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In this paper, 1.2 kV, 3.3 kV, and 5.0 kV class 4H–SiC power Schottky barrier diodes（SBDs）are fabricated with
three N-type drift layer thickness values of 10 µm, 30 µm, and 50 µm, respectively. The avalanche breakdown capabilities,
static and transient characteristics of the fabricated devices are measured in detail and compared with the theoretical pre-
dictions. It is found that the experimental results match well with the theoretical calculation results and are very close to the
4H–SiC theoretical limit line. The best achieved breakdown voltages (BVs) of the diodes on the 10 µm, 30 µm, and 50 µm
epilayers are 1400 V, 3320 V, and 5200 V, respectively. Differential specific-on resistances (Ron−sp) are 2.1 mΩ · cm2,
7.34 mΩ · cm2, and 30.3 mΩ · cm2, respectively.
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1. Introduction
Silicon carbide (SiC) is one of the most promising wide

band gap semiconductors for high power, high frequency,
and high temperature electronic applications.[1–7] In particu-
lar, it can lead to a drastic reduction in size and weight of the
power electronic system. The commercial availability of 4-
inch (1 inch = 2.54 cm) wafer of 4H–SiC and the continuing
efforts in scaling up SiC substrates by a number of companies
are creating the basis for an emerging SiC power electronic
industry.[8–15] The 4H–SiC Schottky barrier diode (SBD) as
one of the major unipolar devices, is expected to replace the Si
bipolar rectifier in a range from 600 V to 6500 V in the future
due to its fast switching speed and low switching power dissi-
pation. One of the typical applications of SiC SBDs is to serve
as a fast diode employed in a power-factor-correction circuit of
switching mode power supply.[16–19] Because of the negligi-
bly small reverse recovery time of SiC Schottky barrier diode,
the switching loss can be dramatically reduced and the switch-
ing frequency can be increased, leading to the downsizing of
passive components. Since the first 1-kV SiC Schottky bar-
rier diode with a low specific on resistance was demonstrated
in 1993,[20,21] sustained efforts have been made to develop the
SiC power Schottky barrier diode device technology and many
4H–SiC high voltage Schottky barrier diode devices have been
demonstrated.[7–12,16,19,22] In the present paper, we report our

newly developed high performance 1.2 kV, 3.3 kV, and 5.0 kV
class 4H–SiC The first epitaxial layer sample (No .1) has a
thickness of Schottky barrier diodes. 10 µm and a doping
amount of 6.7 ×1015 · cm−3. The second epitaxial layer sam-
ple (No. 2) has a thickness of 30 µm and a doping amount of
2.1 ×1015 ·cm−3. The third epitaxial layer sample (No. 3) has
a thickness of 50 µm and a doping amount of 1.1 ×1015 ·cm−3.
The Ti (for No. 1 and No. 2) and Ni (for No. 3) are employed
as the Schottky contact metal.

2. Device design and Fabrication
2.1. Device structure and fabrication process

Figure 1(a) shows a simplified cross-sectional view of a
4H–SiC Schottky barrier diode fabricated and simulated in
this paper. The 4H–SiC substrate is purchased from SICC
Inc. Table 1 summarizes the values of epitaxial thickness (tepi)

and doping concentration (ND) determined from the high fre-
quency capacitance–voltage (HF C–V ) characteristics of the
different epitaxial layers used in this paper. In the table, the
values of ideal breakdown voltage (IBV) of the three epitax-
ial layers with different thickness values, which are calculated
using impact ionization coefficients, are also included. Fig-
ure 1(b) shows a major fabrication process flow of the 4H–SiC
Schottky barrier diodes.

∗Project supported by the National Natural Science Foundation of China (Grant Nos. 61404098, 61176070, and 61274079), the Doctoral Fund of Ministry of
Education of China (Grant Nos. 20110203110010 and 20130203120017), the National Key Basic Research Program of China (Grant No. 2015CB759600),
and the Key Specific Projects of Ministry of Education of China (Grant No. 625010101).

