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ABSTRACT A novel Si/SiC heterojunction Lateral Double-diffused Metal Oxide Semiconductor with the
Semi-Insulating Polycrystalline Silicon field plate (SIPOS Si/SiC LDMOS) is proposed in this paper for
the first time. The innovative terminal technology of Breakdown Point Transfer (BPT) had been applied on
Si/SiC MOSFETs. This creative technology improved Breakdown Voltage (BV) of the proposed device,
compared with the conventional Si LDMOS (Cov. LDMOS). In order to optimize the trade-off between
BV and Specific On-Resistance (Ron,sp), the SIPOS field plate is applied on Si/SiC LDMOS for the first
time in this paper. At On-State, due to the internal electric field of SIPOS filed plate, the majority carriers
accumulation layer is formed on the surface of the drift region for the proposed SIPOS Si/SiC LDMOS,
which means Roy sp will be reduced. Meanwhile, the electric field modulation effect of SIPOS field plate
can make the surface electric field distribute evenly, which leads to an increase of BV. In addition, due
to the high-thermal conductivity of SiC substrate, the heat-dissipation efficiency of the proposed device
is significantly improved. The simulation results show that the BV of SIPOS Si/SiC LDMOS is 428.4V,
which increased by 78.4% in comparison with Cov. LDMOS (BV of 240.0V) with the same structure
parameters. The Ron sp of SIPOS Si/SiC LDMOS is decreased from 33.2mS2 - cm? of Cov. LDMOS
to 24.0mS2 - cm?, decreased by 27.7%. Furthermore, the figure-of-merit (FOM = BVZ/ROHVSP) of SIPOS
Si/SiC LDMOS reaches 7.6MW/cm?, which means SIPOS Si/SiC LDMOS has enough performance to
break the Silicon limit.

INDEX TERMS Si/SiC heterojunction, SIPOS, breakdown point transfer, breakdown voltage, specific
on-resistance, figure-of-merit.

I. INTRODUCTION

The contradiction between the low Specific On-Resistance
(Rown,sp) and high breakdown voltage (BV) restricts the
development of Power Integrated Circuit. An ideal power
device should have the following ideal static and dynamic
characteristics: It shall withstand the high voltage in the
reverse state with no leakage current. It shall have the
large current with no voltage drop in on-state. It shall have
a short switching time during switching conversion, which
is easy to control and does not use energy. The current
research is making the power device close to this ideal
direction.

In order to design a Si-based Lateral Double-diffused
Metal Oxide Semiconductor (LDMOS) with the high BV
and low Ron sp, previous researchers proposed the Reduced
Surface Electric Field (RESURF) [1]-[2], and other struc-
ture and technologies based on the conventional Si LDMOS
(Cov. LDMOS) to optimize device performance [3]-[4].
However, due to the restrictions of “Silicon limit” [5]-[6],
Si-based devices have reached its performance limitation,
so the SiC materials obtain its opportunity. SiC material
has the characteristics of the wide bandgap, high-thermal
conductivity and critical electric field about 10 times that
of the Si material [7]. The superior material properties
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of SiC allow it to be widely used in high-voltage and
high-temperature applications [8]-[10]. However, SiC-based
LDMOS still have many problems to be solved. For exam-
ple, a high-quality gate oxide is needed by SiC LDMOS, but
compared with SiO; on Silicon, the oxide layer grown on
SiC has a high interfacial-charge density, which will cause
the degradation of device performance [11]. According to
previous studies, some researchers combined the advantages
of Si and SiC materials and proposed a Si/SiC heterojunc-
tion device. This heterojunction device has both high quality
gate oxide layer and high BV [12]. The key to the Si/SiC
heterojunction device is the manufacture of Si/SiC wafer
with good quality. Currently, Low-Pressure Chemical Vapor
Deposition (LPCVD), Molecular Beam Epitaxy (MBE) and
wafer bonding processes [13]-[15] have been used to fab-
ricate Si/SiC hybrid substrates. However, experiments have
shown that the Si layers grown using LPCVD or MBE are
of poor quality due to the stresses generated by the lattice-
misfit between Si and SiC [15], [16]. Therefore, in recent
years, the Si/SiC substrates are mostly fabricated by wafer
bonding process. In 2018, PM. Gammon et al. proposed
a method of producing Si/SiC substrates by wafer bond-
ing silicon-on-insulator (SOI) wafers to 4H-SiC [17]. This
method can effectively improve the Si/SiC interface quality
problem caused by lattice-misfit.

