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A novel silicon carbide (SiC) on silicon (Si) heterojunction lateral double-diffused metal-oxide semiconductor field-
effect transistor with p-type buried layer (PBL Si/SiC LDMOS) is proposed in this paper for the first time. The heterojunc-
tion has breakdown point transfer (BPT) characteristics, and the BPT terminal technology is used to increase the breakdown
voltage (BV) of Si/SiC LDMOS with the deep drain region. In order to further optimize the surface lateral electric field
distribution of Si/SiC LDMOS with the deep drain region, the p-type buried layer is introduced in PBL Si/SiC LDMOS. The
vertical electric field is optimized by Si/SiC heterojunction and the surface lateral electric field is optimized by the p-type
buried layer, which greatly improves the BV of device and alleviates the relationship between BV and specific on-resistance
(Ron,sp)- Through TCAD simulation, when the drift region length is 20 wm, the BV is significantly improved from 249 V
for the conventional Si LDMOS to 440 V for PBL Si/SiC LDMOS, increased by 77%; And the BV is improved from 384 V
for Si/SiC LDMOS with the deep drain region to 440 V for the proposed structure, increased by 15%. The figure-of-merit
(FOM) of the Si/SiC LDMOS with the deep drain region and PBL Si/SiC LDMOS are 4.26 MW/cm? and 6.37 MW/cm?,
respectively. For the PBL Si/SiC LDMOS with the drift length of 20 um, the maximum FOM is 6.86 MW/cm?. The PBL

Si/SiC LDMOS breaks conventional silicon limit.

Keywords: Si/SiC heterojunction, LDMOS, breakdown voltage, specific on-resistance
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1. Introduction

Lateral double-diffused metal-oxide semiconductor field-
effect transistor (LDMOS) is easy to integrate with other
devices and peripheral circuits. It is widely used in the
smart power integrated circuits and high-voltage integrated
circuits, which has attracted the attention of people in related
fields.!'=>! The conventional silicon (Si) LDMOS has encoun-
tered obstacles in the application of the high power due to
the mutually restrictive relationship between the specific on-
resistance (Ron,sp) and the breakdown voltage (BV).[67) Sili-
con carbide (SiC) material has the characteristics of the wide
band gap and high BV, so it is used in the field of the high-
voltage power devices.!®! However, the development of SiC
power devices is limited by gate oxide because SiC has a
higher density of dangling Si and C bonds at the SiC/SiO;
interface.”! The emergence of Si/SiC substrate makes it pos-
sible to solve the above problems. [10-14]

A novel Si/SiC heterojunction LDMOS with p-type
buried layer (PBL Si/SiC LDMOS) is proposed in this paper
for the first time. PBL Si/SiC LDMOS takes full advantages
of the Si/SiC substrate by preparing the electrodes on the epi-
taxial layer of Si, and the drain region of the device is deep
into the SiC substrate, avoiding the reliability problems of SiC
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gate oxide, while also taking advantage of the high critical
electric field of the SiC. The drain region penetrates into the
SiC substrate, that is, the breakdown point transfer (BPT) ter-
minal technology, which modulates the vertical electric field
of the device.!”!51 Meanwhile, a p-type buried layer is intro-
duced at the Si/SiC interface to optimize the surface lateral
electric field of PBL Si/SiC LDMOS. The combination of the
two technologies improve the BV of the device. The structure
of PBL Si/SiC LDMOS achieves a breakthrough in the limit
of Si. Under the same drift region length, the novel device has
higher BV and lower Ryp on compared to the conventional Si
LDMOS and Si/SiC LDMOS with deep drain region.'®!

