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BABSTRACTIl The effect of defects on the electrical properties of 4H-SiC Schottky barrier diodes
(SBDs) was investigated. Nanoscaled circular cone-shaped pits (nanopits) were observed at the leakage
current sources of 4H-SiC SBD using atomic force microscopy (AFM). The leakage currents were generated
due to the concentration of electric fields at the nanopits during measurement of the reverse bias
characteristics. The positions of the nanopits correspond to the positions of threading dislocations (TDs),
which were identified from molten potassium hydroxide (KOH) etching. The most important factor of
leakage current generation was determined to be the surface morphologies of the TDs rather than their
presence. Furthermore, there is no difference in the sensitivities on the leakage currents between threading
screw dislocations (TSD) and threading edge dislocations (TED), because both nanopit shapes are almost
the same. As a result, the leakage currents of 4H-SiC SBDs were proportional to the etch pit density (EPD)

obtained from both TSDs and TEDs.
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1. Introduction

Silicon carbide (SiC) is a suitable material for use in
next-generation power devices, because it has superior
thermal, mechanical, and electrical properties compared
to silicon (Si)."" The high breakdown field of SiC
material enables high power densities to be realized in
SiC devices. Consequently, SiC power devices are
highly suitable for use in a variety of applications, such
as power conversion in electric vehicles (both fully
cell-powered and hybrid vehicles). SiC power devices
require several-hundred-ampere diodes with low
specific on-resistance. In addition, high reliability and
high reproducibility of the electrical properties are
required. The advantages of 4H-SiC Schottky barrier
diodes (SBDs) are high switching speeds and low
switching losses due to low surge currents during high
frequency operation, and many groups have investigated
4H-SiC SBDs with high electrical performance.(4'7)
However, dispersion of the electrical properties in 4H-
SiC SBD diodes, ranging from low blocking voltage
to high leakage current, is observed and is mainly
caused by the influences of surface and crystalline
defects.*"?

Micropipes and downfalls are generally the cause of
low blocking voltage in the reverse bias characteristics

of 4H-SiC SBDs.®*” Different sensitivities to other
surface defects, such as triangular defects in 4H-SiC
epilayers, have been reported by many groups,(n’m) but
these defects mainly cause an increase of the leakage
current in the reverse bias characteristics of 4H-SiC
SBDs.

Furthermore, various sensitivities of the reverse
characteristics to threading dislocations (TDs) have
also been reported."”"” Some reports have noted the
influence of TDs on the leakage current,*"'® and
contrasting reports have not noted such an influence
by TDs."*" We suggest that the surface morphologies
at the leakage current sources of 4H-SiC diodes are
changed, and this is a possible reason for the different
sensitivities. Step bunching on SiC surfaces is known
to cause an increase of the leakage current;***"
therefore, it is suspected that unusual surface
morphology may be observed at the leakage current
sources.

To confirm the change of surface morphology at
leakage current sources, the leakage current sources of
4H-SiC SBDs were determined using emission
microscopy, and their surface morphologies were
investigated using atomic force microscopy (AFM).
Molten KOH etching was then performed to assist
identification of crystalline defects and to determine
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the presence of TDs at the leakage current sources. The
etch pit density (EPD) of 4H-SiC diodes on crystalline
defects by molten KOH etching were investigated to
clarify the relationship between the dispersed reverse
characteristics of 4H-SiC SBDs and the crystalline
defects.

2. Experimental Methods

A 4° off-axis n-type 4H-SiC repeated a-face (RAF)
substrate with a 13 pum thick epitaxial layer doped with
5.0x10" cm ™ of nitrogen was used to fabricate 4H-
SiC SBDs. A field-limiting ring (FLR) was used as a
termination structure, and the breakdown voltage was
designed to be approximately 1400 V. The SiC surface
was chemically cleaned by immersion in H,SO,/H,0,
solution for 10 min, and Al was implanted at a dose of
1x10" cm ™ to complete the FLR structure. The FLR
structure was then annealed at 1600 °C for 30 min to
remove damage due to the creation of defects by Al
implantation. Ti/Ni layers were deposited on the
backside and annealed at 900 °C for 30 min to ensure
the formation of an ohmic contact. A 100 nm thick, 400
pm diameter Mo layer was deposited on the surface as
a Schottky electrode and an Al electrode (4000 nm
thick) was deposited on the Mo electrode. The reverse
bias characteristics of the 4H-SiC SBD were measured
to evaluate the electrical properties. An emission
microscope (Hamamatsu Photonics PHEMOS-1000)
was used to determine the leakage current sources of
the 4H-SiC SBD. A cooled CCD image sensor with a
sensitivity range of 300 to 1100 nm was equipped in
the emission microscope. The leakage current
(emission current) of 4H-SiC SBD was observed
through the partially-polished backside electrode using
the CCD image sensor. A reverse voltage of 1200 V
was applied between the surface and backside. Visual
markings with points approximately 10 um apart from
the sources of the emission currents were applied using
a focused ion beam (FIB) from the surface side to
assist location of the leakage current sources. After
removal of the surface electrodes by H,SO,/H,0,
solution for 10 min, the surface morphologies of the
leakage current sources around the visual markings
were measured by AFM (Veeco Nanoscope V); the
observation areas for leakage current sources were
2 um squares. After measuring the surface morphologies
of the leakage current sources, the presence of
crystalline defects (e.g., TSDs, TEDs, and basal plane
dislocations (BPDs)) corresponding to the positions of

the leakage current sources was determined.