Therefore, based on those points, a Si/SiC heterojunc-
tion LDMOS with the SIPOS field plate (SIPOS Si/SiC
LDMOS) is proposed for the first time. This novel device
has the following advantages: Firstly, the peak of the elec-
tric field is transferred from the surface of drain region to
the SiC substrate by the terminal technology of Breakdown
Point Transfer (BPT) [18]-[21], which can improve the BV
compared with Cov. LDMOS. Secondly, at On-State, SIPOS
layer, which is deposited on the surface of a thin oxide layer
above the drift region, can assist to form a majority carriers
accumulation layer on the surface of drift region, and thus
form a conductive channel to reduce Roy sp [22]. Thirdly,
the surface electric field of the drift region can be forced
to evenly distribute by the electric field modulation effect
by SIPOS field plate, so the reverse characteristic of the
proposed device is optimized effectively.

Il. DEVICE STRUCTURE AND DESCRIPTION

The cross-section of the proposed SIPOS Si/SiC LDMOS is
shown in Fig. 1. Different from the conventional Si LDMOS
and Si/SiC LDMOS, the novel SIPOS Si/SiC LDMOS,
which is based on Si/SiC LDMOS with the deep drain,
deposited a SIPOS layer on the thin oxide layer above the
drift region and connected with gate and drain electrode.
While the BPT technology modulate the vertical and lateral
electric field distribution, SIPOS field plate optimizes the
Ron.sp of the device as well. Therefore, the performance
of the device is improved. Besides, the deep drain region
can assist in the vertical depletion, which facilitates the
improvement of BV as well.

VOLUME 9, 2021

P-Well Drift Region ey |4
e :
P-SiC Substrate - i
1 si y
O sic Lo
Composite junction
Il Metal :
BEH SIPOS N-Si | N+Si
]  Sio, P-SiC |N+SiC |
FIGURE 1. Cross-section of SIPOS Si/SiC LDMOS.
i Epitax §
B RJEM 108 O’S""strate
SOI Wafer onda T T T
\L \L \L Si Epitaxy
N
PSiC PSiC — PSiC
a b ‘ [
N-drift % ﬂp%l N-drift N P well N-drift
L] U e— v
PSiC-Sub PSiC PSiC
f e d

FIGURE 2. Simplified key processes of fabricating SIPOS Si/SiC LDMOS.

The key processes of the proposed device are presented in
Fig. 2. The simplified manufacturing processes are as follow:
Firstly, use ion implantation to form NT region in the SiC
substrate. The surface of SiC wafer and SOI wafer are both
RCA cleaned. Then, bond the SiC and SOI wafer with the
method in [17]. The SOI wafer is thinned by CMP, before
a HF solution is used to remove the buried oxide. In order
to minimize the defects on the Si surface, the dry-etch to
reduce the thickness of Si layer to 3 pm is then performed
at the end of wafer bonding, as is shown in Fig. 2(c).

Because the active region is formed in Si layer, the remain-
ing process steps are basically the same as the conventional
Si process, which can be summarized as follows: using ion
implantation technology to manufacture the N-drift, P-well.
Then, the oxide layers are grown on the surface of Si from
the edge of source region to the drain. The other part of the
drain, source region and P region is formed by using ion
implantation technology. Finally, deposit the SIPOS layer on
the oxide layer above the drift region by LPCVD technology.
In order to obtain the low ohmic contact resistance, source
and drain electrode of SIPOS Si/SiC LDMOS is made of Si
material. The gate electrode uses the mature silicon power
device technology to avoid the defect oxidation gate of SiC
material.
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TABLE 1. Key parameters in device simulations.

