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A junction barrier Schottky (JBS) rectifier with an improved P-well on 4H-SiC is proposed to improve the Vp—Ig
trade-off and the breakdown voltage. The reverse current density of the proposed JBS rectifier at 300 K and 800 V is

about 3.3x10~8 times that of the common JBS rectifier at no expense of the forward voltage drop. This is because the

depletion layer thickness in the P-well region at the same reverse voltage is larger than in the P grid, resulting in a

lower spreading current and tunneling current. As a result, the breakdown voltage of the proposed JBS rectifier is over
1.6 kV, that is about 0.8 times more than that of the common JBS rectifier due to the uniform electric field. Although
the series resistance of the proposed JBS rectifier is a little larger than that of the common JBS rectifier, the figure of
merit (FOM) of the proposed JBS rectifier is about 2.9 times that of the common JBS rectifier. Based on simulating
the values of susceptibility of the two JBS rectifiers to electrostatic discharge (ESD) in the human body model (HBM)
circuits, the failure energy of the proposed JBS rectifier increases 17% compared with that of the common JBS rectifier.
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1. Introduction

The commercially available power rectifiers are ei-
ther Schottky diodes or P-I-N diodes.['?| The opti-
mum design of the Schottky diode requires both a low
forward voltage drop (V) and a low reverse leakage
current (Ir) simultaneously. However, a low barrier
height can induce low Vg, while Iy increases for both
a lower barrier height and a barrier height lowering
effect with the increase of reverse voltage.[®! In recent
years, some Schottky diodes have been investigated
to optimize the Vr—Ig trade-off such as junction bar-
rier Schottky (JBS) rectifiers, merged P—i—N Schot-
tky (MPS) rectifiers, and trench MOS-barrier Schot-
tky (TMBS) rectifiers.[] Several 4H-SiC JBS recti-
fiers have been treated, such as by reducing the for-
ward voltage drop through reducing the surface dam-
age during high temperature annealing with an AIN
cap,®! by increasing the breakdown voltage through

improving the passivation layer, !

and by reducing
the reverse leakage current through using linear and
honeycombed P+ grids of the JBS rectifier.[”] How-

ever, the Vy—Ir trade-off in a JBS rectifier is a strong
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function of PT grid size and the grid spacing, because
they control the forward conduction area, the pinch-
off voltage and the depletion region. In this paper, the
Vg—Ir trade-off and the breakdown voltage of a JBS
rectifier with the P-well are improved. Furthermore,
the susceptibility of the JBS rectifier with the P-well
to electrostatic discharge (ESD) in the human body
model (HBM) circuits has also been discussed.

2. Device structure and opera-
tion concept

The schematic diagrams of the two JBS rectifiers
are shown in Fig. 1. The proposed JBS rectifier con-
sists of Schottky contacts and P¥ girds, which is the
same as the common JBS rectifier in the sense of struc-
ture. While the PT girds in the proposed structure are
surrounded by P-wells. The forward voltage drop of
the proposed JBS rectifier is determined by the resis-
tance of the drift region, the Schottky barrier height,
and the relative area of Schottky contacts to the p-
type regions, which is similar to the forward voltage
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drop of the common JBS rectifier. 8]
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Fig. 1. Cross sections of the (a) proposed and (b) com-
mon JBS rectifier.

In the off state of the proposed JBS rectifier, the
N-epi layer is depleted by the neighbouring P-well as
well as by the PT grids. The depletion between the N-
epi layer and P-well causes an increase in space charge
in the P-well, resulting in uniform electric field dis-
tribution and the increase of breakdown voltage. It
should be noted that the edge terminations of the two
JBS rectifiers are the same as the respective P type re-
gion which can be formed without additional process
cost.

The proposed process flow of major steps for fab-
ricating the proposed JBS rectifier is shown in Fig. 2.
The starting material is an NT-type 4H-SiC substrate
with a 10-um N-epi layer doped to 1x10'® cm™3.
After cleaning the wafer (Fig. 2(a)), N-type 4H-SiC
(Fig. 2(b)) is etched, a p-type epilayer with a dop-
ing concentration of 1x10'" ¢cm™2 is grown, and a
PT-type epi layer with a doping concentration of
1x10" cm™—3 obtained by chemical vapor deposition
(CVD) (Figs. 2(c) and 2(d)) and ion implantation for
Ohmic contact (Fig. 2(e)) are used. Removing the
implantation mask material, the sample is annealed
in argon ambient in a high-temperature furnace and
then a high-quality thermal oxide is used for passi-
vation. Subsequently, Schottky contact openings are
formed by selective reactive ion etching and then im-
mediately loaded into metallization (Fig. 2(f)).
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Fig. 2. Proposed fabrication procedure of the proposed
JBS rectifier.