2. Device structure and description

The cross section of PBL Si/SiC LDMOS in Fig. 1. Dif-
ferent from the conventional Si LDMOS, the proposed device
uses p-type lightly doped SiC as the substrate, the active region
of the device is prepared in the Si epitaxial layer, the drain re-
gion is deep into the SiC substrate, and a p-type buried layer is
introduced at the interface between Si and SiC. SiC substrate
plays three roles: first, p-doped SiC participates in depletion
of n-type drift region, or the reduced surface field (RESURF)
technology.!'”-18! Second, it participates in modulation of ver-
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tical electric field, and deep drain region makes vertical break-
down point transfer from the edge of drain to heterojunction.
Third, SiC material has high thermal conductivity, which can
be used for heat dissipation of power devices. The p-type
buried layer modulates the surface lateral electric field of the
device to make its distribution more uniform, which increases
the BV of the device.

In order to study the characteristics of PBL Si/SiC LD-
MOS, ISE-TCAD is used to simulate the proposed device, and
the proposed device is compared with the conventional Si LD-
MOS and Si/SiC LDMOS with deep drain region. In this sim-
ulation, the p-type SiC substrate potential is always zero volt-
age. When the forward conduction characteristic is simulated,
the positive gate voltage is applied to make the channel open;
The gate voltage is zero when the breakdown characteristics
are simulated. The standard of reverse breakdown of the de-
vice is that the drain current density exceeds 1 x 1077 A/um,
and the 4H-SiC parameters are used for the sic material.
The physical models used in this simulation include mobility
(DopingDep HighFieldsat Enormal), effective intrinsic den-
sity (OldSlotboom), and recombination (Shockley—Read—Hall
(DopingDep) auger avalanche (Eparal)). The important pa-
rameters of the three devices are shown in Table 1.

The key processes of fabricating PBL Si/SiC LDMOS are
presented in Fig. 2. The p-type buried layer is located inside
the device, so the doping process of p-type buried layer should

be completed before the wafer-bonding. The formation of the
Si/SiC substrate can be realized by the method in Ref. [10] and
the simplified wafer-bonding processes are as follows: (a) ini-
tial SiC wafer and epitaxial growth of the Si substrate, (b) ion
implantation to form the drain region in the SiC substrate and
form the p-type buried layer in the Si epitaxial layer, (c) wafer
bonding and wafer splitting. The remaining key processes are
similar to those of the conventional Si LDMOS, which can be
summarized as follows: (d) ion implantation to form the p-
well and N-drift, (e) ion implantation to form the other part
of the drain, (f) gate oxide and field oxide growth and ion im-
plantation to form the source.

T
source gate

drain
' 1
S > r S
__ drift region N+ T epi
17e Pl I L 2 e
Csi 'C_on:p;si;e }u;ctqogl N\ A
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Fig. 1. Cross section of PBL Si/SiC LDMOS.

Table 1. Important parameters used in device simulation.

Symbol Description PBL Si/sicl1o] Cov.

Lc (m) channel length 2 2 2
Lp (nm) drift region length 20 20 20
Tox (nm) gate oxide thickness 50 50 50
Trox (nm) field oxide thickness 500 500 500

Tepi (1m) epitaxial layer thickness 3 3 3

Tp (nm) drain region depth 6 6 1

Np (cm™3) drift region doping 1.3x10'6 9x 101 1.2x10'6
Pyb (cm™3) substrate doping 2.8x10™ 2.8x10™ 2.8x10'

Lp (nm) p-buried layer length 8 - -

Tp (um) p-buried layer thickness 1.5 - -

Np (cm™3) p-buried layer doping 2.8x101 - -

Si-sub Si-sub T T T Si‘SUb
i—eDi Si-epi
Si €epl1 lTl . :
e "
5] 5
P~ SiC-sub —> P~ SiC-sub — P- SiC-sub
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Fig. 2. Simplified key processes of fabricating PBL Si/SiC LDMOS.
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3. Result and discussion

