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Electrically active defects in SiC Schottky barrier diodes*
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The electrical properties of deep-level defects in real packaged SiC Schottky barrier rectifiers were studied by deep level
transient spectroscopy (DLTS). One deep-level trap with an activation energy in the 0.29-0.30 eV range was revealed to be
present in all the tested samples. The electrical characteristics of the trap indicate it is probably attributed to dislocations or to
metastable defects, which can be responsible for discrepancies observed in I-V characteristics (see Ref. [2]).
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1. Introduction

Silicon carbide (SiC) is still one of the most at-
tractive wide bandgap materials having many ap-
plications in the field of microelectronics and op-
toelectronics. The tremendous properties of SiC-
based semiconductor electronic devices, such as
large breakdown electric field, high electron mo-
bility and saturation electron velocity, high ther-
mal conductivity together with good thermal sta-
bility render this material suitable for use in high-
temperature, high-power, and/or high-radiation
conditions under which the conventional semicon-
ductors (Si, GaAs) cannot work properly [1].

Among the many different polytypes of SiC,
only two of them, 4H-SiC and 6H-SiC, hav-
ing hexagonal crystal structure, are commercially
available. Owing to the different arrangement of
the Si and C atoms within the SiC crystal lattice,
each polytype exhibits unique, fundamental electri-
cal and optical properties, which are utilized in the
fabrication of modern electronic and optoelectronic
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devices (e.g. green and blue LEDs, photodetectors,
rectifiers, thyristors, transistors, etc.). Some of the
more important material properties of 4H- and 6H-
SiC are listed in Table 1, and are compared with the
parameters for the conventional semiconductors Si
and GaAs.

In comparison with common Si and GaAs wafer
standards, presently accessible 4H- and 6H-SiC
wafers are generally small, expensive and of infe-
rior quality. Nevertheless, most SiC electronic de-
vices are fabricated as much higher quality epi-
taxial SiC layers grown on the top of the wafer.
The prototype SiC devices deliver excellent area-
normalized performance, often more than 10 times
better than the theoretical power density of Si
power electronics. Unfortunately, nowadays there
are many observable defects present in state-of-
the-art SiC homoepitaxial layers, which have pre-
vented the scale-up of small area prototypes into
large area prototypes capable of delivering high op-
erating currents [1, 2].

In addition to the high densities of crys-
talline defects, such as hollow-core screw disloca-
tions (micropipes) and closed-core screw disloca-
tions, the surface morphologies of commercial SiC
wafers also exhibit many undesirable features, such
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Table 1. Comparison of selected semiconductor properties of 4H- and 6H-SiC with Si and GaAs at 300 K [1].

Property [4H-SiC|6H-SiC| Si |GaAs|
Bandgap energy [eV] 32 3.0 1.1 | 1.42
Breakdown electric field [MV/cm]| 3.0 3.2 06| 0.6
Saturated electron velocity [cm/s] 2.0 2.0 1.0 1.2
Electron mobility [cm?/Vs] 800 400 (1200 6500
Hole mobility [cm?/Vs] 115 90 420 | 320
Thermal conductivity [W/Kcm] 5.0 5.0 1.5 0.5
Relative dielectric constant 9.7 9.7 |11.9] 13.1
Table 2. Main electrical characteristics of SiC Schottky diodes CSD01060.

Parameter ‘ Typ. ‘Max. ‘
Repetitive Peak Reverse Voltage [V] 600
Forward Voltage [V], Ir=1 A, T;=25 °C 16| 1.8

Repetitive Peak Forward Surge Current [A], T¢=25 °C 7

Average Forward Current [A], T¢=150 °C 1.4
Reverse Current [A], Vg=600 V, T,;=25 °C 20 | 100
Power Dissipation [W], T¢=25 °C 21.4
Total Capacitance [pF], Vg=0V, T;=25 °C, f=1 MHz | 80

Operating Junction Temperature [°C] 175

as “grow pits”, “triangular inclusions” or ‘“step
bunching”, which could affect SiC device process-
ing and operational performance [1]. In particular,
a micropipe defect is regarded as the most damag-
ing “device killer” defect in SiC electronics.

For example, rectifying power devices fail at
micropipe defects, leading to undesired localized
current flow through micropipes at electric fields
far below the critical reverse-breakdown field of
defect-free SiC. Over the last decade, significant
efforts by SiC material vendors have succeeded in
reducing micropipe densities by over a 100-fold,
resulting in higher device operating currents. How-
ever, there are still very high densities of other less-
harmful dislocation defects, which are believed to
be responsible for a variety of non-ideal device
characteristics that have hindered the reproducibil-
ity and commercialization of some SiC electronic
devices [1].

