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ELECTRICAL IMPACT CHARACTERIZATION OF ANODE ACTIVE
AREA AND STACKING-FAULTS IN 6.5 KV 4H-SIC PIN DIODES

NGHIEN CPU ANH HUONG CUA DIEN TiCH BE MAT DAN DIEN VA CAC LOI XEP CHONG

DEN DAC TINH CUA DIOT PiN 4H-SIC

Nguyen Duy Minh*", Nguyen Manh Quan?

ABSTRACT

This paper reports on the design and characterization of 6.5kV class 4H-SiC PiN diodes with different active
areas of 2, 8, and 24mm?. Diodes edge termination is a combination of MESA and JTE. The blocking voltage of
6.5kV was achieved on the three types of diodes. Diodes operation stability is studied in term of temperature
dependence and DC stress. In the limit of used package, these diodes present a stable operation until 225°C. The
reverse leakage current at 225°C is less than 3uA at 3KV for 24mm? diodes. The forward voltage drop decreases
with the increasing temperature but the voltage change is low, less than 0.5V in the temperature range of (25°C
- 225°C). After a DC stress under current density as high as 100A.cm?, an important on-state forward voltage
drift has been observed. This voltage drift is explained by the generation and prolongation of stacking-faults
(SFs) which result in the reduction of carrier lifetime. A reduction of up to two times has been measured by open-
circuit voltage decay (OCVD) technique. These diodes are also characterized by mean of admittance spectroscopy
vs. temperature. These measures revealed an electronic energy level at 0.18eV under the conduction band for the
stressed diodes thus this energy level can be attributed to an electrical signature of SFs.
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TOMTAT

Bai bao trinh bay thiét ké, két qua th(: nghiém va phan tich didt cong suét PiN dién &p 6,5kV ché tao trén nén
vat ligu SiC vdi céc kich thurée bé mét dan dong 2, 8 va 24mm?. Cac didt duoc thiét ké bao vé bang su két hop cdu
tric MESA va JTE. Bién ap cuc dai dat duoc 6,5KV trén ca ba kich thudc diét. S hoat dong 6n dinh clia didt duoc
nghién ciu trong cac diéu kién nhiét do khac nhau va véi mat d¢ dong dién I6n. Trong gi6i han clia céu tric dung
dé dong gai dict (Iop va), cac dibt dwoc thir nghiém hoat dong on dinh dén nhiét o 225°C. Dong dién ro ¢ nhiét
d6 225°C do dirgc nhd hon 3uA ¢ dién ap phén cuc ngwroc 3KV ddi voi didt o 24mm?2. Sut ap khi phan cuc thuén bi
giam khi nhiét do tang tuy nhién sy thay doi nay 1a rt bé, nhd hon 0,5V trong khoang nhiét do thir nghiém (25°C
- 225°C). Sau khi dit chiu &p luc dan dong lién tuc & mét do dong dién cao 100A.cm?, dién &p phén cic thudn do
duwoc trén ditt bi troi mat khoang kha lon. Sk gia tang dién ap phén cic thuan nay cd thé gidi thich bdi sty hinh
thanh va phét trién clia céc 10i x8p chng trong cAu tric ban dan cla diét dan dén su suy giam thoi gian song clia
cac hat mang dién. S suy gidm thoi gian song Ién dén 2 an d& do duoc bang kj thuét do do giam dién &p khi ho
mach. Phuong phép do phd dién dn theo nhiét dd cling diroc &p dung véi céc didt nay phat hién ra mot muc
nang lrong 0,186V nam du6i dai dan ddi véi cac dit chiu &p luc dong lién tuc 16n. Mic ndng luong nay khong
Xuat hién & cc didt trude khi chiu ap luc dong do dé ¢6 thé ndi mic nang lreng nay la mot dac trung dién cla sw
Xudt hién céc 16i xép chong trong cAu trdc didt.

Tir khéa: 4H-SIC, diict PiN, MESA, JTE, 13i ¥ép chong, OCVD.
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1. INTRODUCTION

4H silicon carbide (4H-SIC) is a
wide band gap semiconductor. Its
excellent  physical properties
respond to increasing demand of
modern power electronic
applications. Indeed, sectors such
as transport, electricity
distribution and oil exploitation
require devices operating at
higher temperature and/or higher
voltage [1]. The following works
take part in the thematic of high
voltage and high temperature
devices in SiC. Nowadays, high
voltage devices in Si are limited in
term of junction operating
temperature at 125°C. One
potential of SiC bipolar diodes is to
work at  higher  junction
temperature thus to reduce the
cooling system size. The first
section of this paper describes the
diodes design leading to the
masks fabrication. After a brief
description  of  technological
process, diodes characterization
will be presented for both forward
and reverse modes and in function
of temperature. The diodes have
also been stressed at high forward
current density in DC mode.
Electrical characteristics evolution
is detailed and physical
interpretations of this evolution
are also presented and discussed.