†Corresponding author. E-mail: qwsong@xidian.edu.cn
‡Corresponding author. E-mail: xytang@mail.xidian.edu.cn
© 2016 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

047102-1

http://dx.doi.org/10.1088/1674-1056/25/4/047102
mailto:qwsong@xidian.edu.cn
mailto:xytang@mail.xidian.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 25, No. 4 (2016) 047102

p
anode

Schottky metal 10  mm
p+

3  mm

p+

3  mm 3  mm 3  mm 3  mm 3  mm

p p p p p+++++

N»type epilayer

N »type epilayer

N  »type substrate
+

+

Cathode

(a)

tepi w
s

MFGR

epitaxial growth

Al  ions implantation

ions activation anneal

oxidation

back Ni deposition (cathode)

contact anneal (Ohmic)

Schottky metal deposition (Ti or Ni)

Al deposition (anode)

polyimide coating

+

(b)

Fig. 1. Simplified cross-sections of the fabricated and simulated 4H–SiC SBD structure (a) and fabrication process flow (b).

The fabrication process starts from a standard cleaning
process, after which the native oxide was stripped in dilute hy-
drofluoric (HF) acid. Next, aluminum (Al) was ion implanted
to form the multiple floating guard rings (MFGR) termination.
The Al implanted epitaxial layers were annealed at 1700 ◦C
for 30 min to electrically activate Al ions. A graphite film
was used to suppress degradation in the electrical properties of
SBDs by activation annealing. The graphite film was removed
by oxidation at 1100 ◦C for 1 h after the activation annealing,
followed by surface passivation with plasma enhanced chemi-

cal vapor deposition (PECVD) oxide. Then, Ni was sputtered
on the back cathode region. The Ohmic contact annealing was
carried out at 1000 ◦C for 5 min by using a rapid thermal pro-
cessing (RTP) system. Ti or Ni film was also deposited and
patterned to form the front Schottky contact. After ohmic and
Schottky contact formation, about 4-µm Al was sputtered to
form a thick overlay metal on the anode and cathode sepa-
rately to improve the voltage and current distribution. Finally,
a thick polyimide was coated as the last passivation layer. The
active area size of fabricated devices were all 4 mm2.

Table 1. Thickness values and doping concentrations of 4H-SiC epilayer employed for SBD fabrication.

Epi tepi/µm ND/cm−3 IBV/V
Extracted from C–V measurements

No. 1 10 6.7×1015 1762 (∼ 1.2-kV class)
No. 2 30 2.1×1015 4627 (∼ 3.3-kV class)
No. 3 50 1.1×1015 7482 (∼ 5.0-kV class)

2.2. Junction termination design

To achieve a nearly ideal breakdown voltage of the fabri-
cated 4H–SiC SBD, the MFGR junction termination structure
was adopted, designed and optimized with an ISE-DESSIS
simulator. To achieve the nearly ideal breakdown voltage, the
key is to optimize the MFGR width (w) and space (s). The ob-
jective of the MFGR is to reduce the electric field at the edge
of Schottky contact and make the electric field distribution
more uniform through the termination region. The obtained
optimum designs for the 4H–SiC SBDs have 57 µm-wide
MFGR with 10 rings (epitaxial thickness: 10 µm), 176 µm-
wide MFGR with 32 rings (epitaxial thickness: 30 µm),
and 375 µm-wide MFGR with 65 rings (epitaxial thickness:
50 µm), respectively. Figure 2 shows electric field distribu-
tions of the 4H–SiC SBDs with optimum MFGR termination
at the breakdown point. The simulated breakdown voltages
of the optimized MFGR were 1460 V for the 10-µm epilayer,
3890 V for the 30-µm epilayer, and 6100 V for the 50-µm
epilayer, respectively. The breakdown voltage was achieved
when the integral ionization was equal to one.
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Fig. 2. Simulated electric field distributions of the 4H-SiC SBDs with opti-
mum MFGR termination at breakdown point.