In this paper, the lateral and vertical electric fields of LD-
MOS are optimized to improve the device performances. The
proposed device introduces a p-type doped buried layer at the
boundary between the drift region and the substrate, and the
new buried layer will be depleted with the drift region and
generate an additional electric field in the drift region. The ad-
ditional electric field optimizes the surface lateral electric field
of the device.!'”! The drain region of the device is deep into
the SiC substrate, the peak value of the vertical electric field
of the device is transferred from Si to SiC. The critical elec-
tric field of SiC is larger than that of Si, thereby achieving an
increase in the vertical BV.
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—_ —e— Tp=1.5 ym, BV=440 V
g —¥—Tp=1.0 ym, BV=437 V
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Fig. 3. The influence p-type buried layer on the surface lateral electric field
distribution of BPL Si/SiC LDMOS: (a) Surface electric field distributions
at different Tp values of the novel structure: Lp = 8 um. (b) Surface electric
field distributions at different Lp values of the novel structure: 7p = 1.5 pm.

The effect of the size of the p-type buried layer on the
lateral electric field of the device is studied. The relationship
between the lateral electric field distribution of the proposed
device and the p-type buried layer is shown in Fig. 3. In partic-
ular, when the p-type buried layer thickness (7p) equals O pum,
the proposed device degenerates to Si/SiC LDMOS with deep
drain region. Compared with the U-shaped lateral electric field
of the conventional (Cov.) Si LDMOS, it is found that the p-
type buried layer introduces a new electric field peak in the
middle of the surface lateral electric field of the device. Fig-
ure 3(a) shows the effect of 7p on the new peak in the middle
of the surface lateral electric field. When 7p changes from

0.5 pm to 1.5 pum, the new peak electric field gradually in-
creases. The peak of the electric field is caused by the PN
junction formed at the interface between the right end of the
p-type buried layer and the drift region. The thicker the buried
layer, the stronger the peak of the electric field. When the de-
vice works in withstand voltage mode, the interface electric
field of the reverse biased PN junction and the lateral electric
field of Si/SiC LDMOS with deep drain region constitute the
lateral electric field of PBL Si/SiC LDMOS. The BV is the
integration of the electric field along the path, and the flatter
lateral electric field leads to the increase of BV.

Figure 3(b) shows the relationship between the lateral po-
sition of the new peak electric field and p-type buried layer
length (Lp). The location of the peak of the new electric field
coincides with the end position of the p-type buried layer. That
is, the location of the peak of the new electric field is deter-
mined by the Lp. In order to obtain a uniform lateral electric
field distribution curve, the peak position of the electric field is
expected to appear at the valley of the U-shaped later electric
field, so the Lp should not be set too long or too short. In this
simulation, when the Lp is 8§ um, the maximum BV can reach
440 V.

7 r =24 pm
- H PBL Si/SiC LDMOS:
6F —e— Tp=4ym,BV=364 V
I —a— Tp=6um, BV=440 V

—A— Tp=8 ym,BV=414 V

Electric field (10° V/cm)

Fig. 4. Vertical field distributions at different 7p values of BPL Si/SiC LD-
MOS: Lp =8 um, Tp = 1.5 um.

The influence of the drain region depth (7p) on the verti-
cal electric field distribution of the proposed device has also
been studied. Figure 4 shows the relationship between the
vertical electric field and the 7p. Compared with the conven-
tional Si LDMOS, PBL Si/SiC LDMOS has a higher vertical
peak electric field, because the bottom of the drain end of the
proposed device is located on the SiC substrate with a higher
critical electric field. With the increase of the Tp, the posi-
tion of the vertical electric field peak is farther away from the
device surface (the device surface ordinate y = 0). A PN junc-
tion is formed on the contact surface of the drain region and
the substrate, and the vertical electric field peak is located at
the interface of the PN junction. The change of the Tp causes
the position of the drain liner PN junction interface to change.
This is the reason why the vertical peak electric field changes
with 7p. The doping distribution of drain is Gaussian dop-
ing profiles, and the doping concentration decreases with the
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increase of diffusion depth. Therefore, with the increase of
the drain region depth (7p), the doping concentration in the
bottom area of the drain becomes lower, which leads to the
decrease of the drain-substrate PN junction interface electric
field peak. In addition, figure 4 also shows the change of the
BV of the proposed device with the 7p under the given p-type
buried layer parameters. When Tp = 6 pum, the proposed de-
vice has the largest BV. When Tp increases to 8 um, the BV
of the proposed device decreases, so the drain depth should be
set reasonably.