In this paper, we used deep level transient spec-
troscopy (DLTS) [3] to investigate the electrical
properties of deep levels related to defects identi-

fied in commercially available SiC Schottky bar-
rier rectifiers. The motivation for this work were
the results reported by Z. Synowiec [2], where di-
rect current characteristics of the diodes were pre-
sented and discussed. The presence of the defects
evoked large discrepancies in specific ranges of the
forward and reverse I-V characteristics. In particu-
lar, different values of reverse leakage currents oc-
curred in most of the tested diodes, although these
values are within the range guaranteed by the pro-
ducer. The author [2] proposed that reverse leak-
age current differences can be evoked by defect-
assisted tunneling through the Schottky barrier.

2. Experiment

The DLTS experiments were performed on
four SiC Schottky barrier rectifiers manufactured
by Cree Inc. The CSD01060 rectifiers have typ-
ical packages TO-220-2 and are intended for ap-
plications including switch mode power supplies,
power factor correction and motor drives. The main



72 L UKASZ GELCZUK et al.

electrical characteristics taken from the Cree data
sheets for these diodes are given in Table 2.

The measurements were performed within the
100-240 K temperature range, with the aid of
a DLS-82E spectrometer (Semitrap), equipped
with a 1 MHz capacitance bridge meter and lock-
in type integrator [4]. A bath-type liquid nitrogen
cryostat enabled us to change the sample tempera-
ture from 80 up to 450 K.

3. Results and discussion

Exemplary DLTS temperature spectra for the
four tested diodes, labelled A, B, C and D are pre-
sented in Fig. 1. The measurement conditions were
as follows: quiescent reverse bias (Ug) of -6 V, for-
ward filling-pulse height (Up) of 0 V, filling-pulse
width (7,) of 50 us and the lock-in frequency (fo)
equals to 50 Hz. The one dominant deep-level trap,
called T1, was revealed at around 150 K, for all
the investigated samples. As one can see, under the
same measurement conditions, trap T1 differs in
concentration (DLTS-signal amplitude), being sig-
nificantly larger for diodes A and B compared with
samples C and D.
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Fig. 1. DLTS spectra of the real SiC Schottky diodes
measured at the temperature range from 100 K
to 200 K. Reverse bias Ug = -6 V, filling pulse
height U, = 0 V, lock-in frequency f, = 50 Hz,
width of the pulse (7,) equal to 50 ps.

In order to determine the thermal activation en-
ergy (E;), and the capture cross section (0, ;) of

the T1 trap, the temperature scans for several lock-
in frequencies were measured. In Fig. 2 exem-
plary DLTS spectra for diode A (Fig. 2a), diode B
(Fig. 2b), diode C (Fig. 2¢) and diode D (Fig. 2d)
are shown. They enable construction of the Arrhe-
nius plots of e, p/TZ as a function of reciprocal tem-
perature 1000/7, which are shown in the insets of
Fig. 2. By performing a standard least-squares data
fit, the activation energies of the T1 trap were de-
termined from the Arrhenius plots, and were found
to be in the range from 0.29 eV to 0.3 eV, and the
capture cross sections were found to be of order
10-15 cm? for diodes A, B, C and D, respectively.

One of the most important features of the T1
trap, discovered in our experiments, is shown in
Fig. 3. The DLTS spectra, recorded at about 2.5 Hz
lock-in frequency and quiescent bias conditions:
Ugr=-6'V, Up=0V, are shown for different widths of
the filling-pulse times. It is noticeable that, for the
T1 trap, the DLTS-signal does not achieve a dis-
tinct saturation for longest filling-pulse times, for
all the investigated diodes, which is characteristic
for noninteracting isolated point defects or impu-
rities [5]. However, it increases consistently as the
width of the pulse increases, which is representa-
tive of quasi-linear dependence.

There are probably two possible reasons for
a deep-level defect to exhibit such DLTS-line be-
haviour. First, we can assume that the T1 deep-level
traps are not arbitrarily distributed within the SiC
crystal, but are concentrated in the vicinity of the
extended defect (dislocation). In that case, if a dec-
orated extended defect or a dislocation is present,
the interaction between individual energy levels re-
sults in repulsive electrostatic potential, built up at
the defect, which limits the subsequent capture of
carriers [6, 7]. This phenomenon implies the cap-
ture kinetics of the traps are logarithmic, manifest-
ing itself in the DLTS measurements, in the lin-
ear dependence of the DLTS-peak amplitude on the
logarithm of the filling-pulse duration [7]. In con-
tradistinction, isolated point defects or impurities
typically have exponential capture kinetics [8]. It
is generally considered as a principal argument for
ascribing the traps either to point defects or dis-
locations decorated with point defects or else the
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Fig. 2. DLTS temperature spectra of the diodes A (a), B (b), C (c) and D (d) measured for several lock-in frequen-
cies, within 100-240 K temperature range. Reverse bias Ug = -6 V, filling pulse height U, = 0 V, width of
the pulse (z,) equal to 50 us. In the insets Arrhenius plots are shown for deep-level trap T1 observed in all

the diodes.

dislocation core itself. As shown in the insets of
Fig. 3, the T1 trap peak amplitude has a quasi-
linear dependence on the logarithm of the filling-
pulse time, suggesting the trap is probably due to
dislocations. The existence of an extended defect
decorated with point traps was previously observed
in 6H-SiC Schottky diodes [9].