3. Experimental results and discussion
3.1. Forward characteristics

Figure 3 shows the forward current density–voltage (JF–
V ) characteristics of SiC SBDs fabricated with wafers No. 1–
No. 3. The Schottky contact metals are Ti for the 1.2-kV and
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3.3-kV class diode and Ni for the 5.0-kV class diode, respec-
tively. Therefore, the turn-on voltages are 0.9 V for the 1.2-kV
and 3.3-kV diodes and 1.2 V for the 5.0-kV class diodes, re-
spectively. The Schottky barrier heights (SBHs) are estimated
to be 1.2 eV and 1.6 eV for Ti/4H–SiC and Ni/4H–SiC, re-
spectively, as derived from the low-current log–linear portion
of the I–V curves (not shown). The values of forward voltage
(VF) of the 1.2-kV, 3.3-kV, and 5.0-kV class SBDs are 1.15 V,
1.66 V, and 3.97 V respectively, when the forward current
density (JF) is 100 A/cm2 at room temperature. The differ-
ential values of on-resistance (Ron−sp) at a current density of
100 A/cm2 are measured to be 30.3 mΩ · cm2, 7.34 mΩ · cm2,
and 2.1 mΩ · cm2 for the 5.0-kV, 3.3-kV, and 1.2-kV classes
respectively. As epitaxial thickness increases, the differential
on-resistance significantly increases.

Fig. 3. (color online) Forward current density–voltage characteristics of SiC
SBDs fabricated with wafers No. 1–No. 3 having different epitaxial thick-
ness values (10 µm, 30 µm, and 50 µm).
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Fig. 4. (color online) Cross-sectional view of the model structure of SBD.

Owing to the current flow with the lateral effect in the
epitaxial layer of power SBD device, the active area is larger
than the anode area. Therefore, the forward conduction of 4H–
SiC SBD can be a model as shown in Fig. 4 according to the
current flow pattern in the SBD, where a parameter β is intro-
duced to reflect the current lateral spreading effect. β values

are 45◦ for 10-µm epilayer, 35◦ for 30-µm epilayer, and 30◦

for 50-µm epilayer, respectively, determined from the numeri-
cal simulations. Based on this model, the on-resistance can be
divided into three different components: Ohmic contact resis-
tance, epilayer spreading resistance, and substrate resistance.
Thus the series resistance can be expressed as[23]

Ron = Rc +Repi +Rsub, (1)

where Repi is the epitaxial layer resistance, Rc is the Ohmic
contact resistance, and Rsub is the substrate resistance. For the
ideal Ron−sp, the Ohmic contact resistance Rc is usually ne-
glected due to the fact that its value is far smaller than those of
epitaxial layer resistance and substrate resistance. Therefore,
the ideal Ron−sp is shown as follows:

Ron−sp = Repi−sp +Rsub−sp. (2)

The epitaxial layer resistance is a trapezoid, which can be ob-
tained by integration of dRepi along the x direction (as shown
in Fig. 4) between the surface (x = 0) and the N+ substrate
(= tepi):[23]

dRepi = ρD
dx

S+2x tanβ
, (3)

Repi−sp =
(
S+2tepi tanβ

)
·Repi

=
(
S+2tepi tanβ

)
·
∫ tepi

0
ρD

dx
S+2x tanβ

=
(
S+2tepi tanβ

)( 1
qNepiµn

)∫ tepi

0

dx
S+2x tanβ

=
(
S+2tepi tanβ

)
·
(

1
qNepiµn

)
× 1

2tanβ
ln
(

S+2tepi tanβ

S

)
. (4)

The substrate resistance can be calculated from

Rsub,sp =
(
S+2tepi tanβ

)
·Rsub =

(
S+2tepi tanβ

)
× ρD

tsub

S+2tepi tanβ
=

(
1

qNsubµn

)
· tsub. (5)