Values
Sym Description SI.P(.)S Cov.
bol Si/SiC LDMOS
LDMOS
the concentration of 15 16
Np N-drift (cm®) 8x10 1.2x10
o the depth of drain 6 1
region(um)
the concentration of 17

Ne P-well (cm?) 4x10

the thickness of
Tox | oxide under SIPOS 0.09 —

FP(um)

the thickness of
L drift region (um) 3:0

the thickness of

Tsiwos | g1pog FP(um) 0.45
Ip the lquth of drift 20
region (pm)
I the length of |
¢ channel (um)

In order to estimate the electric characteristics of the novel
SIPOS Si/SiC LDMOS, ISE TCAD is used to simulate and
analyze the two-dimensional electric characteristic of the
device [23]. The key parameters are listed in Table 1. Np
will be adjusted appropriately with different devices to obtain
accurate breakdown voltage. The main physics models are
applied by ISE simulation including mobility model, effec-
tive intrinsic density model, and recombination model. The
mobility model includes Doping Dependence, HighFieldSat,
and Enormal(Lombardi). The effective intrinsic density
model includes BandGap Narrowing, and the recombination
model includes SRH model and Auger model. The criterion
of breakdown is BreakCriteria {Current (Contact = “drain”
Absval = 1x 1077)}. The parameter is Material = “Silicon
Carbide”.

1Il. RESULTS AND DISCUSSION

Fig. 3 shows the distribution of equipotential lines when Cov.
LDMOS and SIPOS Si/SiC LDMOS are broke down. It can
be seen from the figure that, with the assistance of SIPOS
layer, the depletion region of the novel device extends deeper
in the vertical direction, which indicates that the internal
electric field of SIPOS layer can assist in depleting substrate.
Meanwhile, the BPT technology is applied to SIPOS Si/SiC
LDMOS. It can be seen from Fig. 3 that the highest electric
field of SIPOS Si/SiC LDMOS appears in the SiC material
(Region B), which implies that the most reverse voltage will
be applied on SiC Substrate. By contrast, the highest electric
field of Cov LDMOS appears at the Si material (Region A).
Due to the high critical breakdown electric field of SiC, this
novel device can withstand a higher voltage than that of
Cov LDMOS.
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FIGURE 3. Equipotential lines distribution at breakdown of (a) Cov.
LDMOS and (b) SIPOS Si/SiC LDMOS.
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FIGURE 4. Electric field distributions of the optimized SIPOS Si/SiC
LDMOS, Si/SiC LDMOS and Cov. LDMOS.

The lateral surface field distribution of Cov. LDMOS,
Si/SiC LDMOS and SIPOS Si/SiC LDMOS is shown in
Fig. 4. Both the Cov. LDMOS and Si/SiC LDMOS have
U-shaped lateral surface electric field distributions due to
the RESUREF principle [24], which is shown in Fig. 4. Due
to the optimization of BPT technology and SIPOS field
plate, the lateral electric field distribution of SIPOS Si/SiC
LDMOS is approximately a horizontal line. BPT technology
can optimize the vertical electric field between gate-drain
electrode and substrate electrode, and then improve the lat-
eral electric field distribution. Furthermore, because of the
electric field modulation effect of SIPOS field plate, the elec-
tric field at the surface of drift region can be forced to be
evenly distributed. Therefore, the ideal lateral electric field
distribution can be obtained, which leads to the increment
of BV.

Fig. 5 shows the breakdown characteristic of Cov.
LDMOS, Si/SiC LDMOS and SIPOS Si/SiC LDMOS. It
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FIGURE 5. Breakdown characteristics for the three LDMOS in Off-State.

can be seen from Fig. 5 that with the optimization of
SIPOS field plate, the BV of the proposed device reaches
428.4V. However, SIPOS layer also brings about problems
which cannot be ignored. When the device is at the reverse
state, the leakage current of the proposed device increases
from 10~!2A of Si/SiC LDMOS to 10~1°A, which is because
the SIPOS field plate is equivalent to parallel a high resistor
to the drift region. Although the leakage current is con-
siderably lower than the forward current of SIPOS Si/SiC
LDMOS and can be controlled by increasing the resistivity
of SIPOS layer, with the increase of the resistivity of SIPOS,
its electric field modulation effect on the drift region will be
weakened, and the BV will be reduced [25]. The increase of
leakage current is an unavoidable problem for using SIPOS
field plate as resistance field plate. In general, the oxygen
content of SIPOS layer determines the electrical properties
of SIPOS layer. When the oxygen content of SIPOS is in
the range of 15% to 35%, the physical and chemical prop-
erties will be very stable [26], which is suitable to be used
as resistance field plates.

The effect of Tsipps on the electrical characteristics of
proposed device is shown in Fig. 6. The trade-off between
BV and Rop sp of the device is improved with the increase
of Tsipos. Although SIPOS field plate can alleviate the con-
tradiction between high BV and low Roy sp, the reverse
breakdown current of the device increases accordingly, which
can also be seen in Fig. 6. The influence of Tsipps on
the electrical characteristics had been studied by previous
researchers. According to their study, the BV increases
with the rise of Tgpps. Meanwhile, the leakage current
enlarges [27]. The simulation results in this paper show no
difference with this conclusion.