The p-type buried layer of PBL Si/SiC LDMOS will as-
sist the depletion of the n-type drift region. When the size
of the p-type buried layer changes, in order to fully deplete
the n-type drift region, the concentration of the p-type buried
layer and the concentration of the n-type drift region need to be
readjusted, which leads the each point in Fig. 5 has different p-
type buried layer concentration and N drift concentration with
other devices. The BV and FOM of the device change with the
Lp as shown in Fig. 5. In the variation range of the thickness
and length of the p-type buried layer shown in Fig. 5, when
Lp = 20 pum, no matter how the 7p changes, the BV of PBL
Si/SiC LDMOS is higher than that of Si/SiC LDMOS with
deep drain region. Under different p-type buried layer thick-
nesses, the maximum BV of PBL Si/SiC LDMOS corresponds
to different p-type buried layer lengths. When Lp = 8 um,
Tp = 1.5 um, PBL Si/SiC LDMOS with a drift zone length
of 20 pm has a maximum BV = 440 V. In this case, the sur-
face lateral electric field of the proposed device is maximized
optimization. Moreover, when Lp = 10 um, 7p = 1 um, PBL
Si/SiC LDMOS with a drift zone length of 20 um has a max-
imum FOM = 6.86 MW/cm?. In this case, the concentration
of the drift region and the concentration of the p-type buried
layer cause Ronsp of the proposed device to be smaller than
that corresponding to the maximum BV, and the surface lat-
eral electric field of the device is also optimized.

4
10 —A—Tp=1.5um 50

BV=440 V |
—o—Tp=1.0pum
9 4 A —B—Tp=0.5 pm- 440
BN o —_—
é \o\./: ]
> 8t —| —
2 /' 8
;/ S | \. ] =
S TF FOM =6.86 MW/c%. {420 |
S g i |
6 = = 1410
-\./
1 N 1 N N . 1 s L 4
> 7 8 9 10 11 00
Lp (um)

Fig. 5. The relationship between FOM and BV of PBL Si/SiC LDMOS
with Lp.

The effect of the drift region length (Lp) on BV, Ry sp and
FOM of different devices is shown in Fig. 6. Compared with
Si/SiC LDMOS with deep drain region and the conventional
Si LDMOS, PBL Si/SiC LDMOS has larger BV at the same

Lp. For Si/SiC LDMOS with deep drain region and the con-
ventional Si LDMOS, the growth rate of BV decreases rapidly
with Lp; And PBL Si/SiC LDMOS has a steeper slope of BV
compared with Si/SiC LDMOS with deep drain region and
the conventional Si LDMOS. In addition, when Lp is greater
than 25 um, PBL Si/SiC LDMOS has a smaller Ry, sp than
Si/SiC LDMOS with deep drain region and the conventional
Si LDMOS under the same Lp. The growth rate of Ropsp of
PBL Si/SiC LDMOS is slower than that of Si/SiC LDMOS
with deep drain region and the conventional Si LDMOS. PBL
Si/SiC LDMOS optimizes the surface lateral electric field and
vertical electric field, which leads to an increase in BV and a
reduction in Rop sp. In addition, it can be seen from Fig. 6 that
when Lp = 20 um, PBL Si/SiC LDMOS can take the maxi-
mum FOM value.

% 6 Q —e— PBL Si/SiC LDMOS
= —m— Sj/SiC LDMOS 1300
900 (£ 4| . — A~ Cov. LDMOS
Z 9 \‘\ . ] R
§ | A\A\A‘A'AA /./ NE
~ %520 30 40 50 ./' —" Q
S 600f Lo (im) g g W 1200 =
Z n =
S ./'/ N / 1 o
Q n _-m é
300 - _Mgé&— -A 4100 &~
- —e
=
—F
2=
0 L L L L 0
10 20 30 40 50
Lp (pm)

Fig. 6. BV, Ronsp, and FOM as a function of Lp. Rongp is achieved
@Vgs =10V, Vg =20 V.