Therefore, the ideal Ron−sp can be expressed as follows:

Ron−sp =
S+2tepi tanβ

qNDµn ·2tepi tanβ
ln
(

S+2tepi tanβ

S

)
+

tsub

qNsubµn
,

(6)
where ND and Nsub are the doping concentrations of the epi-
layer and substrate, respectively, tepi is the thickness of the
epilayer, tsub is the thickness of substrate, ρD is the resistiv-
ity of the 4H–SiC, µn is the electron mobility of 4H–SiC,
and S = 2 mm is the Schottky junction width. Using this
model, differential on-resistance can be calculated. The rela-
tionships between differential on-resistance and epilayer dop-
ing are plotted in Fig. 5 and compared with those obtained
from experiments. It can be seen that the two sets of data
show high consistency. Experimental results are very close to
the ideal theoretical values of differential on-resistance deter-
mined by the epitaxial thickness and doping concentration.
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Fig. 5. (color online) Relationships between differential on-resistance and
epilayer doping concentration.

3.2. Reverse Blocking characteristics

The reverse blocking characteristics of fabricated 4H–SiC
SBDs based on epitaxial layers with different thickness values
are in Fig. 6.
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Fig. 6. (color online) Reverse leakage current density characteristics (JR–
V ) of the fabricated 4H–SiC SBDs based on epitaxial layers with different
thickness values.

The dc blocking characteristic test is done in a probe sta-
tion that is capable of testing the case of up to 10 kV. It can
be seen that a sharp avalanche behavior is observed at re-
verse voltages of 1.4 kV (epitaxial thickness: 10 µm), 3.32 kV
(epitaxial thickness: 30 µm), and 5.2 kV (epitaxial thickness:
50 µm), respectively. Figure 6 also shows the reverse leakage
current density characteristics (JR–V ) of diodes of the three
types. The leakage current densities are 0.4 mA/cm2 at 1.2 kV,
0.96 mA/cm2 at 30 kV, and 0.96 mA/cm2 at 5.0 kV, respec-
tively. Below the avalanche breakdown point, the JR rapidly
increases with the reverse voltage increasing. The JR–V curves
of those devices are produced by the typical thermionic field
emission mechanisms, which leads to a barrier lowering effect
proportional to the square of the electric field at the Schot-
tky metal/semiconductor interface. The cases for dissipation

powers per unit at 1 W/cm2, 5 W/cm2, and 15 W/cm2 for the
fabricated three types of 4H–SiC SBDs are also presented in
Fig. 6. In the case of the 5-kV 4H–SiC Schottky diode, the
reverse power dissipation at room temperature is slightly less
than 15 W/cm2, and for 1.2-kV and 3.3 kV-classes diodes, the
reverse dissipation powers are 0.6 W/cm2 and 7.5 W/cm2 at
reverse voltages of 1.2 kV and 3.0 kV, respectively.

3.3. Reverse recovery characteristics

The reverse recovery transients of the 1.2-kV, 3.0-kV,
and 5.0-kV 4H–SiC SBDs at room temperature are shown
in Fig. 7. Under the test conditions adopted, the devices are
switched from the forward current of 0.5 A to the blocking
state with a reverse bias of 10 V at a current rate-of-fall of
25 A/µs. For 5.0-kV 4H–SiC SBD, the diode has a reverse
recovery time trr of 17.35 ns, a peak reverse current IRM(rec)

of 0.064 A, and a reverse recovery charge Qrr of 1.402 nC.
Table 2 summarizes the reverse recovery characteristics for
the three types of SBDs. Since the reverse recovery current
of a majority carrier diode (pure Schottky structure) is purely
capacitive in nature, trr, IRM(rec), and Qrr are only dependent
on the epitaxial doping concentration. As the epitaxial doping
concentration increases, the reverse recovery transient time in-
creases.
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Fig. 7. (color online) Reverse recovery transient characteristics of the fabri-
cated 4H-SiC SBDs at room temperature.