2. DIODES DESIGN AND
FABRICATION

The schematic structure of
developed diodes is presented in
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Fig. 1. For a blocking voltage of 6.5kV, the devices have a
vertical structure. Diodes edge termination is defined by a
combination of MESA (etching of SiC) and JTE (Junction
Termination Extension).
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Figure L. Schematic cross-section of the 6.5kV 4H-SiC bipolar diodes

Simulations by finite elements method using
Sentaurus™ TCAD software [2] have been performed to
determine the parameters of the drift region such as
thickness (W,.) and doping (N,). The objective of these
simulations is also to estimate the blocking voltage in
function of different structure parameters such as etching
depth (D), JTE length (Ly), and JTE dose (P-JTE).

First, the parameters of the drift region have been
determined by simulating the diode performance in
forward and reverse mode. A compromise between the
blocking voltage and the on-state forward voltage drop
must be specified. The chosen parameters are: W= 80um
and Np= 5% 10%cm? for a theoretical blocking voltage of
11800V with the ionization coefficients reported in [3]. A
safety margin in blocking voltage has been taken to include
the incertitudes with respect to SiC technology that is not
yet quite mature.
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Figure 2. Diode blocking voltage and efficiency percentage evolution in
function of active JTE dose for two different etching depths

Fig. 2 shows the blocking voltage evolution in function
of active JTE dose for two different etching depths of a
diode with the drift region parameters presented above.
The JTE length is fixed at 400um since we have not
observed the effect of a longer JTE. With this kind of edge
termination, the maximum efficiency is about 85%. The
increase of etching depth has a slight influence on the
blocking voltage when the JTE dose is lower than the
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optimum value. In this latter case, the breakdown takes
place at the limit of the main junction and the JTE. Thus the
slight increase of blocking voltage is probably due to the
additional influence of MESA relative to JTE dose. By
contrast, when the JTE is too doped, the breakdown takes
place at the end of JTE so the etching depth has no
influence on the blocking voltage. The different parameters
(Deteny Lyes P-JTE) have been optimized to obtain the
maximum blocking voltage. Chosen values for Deyp, Ly,
and P-JTE are respectively 6um, 400um, and 8% 10*2cm?,
Then, diodes masks have been designed with different
active areas (2, 8 and 24mm?) and diodes fabrication has
been realized. Our objective is to examine the impact of
active area on the blocking voltage.

3. DIODES CHARACTERIZATION
3.1. Reverse characteristics

Diodes wafer-level measurements have been performed
on a semi-automatic probe station in a high vacuum
chamber, this equipment allows to measure high voltage

devices up to 20kV. As seen in Fig. 3, the blocking voltage of
6.5kV has been achieved on the three active area diodes.
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Figure 3. Reverse characteristics of the best fabricated 6.5kV diodes for three
different areas

After wafer dicing, diode has been encapsulated in a
TO3 type case. Temperature dependence of reverse
characteristics has been measured up to 3kV. Temperature
range is between 25°C and 225°C. The upper temperature
limit is the limit of the gel used for the diodes
encapsulation. Typical reverse characteristics are presented
respectively in Fig. 4 (a, b, c) for 2, 8, and 24mm? diode. A
pulse-air system is used to control the temperature.
Characterizations have been performed up to 3kV because
of equipment limitations. The leakage current increases
with temperature but it is still as low as less than 5pA at
225°C. At 3kV and in the temperature range, the leakage
current evolutes from 30nA to 3pA for the 24mm? diode
and from 3nA to 2uA for the 2 and 8mm? diode. This
increase is due to the density increase of carrier generation
centers with temperature. This evolution is reversible
because the difference of characteristics before and after
stress is not significative.
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Figure 4. Reverse characteristics temperature dependence of 2mm? (4a),
8mm? (4b) and 24mm? (4c) diode

6.5kV diodes design and fabrication have been
validated in term of blocking voltage by reverse
characterization in a vacuum chamber. The diodes show
also a low leakage current at temperature as high as 225°C.
The next section presents diodes forward performance.