The performances of the two JBS rectifiers in this
work are investigated with Silvaco TCAD. The 4H-
SiC parameters used in the calculation are listed in
Table 1.7 The mobility is calculated using the
Caughey—Thomas model. In the breakdown model,
electron and hole impact ionization coefficients are re-

lated by

Qn(p) = An(p) eXP(—bn(p)/E), (1)

where E is the electric field; ay ) and by(p) are con-
stants, i.e., a, = 3.25 x 10° em™!, a, = a,/40,
by = b, = 1.79 x 107 V/cm.!'?] Finally, the optimum
device parameters used in the simulation for the two
JBS rectifiers are given in Table 2.
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Table 1. 4H-SiC parameters used in the two JBS rectifiers.

Property 4H-SiC
Breakdown electric field, Ev /(kV /cm) 2200
Band gap at 300 K, Eg300/eV 3.26
Relative dielectric constant, 9.7
Doping coefficient of mobility, « 0.76
Maximum mobility, fimax/(cm?/V-s) 950
Coefficient of pmax, Yy max —2.4
Minimum mobility, pmin/(cm?/V-s) 40
Coefficient of pmin, ¥y min —0.5
Maximum saturated velocity, vsmax(cm/s) 4.77x107

Table 2. Structural parameters of the two JBS rectifiers.

Parameters Proposed JBS Common JBS
P grids width, W 1 pm 3 um
P-well width, Wa 3 pm -
P+ grids depth, X1 2.5 um 3 um
P-well depth, X ;o 3 um -
P+ grids doping, Nq1 1019 cm—3 1019 cm—3
P-well doping, Ngs 1017 cm—3 -
Silicon oxide thickness 0.1 pm 0.1 pm
4H-SiC epi layer thickness 10 pm 10 pm
4H-SiC epi layer doping 1016 ¢cm—3 1016 ¢cm—3
P-well spacing, S 2 um 2 um
Schottky barrier height 1eV 1eV

3. Simulation results and discus-
sion

Figure 3 shows the dependencies of breakdown
voltage (at 1 A/cm?) of proposed JBS rectifier on the
depth of the Pt grid at different values of Xj; and
Xj2. It is known that the proposed JBS rectifier with
a 3-um P-well depth and 2.5-um P*-grid depth can
withstand 1.6 kV. While the breakdown voltage (at
1 A/cm?) of the common JBS rectifier with 3-pm P*-
grid depth is only 885 V. As a result, the breakdown
voltage of the proposed JBS rectifier is 0.8 times more
than that of the common JBS rectifier. It is attributed
to the P-well which makes the bulk electric field dis-
tribution uniform as shown below. Figure 4 shows the
comparison between the electric field distribution of
the proposed JBS rectifier in the range from point A
to point A’ under breakdown voltage and that of the
common JBS rectifier in the range from point B to
point B’. It reveals that the electric field at the bot-
tom of p-type region of the proposed JBS rectifier is
reduced and the one in the middle of P-well is lifted
up, while the electric field distribution at the P-well
edge becomes uniform. Thus, the electric field con-
centration at the guard ring edge is relaxed, and the

breakdown voltage of the proposed JBS rectifier is in-

creased.
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Fig. 3. Breakdown voltages of the proposed JBS rectifier
with different values of X;; and Xjs.

The variations of breakdown voltage at 1 A/cm?
about the two JBS rectifiers with Ngo and « are sim-
ulated and plotted in Fig. 5. As can be seen from this
figure, it is clear that the breakdown voltage of the
proposed JBS rectifier increases with the value of Nys
increasing due to the additional charge suppressing
the field effect action. However, a too heavy doping
concentration of the P-well (e.g. Ngo = Ng1) will re-
duce the breakdown voltage because too many p-type
dopants at the surface of the P-well are depleted. The
ratio W7 /W in Fig. 4 is denoted as a. In particu-
lar, when « turns close to 0.5, the breakdown voltage
of the proposed JBS rectifier approaches that of the
common JBS rectifier with a PT-grid depth of 2.5 pum.
It is important to note that the breakdown voltage of
the proposed JBS rectifier is maximized when the ra-
tio a equals 0.4. This is due to the fact that the charge
compensation between the P-well and the N-epi lay-
ers results in the reduction of the electric field at the
bottom of the P-well.
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Electric field/(MV /cm)

Length/pm

Fig. 4. Electric field distributions of the two JBS recti-
fiers from point A(B) to point A’(B’) under breakdown
voltage.
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Fig. 5. Breakdown voltages of the proposed JBS rectifier
versus Ngo and Wi.

