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This paper proposes a double epi-layers 4H-SiC junction barrier Schottky rectifier (JBSR) with embedded P layer

(EPL) in the drift region. The structure is characterized by the P-type layer formed in the n-type drift layer by epitaxial

overgrowth process. The electric field and potential distribution are changed due to the buried P-layer, resulting in a

high breakdown voltage (BV) and low specific on-resistance (Ron,sp). The influences of device parameters, such as the

depth of the embedded P+ regions, the space between them and the doping concentration of the drift region, etc., on

BV and Ron,sp are investigated by simulations, which provides a particularly useful guideline for the optimal design of
the device. The results indicate that BV is increased by 48.5% and Baliga’s figure of merit (BFOM) is increased by

67.9% compared to a conventional 4H-SiC JBSR.
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1. Introduction

The SiC Schottky rectifiers have been proved to
have great potential in power applications for their
low conduction loss and fast switching speed.'?! The
SiC junction barrier Schottky rectifiers (JBSR) have
attracted much attention due to its advantages such as
the Schottky-like on-state and fast switching charac-
teristics together with the off-state characteristics hav-
ing a lower leakage current similar to that of the pin
rectifier.[®] The key issue in SiC power devices is to ob-
tain a trade-off between breakdown voltage (BV) and
specific on-resistance (Rop sp). However, a high BV re-
quires a relatively thick and lowly doped drift region,
which in turn leads to a high R, sp. To solve this

(4] was proposed for

problem, super-junction concept
Si power devices with oppositely doped regions in the
drift region. Virtually, it is impossible to employ these
structures for SiC device because of the extremely low
diffusion rate of the dopant impurities or difficulties in
achieving charge compensation between heavily doped
n- and p-type pillars.[>:6] Recently, the P-buried float-
ing junction (FJ) was proposed,[’=% which does not
require the charge compensation and can be achieved

by multiple epitaxial overgrowth process.

Based on the FJ concept, a 4H-SiC JBSR embed-
ded P layer (EPL) in the drift region is proposed in
this paper. In blocking state, the EPL, which intro-
duces a new peak electric field between the two regions
and changes the body field distribution, enhances BV
and lowers Roy sp. The influence of device parameters
on BV and R, s, are investigated in detail utilizing
two-dimensional (2D) semiconductor device simulator
ISE-DESSISE. 1%

2. Structure and mechanism

Figure 1 is a schematic cross section of a JBSR-
EPL. The t1, t3 and t3 are the thickness of the 4H-SiC
epi-layer 1, the EPL and epi-layer 2, respectively. The
w1, wo are the width of the surface P regions and the
embedded P* regions. The s;, sy are the space be-
tween the surface P regions and the embedded P*
regions. In this paper, t; = 14 um, t; = 15.5 pm,
ts = 0.5 ym, w; = wy = 1 pm, and s; = s9 = 2 um.
The drift region consists of epi-layer 1 and epi-layer
2 as shown in Fig. 1, with their doping concentration
Ngi = Ngo =7 x 10" cm™3. An n-type 4H-SiC sub-
strate is used and the doping concentration of it is
1x10" cm—3.
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Fig. 1. (a) Schematic cross section of a 4H-SiC JBSR—
EPL. (b) Schematic cross section of a conventional 4H-SiC
JBSR.
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Fig. 2. Cell of a 4H-SiC JBSR-EPL.

When the device is in reverse bias, a depletion
region is first formed in the epi-layer 1 together with
the generation of a strong electric field to support the
voltage. The one-dimensional (1D) Poisson’s equation
at x = 2 pm (as shown Fig. 2) for the epi-layer 1 is
given by

d*V(y) _ dE(y) _ ¢Na W
dy? dy &

where V(y) is the applied voltage, E(y) is the electric
field, ey is the dielectric constant, and ¢ is the electron
charge. With the boundary condition that the electric
field is zero at y = y; and the voltage is zero at y = 0,
the electric field and the voltage distribution can be
expressed as

(y1 —v), (2)
.’E2
Viy) = —q]:dl <y1 X T — ?) (3)

