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The reverse blocking characteristics of 4H-SiC power devices with high dielectric constant (k) materials field
plate (FP) terminations have been investigated by numerical simulations in this paper. The study makes a
comparison between the breakdown characteristics of 4H-SiC power devices with different FP dielectrics
comprising silicon oxide (SiO,), silicon nitride (SisN4) and hafnium oxide (HfO;). The results show that the
high-k dielectrics FP can significantly relieve the electric field enhancement at the junction corners and en-
hance the breakdown voltage of devices. The breakdown voltage as high as 2249 V, which reaches about

IF(i?;;v;rlgi.e close to more than 90% of theoretical value, is achieved in HfO, FP terminated 4H-SiC Schottky barrier
High-k dielectrics diode. The maximum electric field in the dielectric layer can be greatly reduced from 7MV/cm for SiO, FP
4H-SiC to 5.7MV/cm for SisN4 FP and 3.6 MV/cm for HfO, FP. Meanwhile, it also implies that the high-k dielectrics
Breakdown FP terminations can efficiently suppress the sensitivity of the breakdown voltage to the interface states and

improve the devices reliability compared with the conventional SiO, FP termination.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recently, silicon carbide (SiC) has attracted much attention for
power device applications due to its superior material properties
such as large band-gap, high critical electric field strength, high satu-
rated electron velocity and high thermal conductivity [1,2]. These
allow device with high power capacity, lower series resistance and
lower power dissipation, and can be operated at high-voltage, high-
frequency, and high temperature conditions.

To relieve the electric field enhancement effect and fully realize
the voltage potential of material, suitable edge termination must be
designed for SiC power devices. Recently, several edge termination
technologies for SiC power devices have been investigated, including
field plates (FP), guard rings (GR), single- and multiple-junction ter-
mination extension (JTE), mesa structure or mesa-JTE combination
[3-6]. Among all of those, field plate is widely used due to its easy fab-
rication and no ion-implantation and subsequent high temperature
anneals. Additionally, it can be simply combined with some other ter-
mination structure to further improve the blocking characteristics [7].
Conventional FP termination for SiC power devices to commonly uti-
lize the SiO, as the dielectric suffers the premature breakdown and
high electric field due to its low dielectric constant (k~3.9) and high
density of interface state at the SO,/SiC [8]. One approach to improve
this problem is to use a dielectric material with a higher constant than
Si0,. The high-k dielectrics such as Al,03, HfO,, and SisN4 etc. applied
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to the MOS and MIS devices have been studied widely [9,10]. Alumi-
num nitride (AIN) as FP dielectrics for 4H-SiC Schottky rectifiers [11]
and AlIGaN/GaN HFETs [12] also have been demonstrated recently and
the devices exhibited excellent reverse blocking behaviors. However,
to the best of our knowledge, there has no detail study on the SizNy4
and HfO, field plate in 4H-SiC power device. These dielectrics are
considered as the possible replacement for SiO, duo to their excellent
dielectric properties and process manufacturability. In this paper, we
will focus on the utilization of SisN4 and HfO, as field plate dielectrics
to provide improved reverse blocking performance and devices reli-
ability. Numerical simulations have been implemented using
DESSIS-ISE for various FP designs with different dielectrics including
Si0,, SisN4 and HfO,. DESSIS-ISE is a multidimensional, electrother-
mal, mixed-mode device and circuit simulator for one-dimensional,
two-dimensional, and three-dimensional semiconductor devices. It
incorporates advanced physical models and robust numeric methods
for the simulation of most types of semiconductor device [13]. To cal-
ibrate and confirm the physical models used in numerical calcula-
tions, the comparisons between the experimental data with the
simulation results also are undertaken.

2. Device structure and physical models

In this present work, the Schottky junction with FP termination is
used because it is the most basic one among all the SiC power devices
with FP termination technology. The schematic cross section of the
4H-SiC Schottky barrier diode (SBD) with field plate termination is il-
lustrated in Fig. 1. A Ti Schottky contact with a barrier height of 1.2 eV
on an N-type 4H-SiC epi-layer is used. The thickness and doping con-
centration of the epi-layer are 40 uym and 1x10!® cm~2, while the
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Fig. 1. Schematic cross section of the 4H-SiC SBD with field plate termination.

doping concentration of the substrate is 1x10'"cm™3. The
Lpp=25 pum and t=1.6 um are the length of the field plate and the
thickness of the dielectric, respectively.

The device characteristics are performed using the physical based
semiconductor device simulation software DESSIS-ISE. In the reverse
blocking simulation, the avalanche breakdown occurs when

[0, exp U’é (an —ap> dx’] dx =1. 1)

The ionization coefficients are strongly related to the electrical
field § and the model proposed by Okuto and Crowell [14] is used in
this work,

a(€) = ax [1+cx (T—300K)] x £ exp_{w}K o)

§

where a, b, ¢, d, N and k are the fitting parameters. The latest reported
experimental measurements on 4H-SiC impact ionization coefficients
were given in [14], which was measured by direct measurements of
4H-SiC avalanche photodiodes (APD). By fitting the experimental
data in [15] with Eq. (2), the impact ionization coefficients o, and
o, can be expressed as shown in Egs. (3) and (4).
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Other fundamental physical models and parameters describing
4H-SiC, such as band energy, effective mass for electrons and holes,
and incomplete ionization of impurities used in simulations are sum-
marized in Table.1. The dielectric/4H-SiC interface fixed charge influ-
enced by fabrication conditions affects both the reverse breakdown
behaviors and surface leakage current, so the interface fixed charge
are also taken into account during simulations.

3. Results and discussions

With the models present above, the reverse performance of the
ideal and device un-terminated 4H-SiC SBD is simulated. Fig. 2 pre-
sents the comparison of simulated reverse breakdown voltage and
critical field with theoretical results for ideal 4H-SiC SBD. The theo-
retical breakdown voltage and critical filed for the ideal SBD are cal-
culated using the following equations

_ gsicgogg
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From Fig. 2, we can see that the theoretical results and the simu-
lated results agree with each other at different doping concentration
Np. The simulated breakdown characteristic for un-terminated 4H-
SiC SBD is given in Fig. 3, and it is consistent with the experimental
results, which confirms that the presented models used in numerical
simulations are suitable.

Fig. 4 shows the simulated reverse |-V behaviors of the 4H-SiC
SBD with SiO,, SisN4 and HfO, FP terminations, respectively. For
SiO,, SisN4 and HfO, used in the simulations with the following

Table 1
Physical models and parameters used for simulation.

N _ T2
— 4 lc —_——
Bandgap energy [16] Ec = 3.23 eV+7.036 x 107" eV K {494751K T+1509K]

Electron/hole mass [17] m,=0.3713m,, m, =1.0001mq
Incomplete ionization of impurities [17]

Np
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N+ Ny
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Electron and hole bulk mobility [18] 124 ;/V (TC/?OOK)‘Z s
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