Table 2. Reverse recovery characteristics of the fabricated 4H–SiC SBDs at
room temperature.

Type/kV trr/ns IRM(rac))/A Qrr/nC Qc/nC

1.2 27.59 0.168 3.460 3.612
3.3 22.47 0.108 2.452 2.522
5 17.35 0.064 1.402 1.516

Figure 8 shows the high frequency (1 MHz) capacitance–
voltage (C–V ) curves for 10-, 30-, and 50-µm 4H–SiC SBDs.
The inset displays the inverse square of capacitance (1/C2)
as a function of gate voltage (V ). The C–V data are measured
over a gate voltage range from 0 V to −10 V. The epitaxial drift
layer doping concentration ND can be extracted by employing
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a linear extrapolation of 1/C2 versus V . The extracted ND val-
ues for the No. 1, No. 2, and No. 3 wafers are presented in
Table 1. Form the C–V curves, the total junction capacitance
charge Qc can be extracted. For the three types of 4H–SiC
SBDs measured, the average capacitive charge extrapolated to
-10V is very close to the Qrr calculated from the reverse re-
covery transient, confirming that the reverse recovery current
is entirely capacitive in nature.
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Fig. 8. (color online) High frequency (1 MHz) C–V curves for the fabricated
4H–SiC SBDs, with the inset showing the 1/C2 versus V .

3.4. Tradeoff between specific on-resistance and break-
down voltage

For the unipolar power device such as Schottky diode,
there is a tradeoff between specific on-resistance and break-
down voltage. For a certain rated breakdown voltage (BV),
the ideal on-resistance of the device depends on the dielectric
constant, the carrier mobility, and the critical electric field of
semiconductor material. The on-resistance can be expressed
as follows:

Ron−sp =
4V 2

B

εsµnE3
C
, (7)

where εs is the dielectric constant, µn is the electron mobil-
ity, EC is the breakdown electric field, VB is the breakdown
voltage, εsµnE3

C is called the Baliga figure of merit (BFOM),
which is commonly used to qualitatively evaluate the device
characteristics. Figure 9 shows the curves of tradeoff be-
tween the specific on-resistance and the breakdown voltage.
Solid diagonal lines in the figure represent the theoretical lim-
its for silicon and 4H–SiC with the contribution of the sub-
strate. The performances of a number of reported SiC power
SBDs are also presented. The device fabricated in our group
is also included for comparison. It can be seen that the per-
formances of our present 4H–SiC SBDs are very close to the
4H–SiC theoretical limit. Moreover, the V 2

B/Ron−sp values of
our reported 4H–SiC SBDs are calculated to be 933 MW/cm2,

1501 MW/cm2, and 892 MW/cm2, respectively. The best
V 2

B/Ron−sp value is obtained in the 3.32 kV device.
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4. Conclusions
High-performance 4H–SiC power SBDs with three N-

type drift layer thickness values of 10 µm, 30 µm, and 50 µm
are designed and fabricated in this paper. The presented de-
vices show excellent avalanche breakdown capabilities, static
characteristics, and reverse recovery transients. The perfor-
mances of the fabricated devices are very close to the 4H–
SiC theoretical limit line. We successfully obtain a 4H–SiC
SBD fabricated on a 30-µm thick 2.1× 1015 cm−3 nitrogen-
doped epilayer with a breakdown voltage of 3.32 kV and a
differential specific-on resistance (Ron−sp) of 7.34 mΩ · cm2,
achieving a best V 2

B/Ron−sp value of 1501 MW/cm2. We also
obtain 4H–SiC SBDs, each of which is fabricated on a 50-
µm thick 1.1× 1015 cm−3 nitrogen-doped epilayer and has a
breakdown voltage of 5.2 kV and an on-line resistance Ron−sp

of 30.1 mΩ · cm2.
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