After the epi-layer 1 is depleted completely, the

depletion region extends to the epi-layer 2 with in-
With the boundary that
electric field is zero at y = yo and the voltage is V7 at

creasing applied voltage.

y = y1, the electric field and voltage distribution are
given by

_ qNa2
Es

gNa2
Viy) = —— <y1y+yf—

S

E(y) = (y2 —v), (4)

(y +2y1> ) + Vl- (5)

It is noted that in the blocking state, the EPL in-
troduces a new electric field peak at the interface be-
tween the regions 1 and 2, which changes the electric
field distribution in the drift region into two triangles.
While, the electric field distribution of conventional
JBSR is a single triangle. The blocking voltage cor-
responds to the sum area of triangle, which indicates
that the Ronsp of JBSR-EPL is half of that of con-
ventional JBSR when the JBSR-EPL has the same
BV as the conventional JBSR. So the BFOM of the
device can be effectively increased compared to con-
ventional JBSR. The BFOM is used to evaluate the

device characteristics, which can be expressed as*!
4VvB2 eakdo
BFOM = ggun By = — 55528, (6)
Ron,sp

where the €, is the dielectric constant, p, is the elec-
tron mobility, and Ey; is the critical electric field.

3. Results and discussion

All simulations are performed at 300 K with
the recently available material parameters for 4H-
SiC.12-1] The comparisons of the simulated I-V
characteristics of the conventional 4H-SiC JBSR with
the experimental data are shown in Fig. 3 and they
match very well, which verifies that the presented
models are suitable.
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Fig. 3. Comparison of simulated forward I-V with ex-
perimental data from Ref. [15].
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Figure 4 shows the two-dimensional (2D) electric
field distribution of the 4H-SiC JBSR-EPL and con-
ventional 4H-SiC JBSR (JBSR1). Figure 5 shows the
electric field and potential distribution of them along
y direction at x = 2 pum (in the middle of the drift re-
gion). By comparison, the electric field distributions
are in agreement with the analysis results presented in
Section 2. As shown in Fig. 5(a), the 4H-SiC JBSR~
EPL has a new electric field peak at the interface of
the epi-layers. Therefore, the EPL reduces the electric
field in the epi-layer 1, avoiding premature breakdown
at the surface and leading to a higher BV than that
of the conventional 4H-SiC JBSR.
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Fig. 4. (a) The 2D electric field distribution of the 4H-SiC JBSR-EPL (Ngq; = Ng2 = 7 x 10'® ¢cm~3) for a reverse bias of
2500 V. (b) The 2D electric field distribution of the 4H-SiC JBSR1 (Nq = 3.5 x 10'® cm™3) for a reverse bias of 2500 V. (c)
The 2D electric potential distribution of the 4H-SiC JBSR-EPL (Ngq; = Nga = 7 x 1015 cm™3) for a reverse bias of 2500 V.
(d) The 2D electric potential distribution of the 4H-SiC JBSR1 (N4 = 3.5 x 10'® cm™3) for a reverse bias of 2500 V.
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Fig. 5. (a) Electric field distribution of the 4H-SiC JBSR-EPL, JBSR1 (Ngq = 3.5 x 1015 cm™2) and JBSR2 (N4 =
7 x 10'® cm™3) at £ = 2 um. (b) Potential distribution of the 4H-SiC JBSR-EPL, JBSR1 and JBSR2 at = = 2 um.
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The forward and reverse I-V characteristics of the 4H-SiC JBSR-EPL, JBSR1 and JBSR2 are shown
in Fig. 6. When Ng; = Nga = 7 x 101 cm™3, the BV of the 4H-SiC JBSR-EPL is 2432 V and Ronsp =
6.3 mQ-cm?. While, the same doping concentration applied to the conventional JBSR (JBSR2), the BV=1252 V
and Rop sp=5.2 m$-cm?. The BV of the 4H-SiC JBSR-EPL is increased by 48.5% and Ron sp is only increased
by 14.2% compared with the JBSR2. The BFOM of 4H-SiC JBSR-EPL is increased by 67.9% compared with
the JBSR2. For the JBSR1 doped Nq = 3.5 x 10'® cm ™3, the BV=2486 V and Ronsp=9.7 mQ-cm?. Even
though the BV for the JBSR1 is 2.1% higher than that of JBSR-EPL, its Ronp is increased by 36.1%. The
BFOM of 4H-SiC JBSR-EPL is 32.1% higher than that of the JBSR1. It indicates that the trade-off between