In addition, SIPOS layer has an obvious effect on switch-
ing characteristics. The circuit with a resistive load, shown
in Fig. 7, is used to simulate the switching characteristic
of devices. In order to ensure that all simulation objects
can work normally, we choose to set Vp as 100V, Rjpaq as
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FIGURE 6. Influence of Tg;pggs on the characteristic of SIPOS Si/SiC
LDMOS.

2 x 10°Q and Rg as 5. The voltage signal applied to gate
electrode (V) is a square wave, with a high level of 10V and
low level of OV, which can control the switching of devices.
The turn-on criterion is defined as an increment of Ip from
0 to 90% of Ip(san (4.94 x 10_6A/Mm), which means the
turn-on criterion I,, = 4.446 x 10’6A/ptm. Similarly, the
turn-off criterion is when Ip decrease from Ip(sr) to 10% of
Ip(sar, which is 0.49 x 10_6A/um. Turn-off waveforms of
the devices are shown in Fig. 7(a), the turn-off time (To) of
SIPOS Si/SiC LDMOS and Si/SiC LDMOS are close, which
are 7.38ns and 7.82ns, respectively. As is shown in Fig. 7(b),
the turn-on time (7,,) of SIPOS Si/SiC LDMOS and Si/SiC
LDMOS are 0.96ns and 0.38ns, respectively. The turn-on
time of SIPOS Si/SiC LDMOS is 2.53 times that of Si/SiC
LDMOS. This is mainly due to the impact of SIPOS layer.
In Off-State, the internal electric field of SIPOS field plate
assists in depleting the drift region and in On-State, effected
by the internal electric field of SIPOS field plate, a major-
ity carriers accumulation layer is formed on the surface of
drift. These leads to the degradation of turn-on characteris-
tics because it will take more time for the device to transition
from enhanced depletion state to the majority carriers accu-
mulation state. The optimization of transient characteristics
needs to be further investigated.

The effect of Tox on BV and Ry sp is shown in Fig. 8.
It can be seen from this figure that Tpx has a slightly impact
on BV, but the value of Roy sp has a nearly linear increase
with the raise of Tpx. As for the influence on Roy sp, the
main reason is that when the device is at on-state, the SIPOS
field plate, oxide layer and majority carriers accumulation
layer (on the surface of drift region) can be treated as a MOS
capacitor [28]. With the increase of Tpy (the distance of two
capacitor plates), the value of MOS capacitor decreases, so
the amount of charge accumulated on the surface of drift is
decreased in the same bias voltage, which leads to the rise of
Ron sp. Therefore, from the simulation results, a low Royn sp
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FIGURE 7. (a) Simulated resistive turn-off characteristics of Si/SiC LDOMS
and the proposed SIPOS Si/SiC LDMOS. (b) Simulated resistive turn-on
characteristics of Si/SiC LDOMS and the proposed SIPOS Si/SiC LDMOS.

can be achieved by reducing Toxy. However, Fig. 8 also
shows that smaller Tpx induces a slight increase of reverse
current, which will cause the degradation of reliability. And
a smaller Tpx will increase the surface electric field, it also
can easily cause the dielectric breakdown, which will make
the proposed device lose its function. Moreover, accord-
ing to the previous studies, the influence of oxide thickness
on switching characteristics of devices cannot be ignored
either [22]. Therefore, it is crucial to choose the proper Tox
to ensure the performance and reliability of the proposed
device.

Fig. 9 shows the relationship between BV, Roy sp and
Lp. The BV and Ron sp of the three devices both increase
with the raise of Lp. The reason for this phenomenon
is obvious. The increase of Lp means that the length of
voltage-sustaining region increases accordingly, which also
indicates that it can withstand higher reverse voltage.
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FIGURE 9. BV and Rgy, sp versus Lp for three kinds of LDMOS.