5

—0— Ronsp = 30.4 mQ-cm?
—8— Ronsp = 30.5 mQ-cm?
—4— Ronsp = 30.6 mQ-cm?
4 —@— Royop=30.6 mQ-cm?

BV=399 V'
10-10{-€-1x10'2 cm~2,
1 ;

Ip (1075 A/pum)

Ip (A/um)

10-1

0 100 200 300 400
Reverse voltage (V)
0 5 10 15 20
VDS (V)

Fig. 7. Forward I-V characteristics and reverse -V characteristics of PBL
Si/SiC LDMOS with different concentrations of interfacial charges.

According to the experimental results of literature,20-21]

the Si/SiC interface charges are introduced into the substrate
fabrication process. (20211 Therefore, this simulation considers
the influence of acceptor-like traps in the interface on the per-
formance of the novel device. As shown in Fig. 7, the inter-
face charges have little effect on the forward /-V characteris-
tics of the device. It can be seen from Fig. 7 that the specific
on-resistance (Ron‘,sp) of the device changes very little under
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the three interface charges concentrations in this simulation.
When the acceptor-like traps concentration (Ny) is lower than
1x 10" cm~2, it has little effect on the BV of the device; when
the Ny is higher than 1x10'2 cm~2, the device breaks down in
advance. The BV is reduced from 440 V to 370 V, and the
drain current increases rapidly, which fails to meet our design
requirements. Therefore, improving the substrate fabrication
process to reduce the acceptor-like traps density is the next
step work.

Figure 8 shows the relationship between BV, Ry sp, and
ideal silicon limit for different devices. In the conventional
LDMOS which satisfied the RESURF technology, the rela-
tionship between BV and Ron sp i$ Ron sp & BV2.122] New struc-
ture breaks silicon limit at multiple drift zone lengths. The
p-type buried layer makes the lateral electric field distribution
of the device more uniform, resulting in an increase in the BV
of the proposed device. At the same time, the p-type buried
layer participates in the depletion of the drift region, so that
the concentration of the drift region increases, which leads to
a reduction in the Ry p of the proposed device. Although the
interface charges reduce the BV of the proposed device, when
the N, does not exceed 5x10'! cm~2, PBL Si/SiC LDMOS
still breaks the silicon limit.

silicon limit (Ref. [22])
= Si/SiC LDMOS (Ref. [16])
o Cov. LDMOS

PBL Si/SiC LDMOS
® Niy=0 cm—2

A N =1Xx10" cm—2
* N;; = 5x101 cm—2

LD:20 pum

I400I I III”SOO
BV (V)

Fig. 8. Ronsp versus BV with the ideal silicon limit line. Ropsp is achieved
@ Vg =10V, Vg =20V.

4. Conclusion

In this paper, a novel Si/SiC LDMOS with a p-type buried
layer has been proposed, which combines the electric field op-
timization technology of the p-type buried layer and the BPT
terminal technology to increase the BV of the device and re-
duce the Ry sp of the device. The BV is significantly increased
from 249 V of the conventional Si LDMOS to 440 V of the
proposed structure with a drift length of 20 pum, while Rop sp
is slightly increased. And the BV is increased from 384 V

of Si/SiC LDMOS to 440 V of the proposed structure with a
drift length of 20 um, and Ry, sp reduces from 34.6 mQ-cm? to
30.4 mQ-cm?. The silicon limit is broken by PBL Si/SiC LD-
MOS. The influence of the p-type buried layer on the surface
lateral electric field of the device and the influence of the drain
region depth on the vertical electric field are studied. The high
concentration of acceptor-like traps makes the BV drop. Re-
ducing the acceptor-like traps density at the Si/SiC interface
or eliminating the effect of the acceptor-like traps is the focus
of future research.
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