The second reason for such behaviour is that
the DLTS-peak saturating for a very high filling-
pulse time could be a fingerprint for a thermally
activated capture cross section for the T1 trap [10],
which is typical for metastable defects, such as
DX centers frequently observed in CdMnTe or Al-
GaAs [11, 12]. The characteristic feature of a DX
center is the presence of a thermal capture barrier

which impedes the defect from returning from the
metastable excited state to the ground state. The
metastable defects were also previously observed
in 4H- or 6H-SiC [13, 14].

In order to identify the exact nature of the T1
trap we need more experiments, which can help us
to distinguish between these two possible origins
for the related trap. Most especially, the measure-
ment data for the relationship between the electric
field and the emission rate might explain some of
the discrepancies between the current characteris-
tics observed for the tested diodes in the previous
paper [2]. As the electric field strength increases,
the DLTS-peak should shift towards lower temper-
atures, which results in a lowering of the Schot-
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Fig. 3. DLTS spectra of the diodes A (a), B (b), C (c) and D (d) measured for different filling-pulse times and
constant lock-in frequency equal to 2.5 Hz (reverse bias Ug = -6 V, filling pulse height U, = 0 V). The
insets show DLTS-peak amplitude of the T1 trap vs filling-pulse time.

tky barrier height, due to the Pool-Frenkel effect
or phonon-assisted tunneling [9, 15].

4. Conclusions

DLTS analysis confirmed there was one,
dominant, deep-level defect present in all the
tested, commercially available SiC Schottky bar-
rier diodes. The obtained activation energy and the
capture cross sections of the deep trap, labelled T1,
were 0.29-0.3 eV and 4-8 x 10~1% cm?, respec-
tively. Capture kinetics measurements for the re-
lated trap revealed there is a continual increase in
the amplitude of the DLTS-peak as the filling pulse

time increased. This feature is characteristic either
of dislocation-related defects or of metastable de-
fects. At this point of study, it is difficult to dis-
tinguish between the two. The important thing is
that the electrical activity of the T1 trap, as revealed
by DLTS, is most probably responsible for the ob-
served discrepancies in the electrical characteristics
of the tested diodes.

References

[1] NEUDECK P. G., SiC Technology, in: Wai-Kai Chen,
Boca Raton (Eds.) The VLSI Handbook 2nd, Florida:
CRC Press, 2007.

SYNOWIEC Z., Mater. Electron., 32 (2004), 5.

LANG D.V, J. Appl. Phys., 45 (1974), 3023.

(2]
(3]



Electrically active defects in SiC Schottky barrier diodes

75

[4]

(3]

[6]

(7]

(8]

(91

(10]

[11]

FERENCZI G. and KISS J., Acta Phys. Acad. Sci.
Hung., 50 (1981), 285.

GELCZUK L., DABROWSKA-SZATA M., JOZWIAK
G., Mat. Sci. Poland, 23 (2005), 625.

OMLING P, WEBER E.R. MONTELIUS L.,
ALEXANDER H. and MICHEL J., Phys. Rev. B
32 (1985), 6571.

FIGIELSKI T., Phys. Stat. Sol. A 121 (1990), 187.
WOSINSKI T., YASTRUBCHAK O., MAKOSA A. and
FIGIELSKI T., J. Phys.: Condens. Matter, 12 (2000),
10153

SGHAIER N., SOUIFI A., BLUET J.M. and GUILLOT
G., Mat. Sci. Eng. C 21 (2002), 283.

HENRY C.H. and LANG D.V., Phys. Rev. B, 15
(1977), 989.

SZATKOWSKI J., PLACZEK-POPKO E., SIERANSKI
K., FIALKOWSKI J., WROBEL J.M., BECLA P., Phys-
ica B., 273-274 (1999), 879.

(12]

[13]

[14]

(15]

SCHUBERT E.F,, Doping in III-V Semiconductors,
Cambridge Univ. Press, 1993.

BEYER F, HEMMINGSSON C., PEDERSEN H.,
HENRY A., ISOYA J., MORISHITA N., OHSHIMA T.
and JANZEN E., Mat. Sci. Forum, 645-648 (2010), 435.
STAIKOV P, BAUM D, LIN 1.Y. and JIANG H.X,,
Solid State Commun., 89 (1994), 995.

FANG Z-Q., LOOK D.C., SAXLER A., MITCHEL
W.C., Physica B, 308-310 (2001), 706.

Received 19.02.2011
Accepted 19.02.2011



	Introduction
	Experiment
	Results and discussion
	Conclusions