BV and Roy s is significantly improved.
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Fig. 6. (a) Forward I-V characteristics of the 4H-SiC JBSR-EPL (Nq; = Ngo = 7 x 10*® cm™3), JBSR1 (Nq =
3.5x10'° cm™3) and JBSR2 (Ngq = 7 x 10'® cm™3). (b) Reverse I-V characteristics of the 4H-SiC JBSR-EPL, JBSR1

and JBSR2.

Figure 7 illustrates the dependences of BV of  precisely controlled during design and process. The
the 4H-SiC JBSR-EPL on ¢; and ¢, while keeping  comparison of the electric field distribution of the
the sum of ¢; and t5 equals 34.5 pum. It demonstrates 4H-SiC JBSR-EPL (Ng; = Nga =7 % 1015 cm_3) at
that a maximum BV is achieved at t; = 10 um, 14 yum 2 = 2 pum for different ¢; at breakdown point is pre-

sented in Fig. 8. At tjop¢ of the optimum value of ¢;,
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Fig. 7. Breakdown voltage of 4H-SiC JBSR-EPL versus Fi El i field distributi ¢ JBSR-EPL (N
the depth of EPL ;. ig. 8. ectric fie istribution of J — ( d1 =

Ngz = 7 x 10'® cm™3) along y direction at = 2 ym for

and 17 pm for three different drift concentrations of

different t; at breakdown point.

Ng1=9x10% cm=2 > Ngy = 7 x 101 cm’S, Nq1 = the first electric field peak equals the second electric
Ng2 = 7 x 10 em™3, and Ng;=5x10" em™ <  field peak. When t; is less than t1ops, the first electric
Nga = 7 x 10" ecm™3 respectively, and ¢; must be field peak increases with the increased ¢;, while the

087202-4



Chin. Phys. B Vol. 19, No. 8 (2010) 087202

second electric filed peak slightly changes. When ¢; is
larger than ¢14p¢, the second electric field peak reduces

rapidly.
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Fig. 9. Forward characteristics of the 4H-SiC JBSR-EPL
with different wo and so.
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Fig. 10. Vertical current density contribution of the 4H—
SiC JBSR-EPL at z = 2 pm with different we and sz at
2 V.

Figure 9 shows the simulated forward character-
istics of the 4H-SiC JBSR-EPL with different w, and
s2, while keeping the sum of the 2 X ws and sy to
be equal to 4 pm. It can be seen that R, s, increases
with the increased so. Figure 10 gives the vertical cur-
rent density contribution of the 4H-SiC JBSR-EPL at
x = 2 pm with different wy and sy at 2 V. This can
be explained by the depletion layer extension from the

embedded p—n junction, which blocks the current flow,
leading to the accumulation of electrons and change
of the Ron sp. Reverse I-V of the 4H-SiC JBSR-EPL
with different wo and ss are shown in Fig. 11, which
indicates that the BV decreases with the increased ss.
So there is a trade-off between the Roy¢p and BV in
the optimal design of ws and ss.
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Fig. 11. Reverse [-V of the 4H-SiC JBSR-EPL with
different wo and ss.

4. Conclusions

In this paper, a double epi-layers 4H-SiC JBSR
with EPL in the drift region is proposed. The mecha-
nism of the device has been discussed by the solution
from solving the 1D Poisson’s equation and elaborate
simulation results from 2D simulator, which indicate
that the trade-off between BV and R,y s, and BFOM
can be significantly improved compared to a conven-
tional 4H-SiC JBSR. The influence of device param-
eters such as the depth of the EPL tq, to, the space
between embedded P regions and the doping concen-
tration of the drift region on BV and Ry sp are also
investigated in detail. The electric field distribution
can be significantly changed with different ¢;, which
should be precisely controlled during design and pro-
cess. To achieve high BV and low R, s of the device,
the trade-off between s, and BV should be considered
in the optimal design of the 4H-SiC JBSR with EPL.
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