Crystalline defects were transformed into etch pits
by molten KOH etching at 500 °C for 5 min, which
were then observed using laser microscopy (Keyence
VK-9710).

3. Results and Discussion

Typical reverse characteristics of 4H-SiC SBDs are
shown in Fig. 1. The blocking voltage of the 4H-SiC
SBD was kept over 1200 V and the leakage level was
less than 10 A/em” at 1200 V. It was evident that the
reverse properties were dispersed. The leakage current
seems to follow a thermionic field emission model.*”
In this device, the Schottky barrier height @y is 1.1 eV
calculated from the forward characteristic, and the
electric field strength at 1200 V is 1.5 MV/cm.

Figure 2 shows an emission microscope image of
the 4H-SiC SBD, of which the sample is the middle
leakage current level shown in Fig. 1. Six emission
current points with various intensities (determined by
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Fig.1 Reverse bias characteristics of 4H-SiC SBDs
measured at room temperature.

Fig.2 Emission microscope images of 4H-SiC SBD at
1200 V. (a) View of the entire electrode.
(b) Enlarged view of emission points (i), (ii) and

(ii).
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the contrast), as indicated by the circles in Fig. 2(a),
were detected in the 400 um diameter device. Strong
intensity (contrast) indicates a high leakage current.
Figure 2(b) shows an enlarged view of 3 emission
current points, where the intensities of positions (i) and
(i1) are almost the same, and the intensity of position
(iii) is weaker than those of (i) and (ii). The visual
markings produced by FIB are visible at the upper
edge of Fig. 2(b).

AFM was used to investigate the surface morphologies
at the leakage current sources. Figures 3(a) and (b)
show the surface morphologies of the leakage current
sources at positions (i) and (ii) shown
in Fig. 2, respectively. The different
color contrast indicates that the
surface morphologies of leakage
current sources (i) and (ii) are not flat.
To confirm the shapes of the leakage
current sources, line profiles measured
between the arrows shown in Figs.
3(a) and (b) are presented in Figs. 3(c)
and (d), respectively. Very small
circular cone-shaped pits are evident

pits caused by molten KOH etching. The shapes of the
nanopits at positions (i) and (ii) are very similar. The
positions of the leakage current sources correspond to
the positions of the nanopits. The maximum field
strength was applied at the interface of the SiC surface
and Mo (Schottky metal) during the reverse bias
measurement due to the presences of the pits, and the
electric fields concentrate at the nanopits; therefore,
leakage currents are generated at the nanopits.

Figure 4(a) shows simulation results of nanopits (d,;
=50 nm, a,,; = 120°) on the SiC surface, where the pits
cause an increase of the reverse leakage current in the
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Fig.3 AFM images of leakage current sources (i) and (ii). Surface morphology
of (a) position (i), and (b) position (ii). Line profiles of (c) the nanopit in
(a) and (d) the nanopit in (b).
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reverse voltage.”” This leakage current is due to
electron tunneling current at the bottom of the nanopit.
This tunneling current is caused by the electric field
enhancement at the bottom of nanopit. The electric
field at the metal-semiconductor interface (Schottky
junction) near the bottom of pits is four times greater
than that of a flat surface area with application of
reverse voltage V' = 1200 V, as shown in Fig. 4(b).
Figure 5 shows the simulation result for the impact
of the nanopit shape (depth d,;, and opening angle o)
on the leakage current.*”) Although the leakage current
is sensitive to both d;, and o, no significant increase
in the leakage current is observed in the depth range
of less than 20 nm. There is a good relationship
between the emission intensities and the nanopit depths
at positions (i) and (ii); both the depths of the nanopits
and the emission intensities are also the same. The
intensity of position (iii) is weaker than that at
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Fig.5 Dependence of leakage current I (at Vi = 1200 V)
on the opening a116gle ‘fgit and depth d,;; of etch pits.
(n-EPD: 1.27%10° cm ).

positions (i) and (ii) in Fig. 2(b) and the depth of the
nanopit at position (iii) is only 20 nm. Accordingly, the
leakage current at position (iii) is lower than that at
positions (i) and (ii), due to the lower electric field than
that at positions (i) and (ii).