What’s more, it is worth noticing that the proposed SIPOS
Si/SiC LDMOS has a steeper slope of BV than that of
Cov. LDMOS. The electric field distribution of the proposed
device is optimized uniform and smooth, since it can mod-
ulate the vertical and lateral electric field through the deep
drain region and SIPOS field plate [13], [29]. So high BV
can be obtained by increasing Lp. However, the problems
caused by the increasing of Lp should not be ignored. As is
shown in Fig. 9, the Ron sp of all three devices are increased
accordingly. This is because the drift resistance goes higher
and becomes more dominant during the increasing of Lp.
SIPOS Si/SiC LDMOS has the lowest Roy sp in this three
devices, which is attribute to the internal electric field of
SIPOS field plate. When the device is at on-state, the internal
electric field can attract the majority carries (electrons) and
form a majority carriers accumulation layer on the surface
of the drift region, which can effectively reduce Roy sp.

Fig. 10(a) shows the influence of Tp on figure of
merit (FOM = BVZ/R,,,,,SP) and BV of SIPOS Si/SiC
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LDMOS. The FOM and BV of the device reach satura-
tion when Tp increases to 4pum, which means increasing Tp
after 4pm will not improve performance of the proposed
device, on the contrary, it will increase process complex-
ity. Furthermore, when the Tp is further deepened, the
performance has slightly degraded. It can also be seen from
Fig. 10(a) that the increase of Ty can be regard as the
decrease of Tp, which means that the proposed structure
can achieve a better performance with a thinner epitaxial
layer [20].

As is shown in Fig. 10(b), the Tp determines whether the
highest electric field of the device appears in the Si material
or SiC material. When T is greater than 3pm, the maximum
electric field appears in SiC substrate, which means the BPT
technology takes effect.

Temperature field of SIPOS Si LDMOS and SIPOS Si/SiC
LDMOS has been simulated by ISE TCAD. We can clearly
observe the trend of temperature versus Vpg for the two
devices. In Fig. 11, as the Vpg increases, the operating

VOLUME 9, 2021

420 T T T T T T T T
V=10V
400 | -
—a— SIPOS Si/SiC LDMOS
gsso - —o— SIPOS Si LDMOS .
= 360 .
g
£
& 340 i
320 i
300
0 50 100 150 200 250 300 350 400

Vps(V)

FIGURE 11. Temperature versus Vpg for SIPOS Si LDMOS and SIPOS Si/SiC
LDMOS.

Reg\ .
—— g
— T
V=10V V=100V V=10V V=100V
T=321K T=310K

(a) (b)

FIGURE 12. Isothermal distribution of (a) SIPOS Si LDMOS and (b) SIPOS
Si/SiC LDMOS.

temperature of SIPOS Si/SiC LDMOS devices is signifi-
cantly lower than that of SIPOS Si LDMOS, due to the
high thermal conductivity of SiC substrates. Fig. 12 shows
the two-dimensional isotherm distribution of SIPOS Si/SiC
LDMOS and SIPOS Si LDMOS at the same bias voltages,
from which we can see the overall temperature distribu-
tion trend more intuitively. The isotherm distribution in the
drift region (Region B) of SIPOS Si/SiC LDMOS becomes
more uniform, compared with that of SIPOS Si LDMOS
(Region A), which indicates the SiC substrate can dissi-
pate the heat faster and avoid heat accumulation. It can
be seen that the temperature characteristics of the proposed
device have been significantly improved, especially in the
high-power condition.

IV. CONCLUSION

In order to obtain high breakdown voltage and lower spe-
cific on-resistance, a novel Si/SiC heterojunction LDMOS
with the SIPOS field plate is proposed in this paper. The
Breakdown Point Transfer technology has been applied on
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Si/SiC LMODS, which improved the breakdown voltage.
According to the analysis of ISE TCAD, the breakdown
voltage of SIPOS Si/SiC LDMOS is 428.4V, which is
improved by 78.4% compared with 240.0V of conven-
tional Si LDMOS with the same structure parameters; The
specific on-resistance is optimized from 33.2m - cm? of
conventional Si LDMOS to 24.0mS2 - cm?2, decreased by
25%. Compared with the conventional Si LDMOS, the
SIPOS Si/SiC LDMOS alleviates the trade-off between BV
and Ron,sp. The Si/SiC heterojunction also improves the
temperature characteristics of the device especially in the
high-power condition. However, there are also some prob-
lems to be solved, such as the large leakage current and

the

degradation of switching characteristic. To solve the

problem thoroughly, more in-depth research is needed. But
it is undenied that this novel device still has excellent
characteristics of large breakdown voltage and small spe-
cific on-resistance, which are expected to be applied in
high-voltage applications.
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