-SJ MOSFET
is increased by about 70%, the current density in other parts
is much small. This leads to a greater R,pA in the SD-semi-
SJ MOSFET in comparison with the SD MOSFET. For the
SD-D-semi-SJ MOSFET, the current density in the n-pillar is
much greater than that in the SD MOSFET. And both the elec-
tron current and hole current with high density could be seen

in the p-pillar in the SD-D-semi-SJ MOSFET, which could re-
sult in a greater total current density in the p-pillar in compari-
son with the SD MOSFET. Thus, it could be predicted that the
SD-D-semi-SJ MOSFET could obtain the smaller R,,A than
the SD MOSFET.

According to these analyses mentioned above, the spe-
cific on-resistance for the three devices in Fig. 3 could be de-
duced approximately. For the SD MOSFET,

L
RspA = ——, )]
guaN
where ¢ is an electron charge, and U, is electron mobility. For

the SD-semi-SJ MOSFET,

Rsp—semi—s1A = RBaLA + RsjA
_ TsaL | 2Ty  L+Tg

© qtaN  gaN  qiaN

@)

where Rgar. and Rgjy are the resistance related to the BAL and
the n-pillar, respectively. And for the SD-D-semi-SJ MOS-
FET,

Rsp_D—semi—sJA = RsjA + R1aL A
R .
= (Rn—pillar | %ﬂlar) A+ RraLA
_ ( 2Ty I 2Ts;y ) n TtaL
qiaN * q(n+pp)N ) quaN

_ 2Tgy TtaL 3)
q(2pn+up)N  qunN’

where Ry pillar and Rp_piitar are the resistances related to the
n-pillar and the p-pillar, respectively, p, is the hole mobility,
and Rgj is the equivalent resistance of Ry piilr in parallel with
Ry pittar-  Therefore, it is clear that Rsp p—semi—sy < Rsp <
RsD—semi—sy because of L, ~ 3, which is consistent with the
results in Fig. 2. This further demonstrates a remarkable ad-
vantage of on-state performance of the SD-D-semi-SJ MOS-
FET.
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3.2. Off-state performance

e

The off-state -V performance is depicted in Fig.
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Fig. 5. (color online) The off-state /-V performance corresponding to the
devices in Fig. 2.

Based on Fig. 2 and Fig. 5, the SD-D-semi-SJ
MOSFET shows the excellent reverse blocking capability

(BVsp—D—semi—s1 = —526 V) as well as on-state performance
(RsD—D—semi—sJA = 6.6 mQ - cm?), compared with the SD
MOSFET (BVsp = —120 V and RspA = 10.6 mQ - cm?)
and the SD-semi-SJ MOSFET (BVsp_semi—sy = —93 V and
Rsp_semi—sjA = 17 mQ. - cm2). Clear physical understanding
of the intrinsic mechanism related to the blocking improve-
ment above could be achieved based on Fig. 6, Fig. 7, and the
electric field distribution sketch in Fig. 1. As can be seen, the
high equipotential lines density regions, namely the depletion
regions, are only near the Schottky—drain in both the SD MOS-
FET and the SD-semi-SJ MOSFET, due to the reverse biased
SD/n-drift (or SD/BAL) diode. Thus, for the SD MOSFET
the absolute value of the reverse breakdown voltage could be
estimated by

WspEc E%S

2 2N’
where Wsp is the depletion region thickness of the SD/n-drift
junction, Ec is the critical electric field, and & is the dielectric
constant.
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Fig. 6. (color online) Off-state performances at reverse BV in three devices corresponding to Fig. 5: (a) equipotential lines distribution, (b) electric field
distribution along the line A{A5 as shown in Fig. 1, and (c) total current density distribution. N = 3 x 10'5 cm=3, W, = Wp = 8 um, W, _gyire = 16 um for all
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For the SD-semi-SJ MOSFET, only the BAL rather than
the SJ layer could sustain the reverse blocking. Thus, when
its Tgar is smaller than the Wsp of the SD MOSFET, adopt-
ing the TpaL instead of Wsp as the depletion region thickness
approximately, its absolute BV could be estimated by

IgaLEC

: 5)

BVsp_semi—s1 =

And the BVsp_gemi—sy Will increase slightly with the increas-
ing TpaL, until the BVsp_semi—sy approaches the BVsp when
TgaL = Wsp.
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Fig. 7. (color online) (a) Potential distributions along the line C1C; as shown
in Fig. 1 corresponding to the devices in Fig. 6(a), and (b) electric field dis-
tribution along the line AjA; in the SD-D-semi-SJ MOSFET for different
Schottky—drain bias voltages corresponding to Fig. 6(b).