To confirm the surface morphologies of the leakage
current sources, different leakage current sources were
also measured by AFM. Surprisingly, nanopits were
present at all emission points (total: n=24) in some 4H-
SiC SBDs. The distributions of the nanopit depth,
width and base angle are summarized in Figs. 6(a)-(c),
respectively.(24) TEDs (n=22/24) and TSDs (n=2/24)
are represented by the hatched and gray fills,
respectively. There is no difference in the nanopit
shapes of the TSDs and TEDs. Thus, the sensitivities
of TSD and TED to the leakage current are almost the
same. As proposed, the presence of nanopits is an
important factor in the increase of the leakage current.

The relationship between the positions of the
nanopits and crystalline defects was confirmed by laser
microscopy observation of the etch pits formed by
molten KOH etching. Six etch pits denoted by circles
are evident in Fig. 7(a), the positions of which
correspond to the emission points shown in Fig. 2(a).
Figure 7(b) shows an enlarged view of the 3 etch pits
with the same field of view as that in Fig. 2(b). The
positions of the nanopits (equal to the leakage current
sources) also correspond to the positions of TDs. From
the shapes of the etch pits, the crystalline defects at
positions (i) and (iii) are identified as TEDs and that
at position (ii) appears to be a TSD. TSDs are generally
more sensitive than TEDs with respect to the leakage
current;">">" however, this is not in agreement with
the results, because the sensitivities of TSDs and TEDs
to the leakage current are almost the same. Figure 4(b)
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Fig. 6 Distribution of nanopit (a) depth, (b) width and (c) base angle in 4H-SiC SBDs.
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shows that the TDs at positions (i) and (ii) are different,
although the emission intensities are almost the same,
as shown in Fig. 2(b). Therefore, the leakage current
is not dependent on the type of crystalline defect (TSD
or TED), but is dependent on the presence of nanopits
and their respective depths. Therefore, the factor of
leakage current generation is the surface morphology
of the TD rather than the presence and type of TD.
The relationship between leakage current and EPD
calculated from the medium and small etch pits formed
from TSDs and TEDs, respectively, were investigated.
BPDs, which produce shell pits by molten KOH
etching, were not observed in the samples under
analysis; thus, BPDs are not discussed in this paper.
The numbers of etch pits (both TSDs and TEDs) in the
area of interest were counted. Figure 8 shows the
relationship between the EPD and the leakage current
at 1200 V. The leakage current increases at an almost
constant rate with the EPD from 10’ to 10* cm °. Based
on this trend, the etch pits from TDs are considered to
increase the leakage current by approximately 10°
A/em’. Due to the content of nanopits in these samples,
the leakage current increases with increasing EPD.
The creation of nanopits is influenced by the
presence of TDs; however, it is unclear why the
nanopits are created. TDs are crystalline defects, and
the top of TDs at SiC surfaces can be easily damaged
by thermal conditions due to the weak bonds at TDs.
Therefore, it is possible that the nanopits are present
in a bare epi-wafer or are produced during device
processing. It has been reported that TDs do influence
the leakage current,"'® yet other reports suggest that
there is no influence of TDs on the leakage
current."®"” We propose that both results are correct.

(b)
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?
(il (iii)

10 um

400 um .
>

Fig. 7 Laser microscope image of 4H-SiC SBD after molten

KOH etching. (a) View of the entire electrode.

(b) Enlarged view of emission points (i), (ii) and (iii) in

the same field of view as that shown in Fig. 2(b).

The 4H-SiC SBDs samples investigated by the former
groups had nanopits (corresponding to the position of
TDs), which generate the leakage current. In contrast,
the samples of the latter groups did not have nanopits
(or the surfaces were extremely flat), and therefore no
leakage current was generated, and no dependence on
TDs was evident.

In this study, Mo was used as a Schottky barrier
metal for the 4H-SiC SBD. The leakage currents
caused at the nanopits would be influenced by different
Schottky barrier metals such as Ti, Ni, and Au.
However, the nanopits of the 4H-SiC PN diodes would
not influence the leakage currents, because the position
of maximum electric field strength is the PN junction
formed below the SiC surface and not the nanopits on
the SiC surface. Therefore, the increase of leakage
currents caused at nanopits would be dependent on the
structures (SBD, junction barrier Schottky (JBS) and
PN diodes).

4. Conclusions

In summary, the leakage current sources of 4H-SiC
SBDs were analyzed using AFM. The leakage current
sources have nanoscaled circular cone-shaped pits
(nanopits). The electric field at the nanopits is
concentrated during measurement of the reverse bias
characteristics and leakage currents are generated. The
positions of the nanopits correspond to the positions
of TD etch pits, which were determined by molten
KOH etching. The important factor in the generation
of the leakage current is the surface morphology of the
TD rather than the presence and type of TD. Therefore,
the sensitivities of TSD and TED on the leakage
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Fig. 8 Relation between EPD and the leakage
current of 4H-SiC SBDs at 1200 V.

© Toyota Central R&D Labs., Inc. 2012

http://www.tytlabs.co.jp/review/



58 7L R&D Review of Toyota CRDL, Vol.43 No.1 (2012) 53-59

current are almost the same.
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