Figure 6 displays the reverse current—voltage (I—
V') characteristics of the two JBS rectifiers at different
temperatures. At 300 K, the breakdown voltage of the
proposed JBS rectifier is 1613 V, 1.9 times that of the
common JBS rectifier, owing to the uniform electric
field distribution as shown in Fig. 3. Besides, the re-
verse leakage current of JBS is the sum of the spread-
ing current in the depletion due to the diffusion and
drift, the tunneling current due to the tunnel effect,
and the injection current due to thermionic emission
While the depletion
layer thickness in the P-well region at the same reverse

and thermionic field emission.

voltage is larger than that in the PT grid, resulting
in the lower spreading current and tunneling current.
As a result, it is observed that the reverse leakage
current densities (at 800 V) of the proposed and com-
mon JBS rectifiers at 300 K are 1.22x107? A /em? and
0.41 A/cm?, respectively.
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Fig. 6. Reverse I-V characteristics of the two JBS recti-
fiers at different temperatures.

The reverse leakage current densities (at 800 V) of
the proposed and common JBS rectifiers at 600 K are
0.02 A/cm? and 1.19 A/cm?, respectively. As is well

known, the reverse leakage current increases signifi-
cantly with temperature increasing, which accounts
for thermionic emission. The impact ionization co-
efficient with a temperature increase is expressed by

Chynoweth’s law as

Qn(p) = Un(p)C(T) exp(—bypye(T)/E), (2)

with
_ tanh(hwop /2ks - 300)

T) = . 3
o(T) tanh(hwop/2ks - T') 3)
The factor ¢(T") with the optical phonon energy (hwop)

expresses the temperature dependence of the phonon
gas, and the carriers are accelerated with increas-
ing temperature. Here, hw,, = 106 meV, kp =
1.38 x 10723 J. K~ 1.

As a result, the reverse current density of the
proposed JBS rectifier at 300 K and 800 V is about
3.3x1078 times that of the common JBS rectifier. The
results obtained show that the depletion region in the
P-well for the proposed JBS rectifier widens with the
reverse bias voltage increasing. However, the deple-
tion region in the P-well is wider than that in PT
grid at the same reverse bias voltage due to the lower
doping of the P-well. So the reverse leakage current
can be reduced by screening the Schottky surface from
the high electric field and avoiding the undesired re-
duction of the Schottky barrier. It is important that
PIN-like reverse leakage characteristics are achieved
for the proposed JBS rectifier at below 800 V, reach-
ing more than 5.4x10'° of the on/off (1 V/-500 V)
current ratio, while the common JBS rectifier exhibits
a 1.8x10% on/off (1 V/-500 V) current ratio.

Figure 7 shows the forward I-V characteristics of
the two JBS rectifiers at different temperatures. It
is known that the forward voltages of the proposed
and common JBS diode at 100 A/cm? with a Schot-
tky area of 1x10~7 cm~2 are about 1.5 V and 1.4 V,
respectively. Figure 8 then shows the forward voltage
drops of the two JBS rectifiers at different tempera-
tures and different values of forward current density
(Jr) with a total area of 4.8x1077 cm™2. At 300 K,
the forward voltage drops (at 100 A/cm?) of the two
JBS rectifiers both are about 3.2 V. And at 600 K, the
forward voltage drops (at 100 A /cm?) of the proposed
and common JBS rectifiers are 8.4 V and 7.7 V respec-
tively. This is because the active area of the Schottky
region is shrunk to a value similar to the active area
of the common JBS rectifier. In addition the specific
on-resistance increases with increasing temperature,

and the specific on-state resistances (at 100 A/cm?)
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of the proposed and common JBS rectifiers at 300 K

are 6.9 mQ-cm? and 7.8 mQ-cm?, respectively.
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Fig. 7. Forward [-V characteristics of the two JBS rec-
tifiers at different temperatures.