For the SD-D-semi-SJ MOSFET, it could be observed
from Fig. 7(a) that the potential in the n-pillar is higher than
that in the p-pillar, which indicates the junction between the
p-pillar and the n-pillar is under the reverse bias and could
sustain the drain voltage. Therefore, a much broader and rela-
tively more equal-spaced distribution of the equipotential lines
could be obtained due to the adopted SD-D-semi-SJ, leading to
a more uniform electric field distribution as shown in Fig. 6(b).
In addition, as shown in Fig. 7(b), with the increase of the
reverse drain bias, the Schottky—drain could first sustain the
drain voltage, and then the n-pillar could gradually exhibit the
effect on sustaining the drain voltage. Thus, the SD-D-semi-
SJ MOSFET could withstand a greater breakdown voltage and

its absolute BV could be estimated by

BVsp_D—semi—sy = BVsp + BVsy + BVpn

34&) E2¢ )
(2R BTy + V2ECE

49N 49N
== \/Q SJ 4LIN 5

where BVsp, BVsjy, and BV, are contributed by the SD/n-drift
junction, the semisuperjunction, and the p-pillar/TAL junc-
tion, respectively. Assuming Ts; > Wy for simplicity, based
on Ey = Ec/v/2 = gNW,/2¢&,) then the theoretical estima-
tion results, BVsp_p_semi—sj > BVsp > BVsp_semi—sy, could
be deduced, which are in agreement with simulation results
in Fig. 5. Furthermore, from Fig. 6 it could also be seen that
the dominant factor inducing device breakdown for the SD-D-
semi-SJ MOSFET could be attributed to the high total current
density regions near the two sides of the device while that for
the SD MOSFET and the SD-semi-SJ] MOSFET stem from
the n™/p-body junction. Besides, the SD-SJ MOSFET is also
concerned. But this device shows a bad off-state performance,
because the source and the drain are shorted together through
the p-body and the p-pillar.

4. Optimization for maximum breakdown volt-
age

Figure 8 illustrates the BV and the R,p,A versus the n-drift
concentration in the SD-MOSFET. Both the absolute BV and
the RopA increase with the decreasing N, which is attributed
to the depletion effect of the Schottky—drain/n-drift junction.
This implies the N should be further reduced so as to enhance
the BV at the expense of the R,,A. However, this bottleneck
could be broken with the proposed SD-D-semi-SJ MOSFET,
as shown in Section 3.
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Fig. 8. The breakdown voltage and the specific on-state resistance versus
the n-drift concentration in the SD MOSFET.

Figure 9 gives the relationship of the BV and the R,A
versus the p-pillar height Tgy in the SD-D-semi-SJ] MOSFET.
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As shown in the figure, due to the conduction of the p-pillar
at on-state, the R,,A is not sensitive to Tsy. Thus, the small
RonA with the range of 5.6 mQ - cm? to 7.3 mQ - cm? could
be observed clearly. In contrast, the strong effect of Ts; on
BV could be seen, with the greatest absolute BV of 526 V at
Tsy = 28 pum.
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on-state resistance versus the n-drift concentration N in the SD-D-semi-SJ
MOSFET. Each breakdown voltage is obtained by optimizing the p-pillar
height Tsj to approach the maximum value for a given N.
The relationship of the optimized BV and the R,p,A versus

the N in the SD-D-semi-SJ MOSFET is illustrated in Fig. 10.
The p-pillar height Tgy is optimized in order to achieve the
maximum BV for a given N. Comparing Fig. 8 with Fig. 10,
it could be observed that although the Ry,A increases with the
decreasing N in the SD-D-semi-SJ MOSFET, all the values of
R,nA are smaller than those in the SD MOSFET for the same
N. Furthermore, the lower the N, the greater the difference of
RonA between the SD-MOSFET and the SD-D-semi-SJ MOS-
FET. And for the given N all the BV in the SD-D-semi-SJ
MOSFET are much greater than those in the SD-MOSFET.
The peak absolute BV of 540 V with an R,pA of 8.4 mQ - cm?
could be extracted for N =2 x 10" cm™3 and Tsy = 26 um in
the SD-D-semi-SJ MOSFET. Those exhibit the superiority of
the SD-D-semi-SJ MOSFET over the SD MOSFET.

During the optimization of the p-pillar height gy for dif-
ferent N in the SD-D-semi-SJ MOSFET, it is also found that
the BV is a weak dependence on Tgj for the higher N, which
deviates from the rules in Fig. 9. Figure 11 shows this rela-
tionship of BV and RnA versus Tsy for N =7 x 101 cm 3.
The variation of R,,A with Tgy is similar to that in Fig. 9, of
which extremely low R,,A with the range of 3.2 mQ - cm? to
4.6 mQ-cm? could be obtained due to the high doping concen-
tration. However, the slight dependence of BV on Tgjy could be

seen.
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Fig. 11. The relationship of the breakdown voltage and the specific on-state
resistance versus the p-pillar height for N = 7 x 10'> cm 3.

In order to reveal the mechanism, Figure 12 shows the
electric field distribution along the line AjA; or By By, for three
different Ty corresponding to Fig. 11. From Fig. 12, it could
be seen that the shapes of all the electric field distributions al-
most do not change with the increasing 7sj. These indicate
quite a large part of the p-pillar regions and the n-pillar re-
gion could not play an effective role in sustaining the reverse
voltage, and thus a low breakdown voltage.