3.2. Forward characteristics

Forward characterizations have been performed on
encapsulated diodes. Typical forward characteristics are
presented respectively in Fig. 5 (a, b, ¢) for 2, 8, and 24mm?
diode.
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Figure 5. Forward characteristics temperature dependence of 2mm? (5a),
8mm? (5h) and 24mm? (5¢) diode

Diodes forward performance has been characterized up
to a current density of 250A.cm™ corresponding to 60A for
the 24mm? To limit the device auto-heating, these
characteristics have been obtained in pulse mode with a
pulse width of 200ps. At 250A.cm™, the voltage drop is 4.5V
for the 2 and 8mm? diodes and 5V for the 24mm? diodes.
These values of voltage drop are high with respect to state
of the art [4]. This can be due to the high ohmic contact
resistance because the ohmic contact of fabricated diodes
as measured on TLM test structures is not very good and a
high value of contact resistance of about 25mQ.cm? is
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extracted. The increase in voltage drop for the largest
diodes is probably due to an insufficient number of bonded
wires (6 wires of 125um diameter for 24mm? diodes)
leading to a bad current spreading. We can also see that
the on-state voltage drop decreases with increasing
temperature. The decrease of voltage drop is explained by
the increase of carrier lifetime with temperature. This
decrease of on-state voltage could be seen as a handicap
because thermal excess can occur. However the change in
voltage drop remains low, less than 0.5V in the tested
temperature range. It is noted that SiC bipolar devices have
a threshold voltage of about 3V thus these devices require
a case with good thermal conductivity. Targeting a current
density of 80A.cm?, a case with a thermal conductivity of
300W.cm? and a high voltage capability must be used.

The forward and reverse electrical characteristics
measured at 25°C after thermal stress do not show any
performance degradation so these diodes are stable with
temperature. The next section presents and discusses the
influence of electrical stress on the diodes performance.

4.ELECTRICAL STRESS
4.1. Evolutions of diode characteristics

The electrical stress has been performed on the all three
diode types. Stress condition is defined by a continued bias
forward voltage to maintain a constant current density of
100Acm? For a thermal equilibrium, the diodes are
mounted on a radiator with cooling fan. Diodes forward
and reverse measurements have been taken at 25°C after
1h30, 3h, 23h and 43h stress time. It is noted that no sub
threshold forward nor reverse characteristic change are
observed. By contrast, high current forward characteristics
are damaged. Typical forward characteristics evolutions are
shown respectively in Fig. 6 (a, b, ¢) for 2, 8, and 24mm?
diode. An important forward voltage drift has been
observed for the three diodes. The most important
degradation occurs in the first 1h30 stress time. After 23h
stress time, the voltage drift stabilizes and then reaches the
saturation. We can also see that the larger diode active area
is, the more important degradation is. These observations
are interpreted in the next section.
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Figure 6. Forward characteristics evolutions of 2mm? (6a), 8mm? (6b) and
24mm? (6¢) diode

4.2. Diodes forward degradation interpretation

It is known that the presence of basal plane dislocation
(BPDs) can generate stacking faults (SFs). These SFs act as
recombination centers which reduce the carrier lifetime.
Electron-hole pair recombination at the BPDs in forward
mode conduction leads to the propagation of SFs thus
increases the voltage drop of bipolar devices [5, 6]. So our
diodes forward performance degradation can be explained
by the presence of BPDs and the expansion of SFs within
the diodes active area. As the quantity of BPDs within a
device active area is finite, a finite quantity of SFs can thus
generate. Furthermore, there is a finite space for the SFs to
expand through (drift layer thickness), the total possible
affected area is also finite. Thus, the voltage drift saturation
observed above is interpreted by the expansion of every
SFs through the drift layer and the possibility of a larger
BPDs density within the large active area diode explains the
more important degradation for these diodes. In the next
section of the paper, the electronic energy level of these
SFs determined by admittance spectroscopy technique is
presented and we also measure the reduction of carrier
lifetime induced by these SFs using open-circuit voltage
decay technique (OCVD).
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Admittance spectroscopy technique allows detecting
defects and extracting their activation energy. This
technique has been used to characterize 4H-SiC junction
barrier Schottky diodes in a previous paper [7]. It consists in
applying a small sinusoidal voltage to the structure and to
measure the subsequent capacitance Cp and conductance
Gp of the space charge region of the diode. In the presence
of a defect centre, the emission and capture kinetic
processes of free carriers by the defect centre modify the
capacitance and conductance of the structure. By varying
frequency and temperature, it is possible to determine the
activation energy and the capture cross section of the
defect. Indeed, the presence of a defect involves the
presence of a peak of conductance as a function of
temperature. The temperature T of this maximum is varying
with frequency, and for this maximum, the frequency is
equal to the thermal emission rate of the defect. The
scanned region is situated near the cross of the Fermi level
with the defect level. Thus, in an ideal n-type Schottky
diode, it is possible to detect only electron traps. But in the
presence of a pn junction, it is possible to detect electron
trap in the n-type region and hole trap in the p-type region.