The specific on-resistance (at 100 A/cm?) of the
proposed JBS rectifier increases by about 13% com-
pared with that of the common JBS rectifier at 300 K.
This is due to the fact that the resistance in the P-
well of the proposed JBS rectifier increases with the
increase of contact resistance because of the light dop-
ing of the P-well. In addition, the specific on-state
resistances (at 100 A/cm?) of the proposed and com-
mon JBS rectifiers at 600 K are 59.1 m-cm? and
52.2 mQ-cm?, respectively. The reason for this is that
the N-epi layer resistance increases with increasing
temperature, owing to a decrease in mobility, which

can be seen from the following formula:

B 047 l —2.15 (4)
Hn = . ND 0.61 300 .
* (1.94 x 1017)

Above all, the difference in forward voltage drop
between the two JBS rectifiers is lower than 8%. As
is well known, the proposed JBS rectifier has a bet-
ter block capacity and higher figure of merit (FOM)
(BV?/Roy sp) which is a quantity used to characterize
the performance of a device. The FOMs of the pro-
posed and common JBS rectifiers are 113.5 MW-cm ™2
and 333.6 MW-cm ™2, respectively. Although the se-
ries resistance of the proposed JBS rectifier is a little
larger than that of the common JBS rectifier, the FOM
of the proposed JBS rectifier is about 2.9 times that

of the common JBS rectifier.
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Fig. 8. Forward voltage drops of the two JBS rectifiers at
different temperatures and different forward current den-
sities.

In order to test the susceptibility of an electronic
device to ESD from human contact, one of the most
widely used models is defined in the JEDEC 22-A114-
B standard, which specifies the values of 100 pF and
1.5 k2, as shown in Fig. 9.1'3] The variable resistor in
this figure is used as an ideal switching device. Ain
addition, the capacitor is charged to a specified high
voltage from an external source, and then suddenly
discharged through the resistor into an electrical ter-
minal of the device under test. The ESD produces a
large current and high electric field in the semiconduc-
tor device. Energy released during an ESD event gen-
erates “self-heating” in the device and causes a rapid
temperature increase. The failure charge and energy
can be expressed as follows: 4

Qusm = CsVupwm, (5)

Fusm = / iz(t)RDUT dt = 0~51}21BMRDUTRDCS' (6)
0

Re 1 MQ~10 Q Rupu 1.5 kQ
- CHBN{ HUT
HV DC
source —— 100 pF

Fig. 9. Equivalent circuit of HBM.

In this work, the temperature of device, which
increases with “self-heating”, determines whether the
failure occurs. In addition, the melting points of alu-
minum and SiC are about 960 K and 3000 K, respec-
tively. At room temperature of 300 K, the measured
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curves of the anode current and global device tem-
perature versus time for the two JBS rectifiers with a
total area of 4.8 mm? at 300 K are shown in Fig. 10,
with the capacitance (Cs) set to be 150 pF in the sim-
ulation on transient process.

2.1 T T T T 12

—— the proposed JBS
- - - the common JBS |

Temperature/103 K
Anode current/A

0.3 1 1 1 L 0
0 100 200 300 400 500

Time/ns

Fig. 10. Curves of anode current and globe device tem-
perature versus time for the two JBS rectifiers.

Table 3. Results of the ESD for the two JBS rectifiers.

Structure Vasm/kV IHBM/A Quem/HC Egpwm/wd
Common JBS 15.98 10.65 2.4 1.83
JBS 16.23 10.82 2.43 2.14

From this figure, the two JBS rectifiers are both
discharged because the temperature is higher than
1800 K and the reverse leakage current is close to 1 A
due to the thermal breakdown. The values of rise time
(90%~10% Iypnm) and the duration time (100%~37%
Igsm) of the two JBS rectifiers are about 5.2 ps and
200 ns, respectively. The values of failure voltage, cur-
rent, charge, and energy of the two JBS rectifiers are
listed in Table 3. The failure energy of the proposed
JBS rectifier is 17% more than that of the common
JBS rectifier. It is demonstrated through simulations
involving parametric variations of the device that the
P-well structure has a uniform electric field during the
second breakdown.

4. Conclusions

In this paper, an optimized junction barrier
Schottky (JBS) rectifier with a P-well on 4H-SiC was
proposed and investigated numerically. In the off state

of the proposed JBS rectifier, the N-epi layer is de-
pleted by the neighbouring P-well as well as by the
PT grid. The depletion between the N-epi layer and
P-well causes an increase in the space charge in the
P-well, resulting in uniform electric field distribution,
and increasing the breakdown voltage. Although the
series resistance of the proposed JBS rectifier is a lit-
tle larger than that of the common JBS rectifier, the
FOM of the proposed JBS rectifier is about 2.9 times
that of the common JBS rectifier. In addition, a PIN-
like reverse leakage characteristic is obtained for the
proposed JBS rectifier, reaching a more than 5.4x10'°
on/off (1 V/-500 V) current ratio. While the com-
mon JBS rectifier exhibits a 1.8x10% on/off (1 V/-
500 V) current ratio. Based on the simulated values
of susceptibility of the two JBS rectifiers to ESD in
the HBM circuits, the failure energy of the proposed
JBS rectifier is 17% more than that of the common
JBS rectifier.
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