4 T T T
—o— Ty, =32 pum

T
—4— Ty =10 pm
o— Ty, =20 pm

along 31327

w
T

—
T

Electric field/10° V-cm ™!
N

0 & Wy mé vrvyy ymiq Y’A“:um\m}g%kb rryreey]
4 16 20 24 28 32 36 40

Distance/pm

Fig. 12. (color online) Electric field distributions along the line AjA; or

B1B; as shown in Fig. 1, for three different 7y in Fig. 11.

Aiming at the issue of the high n-drift concentration, an
attempt of scaling down the dimension of the p-pillar and n-
pillar widths is performed to improve the reverse blocking ca-
pability, as shown in Fig. 13. Thanks to the narrow pillar width
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Wy of 5 um, the variation laws of BV and R,,A are similar to
those in Fig. 9, with the peak absolute BV of 495 V and an
RonA of 4.4 mQ - cm? for Ty = 31 pm. This demonstrates
it requires a narrower pillar width corresponding to a high
N so as to achieve the good reverse blocking, which is con-
sistent with the theory of SJ devices in the forward blocking
applications.?! As shown from Fig. 14, more uniform electric

field distributions could be realized and thus a better reverse

blocking.
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Fig. 13. The relationship of the breakdown voltage and the specific on-state

resistance versus the p-pillar height for N = 7 x 101> ecm™3. W, = W, =
5 pm.
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Fig. 14. (color online) Electric field distributions along the line AjA, or
B1B; as shown in Fig. 1, for BV = —495 V, Tg; = 31 um, and W, = W, =
5 um corresponding to Fig. 13.

5. Trade-off property between RozA and BV

The trade-off characteristics of R,,A—BV for different
MOSFETs are shown in Fig. 15. The trade-off characteristics
for the VDMOS and the ST MOSFET are related to the forward
blocking while others for the reverse blocking. In the figure,
the relationship of R,,A—BV with different N is obtained by
optimizing Tsy for the maximum absolute BV when L =35 pm
and W,, = 8 um (or W;, =5 um). And it could be seen that there
exists a proper range of N (2 x 101> ecm™ ~ 5 x 10" cm ™~ for

Wh =8 um, or 5 x 10 ecm 3 ~8x 105 cm =3 forW, =5 pm),

in which a better trade-off could be obtained in the SD-D-
semi-SJ MOSFET compared to the prediction of the ST MOS-
FETs with the same W,.
N =3x10% cm™3 and N = 7 x 10"> cm~3 for example, the
relationship of R,,A—BV with different L, obtained by opti-
mizing Tsy for the maximum reverse BV, also exhibits a better
trade-off compared to the conventional SJ MOSFET. Based

on this, an interesting and useful rule, namely almost the same

And for a given N in this range,

TtarL could be used to obtain the maximum reverse BV with a
low Ry,A for different L when N and W, are constant, as illus-
trated in Table 2. According to this rule, it is easy to design an
SD-D-semi-SJ MOSFET for the desired BV by only varying
the Ts;. In addition, as shown in the table, for a given BV, the
improvement of the trade-off for a higher doping concentra-
tion could also be realized by decreasing p-pillar width from
8 um to 5 um, which is in agreement with the similar results
of the forward blocking performance in the ST MOSFETs.[!?]
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P
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Fig. 15. (color online) The trade-off characteristics between the specific
on-resistance and the breakdown voltage for different MOSFETs.

Table 2. Optimized values for the SD-D-semi-SJ] MOSFET corresponding
to Fig. 15.

N=3x10"cm™3 N=7x10"cm™3
L/um W, =8 um Wa = Sum
Tsy/um BV/V RognA/mQ-cm? | Tsy/um BV/V RonA/mQ- cm?

35 7 526 6.6 4 495 44
45 7 676 8.3 4 626 5.4
55 7 822 10.1 4 747 6.5
65 7 966 12.1 4 857 7.6
75 7 1108 14.3 4 957 8.7
95 7 1386 19 4 1125 10.7

6. Fabrication issues

The main fabrication of our proposed SD-D-semi-SJ
MOSFET is compatible with existing ST MOSFET processes.
The metal with relative high workfunction compared to the
electron affinity of silicon, such as Cu, Ni, W, Ag or Pt, should
be utilized to form the Schottky—drain.
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7. Conclusions

In this paper, attempts to improve the reverse block-
ing capacity in vertical MOSFET with Schottky—drain and
Schottky—drain-connected semisuperjunctions are performed
for the first time. A novel device, the SD-D-semi-SJ MOS-
FET, is proposed and studied, with emphasis on the compara-
tive analyses of device physical mechanisms. Compared with
other counterparts and even the conventional SJ] MOSFET of
forward applications, the proposed device could realize not
only the excellent reverse blocking ability but also the ex-
tremely low specific on-resistance. The improvement of the
breakdown voltage benefits from the Schottky—drain contact
and the SD-contacted-semisuperjunction, and the decrease of
the specific on-resistance is due to the bipolar carrier trans-
port properties of the p-pillar. A valuable design rule that only
the SJ thickness needs determining to achieve the desired BV
for a given doping concentration and pillar width, is extracted.
These results demonstrate a significant superiority and a great
potential of the SD-D-semi-SJ MOSFET in the reverse appli-
cations and may be of significance in the design of this device.
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