In practice, temperature ramps are imposed to the
sample, while measuring Cp and Gp for 20 different
frequencies. Measurements are performed in a liquid
nitrogen cryostat, with an impedance analyser HP4194A for
frequencies varying between 300Hz and 20kHz. The
frequency range is adjusted in order to detect presented
defects in the structure. An Arrhenius plot of In(w/T2) vs.
1/T allows to determine the energy level of the defect.

Fig. 7 shows conductance spectra obtained on a
stressed diode. These conductance peaks is induced by the
presence of a defect and its signature is plotted in Fig. 8.
For the virgin diode, no peak of conductance is detected in
this temperature range. So these conductance spectra can
be attributed to an electrical signature of SFs. It
corresponds to an electron trap situated at 0.18eV under
conduction band.
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Figure 7. Normalized conductance vs. temperature for 16 different
frequencies obtained on astressed diode
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Figure 8. Arrhenius plot of the defect signature

The OCVD technique has been performed to evaluate
the ambipolar lifetime of diode before and after electrical
stress. This technique consists to integrate the diode into a
chopper circuit with a high speed switching device (Si-
MOSFET) and to measure the voltage transient across the
diode following the abrupt switching-off of the current
from a high current injection level [8]. The subsequent
voltage decrease is related to the ambipolar lifetime by the
following equation [9]:

-1

T=T,+T, :E(d—vj (1)
g \ dt

where (dV/dt) is the slope of the linear part in the voltage

decay curve, q is the elementary charge, T is absolute

temperature, and k is the Boltzmann constant.

Fig. 9 presents the OCVD voltage transient measured on
a diode before and after stress at room temperature using a
forward current density of 100A.cm™ As seen in the figure,
the linear part slope of the stressed diode is two times
higher than the virgin diode. It means that the ambipolar
lifetime is reduced two times for the stressed diode. The
ambipolar lifetime is found to be respectively 2470ns and
1400ns using Eqg. 1 for the diode before and after stress.
Simulated results using Sentaurus with ambipolar lifetime
of 2600ns and 1600ns have been also presented in Fig. 9.
Electrons and holes lifetimes are supposed to be equal in
the simulations. A good agreement between experimental
and simulated curves is observed.
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Figure 9. Measured and simulated curves OCVD voltage transient
characteristics of a diode before and after electrical stress
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Two electrical techniques have been performed
justifying the presence of SFs and their influence on the
carrier lifetime reduction. This reduction results in a forward
voltage drift. On the other hand, as the diodes ohmic
contact is not stabilized, this can also contribute partly to
the important forward voltage drift of stressed diode.
Because, under the high current density stress, the
temperature can be high then damaging the contact
properties.

5. CONCLUSION

6.5kV 4H-SiC diodes have been designed and fabricated
with three different active areas of 2, 8, and 24mm?.
Blocking voltage of 6.5kV has been achieved for the three
diodes types. These diodes present a low leakage current
and stable operation with temperature up to 225°C and
3kV. Electrical stress at a current density as high as
100A.cm? has been also performed on these diodes. An
important forward voltage drift has been observed. This is
due to the generation and expansion of SFs in the diodes
drift layer under forward conduction. The SFs presence and
their influence have been demonstrated using two
electrical methods: OCVD and admittance spectroscopy.
OCVD measurements determined a carrier lifetime
reduction of up to two times. Admittance spectroscopy
measurements revealed an electronic energy level of
0.18eV under conduction band.
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THONG TIN TAC GIA

Nguyén Duy Minh*, Nguyén Manh Quan?
'Khoa Ky thuat dién, Truong Dai hoc Bién luc
'Khoa Bién, Trrong Pai hoc Cong nghiép Ha Noi
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