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Fabrication of 4H-SiC PiN Diodes on Substrate Grown by HTCVD Method
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Abstract

We fabricated 4H-SiC PiN diodes on the high-quality
substrate grown by the HTCVD method and confirmed
that the fabricated diodes showed correct operation for
current-voltage characteristic. In addition, it was found
that forward voltage Vrincrease were not observed even
after forward pulse current stress test under the current
densities of 2500 A/cm?,

1. Introduction

As a wide band-gap semiconductor suitable for high-volt-
age switching devices, 4H-polytype silicon carbide (4H-SiC)
has received great attention since they have excellent elec-
tronic properties [1]. In recent decades, 4H-SiC unipolar de-
vices such as metal-oxide-semiconductor field effect transis-
tors (MOSFETs) and Schottky barrier diodes (SBDs) with
much higher performance compared to those of silicon have
been demonstrated.

Producing high-quality 4H-SiC substrates more economi-
cally is crucial to allow the penetration of 4H-SiC power de-
vices into wider-ranging power electronics applications.
While commercially available substrates are mostly manufac-
tured by physical vapor transport (PVT) method, high-tem-
perature chemical vapor deposition (HTCVD) method [2] is
expected as an alternative approach contributing to reducing
the production cost of the 4H-SiC substrates.

We have been developing the HTCVD method, and our
studies showed a great potential of this metod for realizing a
high-productivity in high quality 4H-SiC bulk crystal
growth [3,4]. For instance, crystal growth with no increase in
threading screw dislocation (TSD) density or void formation
was demonstrated at a high growth rate of 3.1 mm. Although
high-quality growth at very high speed has already been
achieved, little research has been conducted to show the im-
pacts of the high-quality substrates obtained by this method
on the device performance.

In this study, 4H-SiC PiN diodes were fabricated on the
substrates grown by the HTCVD method, and the device per-
formance, in particular, relation of forward and reverse cur-
rent-voltage was studied. By appliying pulse forward current
to the diodes, the change in forward voltage Vr of the diodes
was also studied.

2. Experimental
A 4H-SiC single crystal was grown on an off-oriented 4H—
SiC (0001)C seed crystal by HTCVD method. After the

grown crystal was sliced into {0001} substrates 4° off-ori-
ented toward [1120], some n-type substrates with 3 inch di-
ameter were obtained. The surfaces of the substrates were
mechano-chemically polished and the thickness was con-
trolled to be 350 um. The resistivity was evaluated to be 23
mQ cm by eddy current measurements, and the nitrogen con-
centration was estimated to be 5 X 10'® cm™ by secondary ion
mass spectrometry (SIMS). Melton KOH etching was per-
formed for other substrates obtained from the same crystal to
estimate the crystal quality.

The PiN diodes fabricated on the substrate are seen in Fig.
1. The n" drift layer with a nitrogen concentration 0 9.0 X 10
cm™ was grown on the (0001)Si-face substrate by chemical
CVD method [5]. The thickness of the epitaxial layer was
10.7 um. The p" anodes with the Al concentration of ~1 X
10%° cm™ were fabricated using Al ion implantation.

Forward and reverse current-voltage characteristics were
investigated for the fabricated diodes in initial state. In addi-
tion, forward pulse current stress tests, where 1.2 million
pulses at one pulse duration of 50 pus were applied, were suc-
cessively performed under the current densities of 1500, 2000
and 2500 A/cm?. After each stress test, the forward current-
voltage characteristic, in particular the V¢ change was esti-

mated.
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Fig. 1 (a) A photograph of fabricated PiN diodes on the substrate and
(b) a cross sectional illustration of the fabricated PiN diode.

3. Results and Discussion

The characteristics of forward current-voltage for typical
fabricated 5 PiN diodes with the size of 1 mmx1 mm are
shown in Fig. 2 (a). Considering the threshold current density
was above 100 A/cm? at the forward voltage Vrof 3.5 V, most
of the fabricated diodes correctly operated in a forward bias.
The characteristics of the reverse current-voltage for the 5 di-
odes are seen in Fig. 2 (b). As well as the forward-current op-
eration, we confirmed that the fabricated PiN diodes showed
a good performance given the threshold leak current was be-
low 10® A at the reverse voltage of 1000 V. The yield of good
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PiN diodes fabricated on the substrate was over 90 %, which
was assumed to be equal to or better than the yields for the

diodes fabricated on commercial substrates.
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Fig. 2 (a) Forward and (b) reverse current-voltage characteristics
for fabricated 5 PiN diodes with the size of 1 mm X 1 mm.

It is known that single-Shockley stacking faults (SSFs) ex-
pand in 4H-SiC PiN diodes under a forward bias and the for-
ward voltage V¢ increases with the SSF expansion [6]. Thus,
we investigated the Vr change in 5 PiN diodes with the size of
3 mm X 3 mm through the pulse current stress tests. The results
of the V¢ change are shown in Fig. 3 (a), which indicates the
forward voltage V¢ was not increased in the 5 diodes even af-
ter the stress tests under the current densities of 1500, 2000
and 2500 A/cm?. We note that the V¢ was increased for the
PiN diodes fabricated on the commercially available sub-
strates at the similar stress tests.

Photoluminescence (PL) images of the No.l and No.2 di-
odes after the stress test at the forward current density of 2500
A/cm? are shown in Fig. 3 (b). The images, taken with a band
pass filter of 42020 nm, indicate that no SSFs expanded in
the diodes. Similarly, we confirmed that no SSFs were formed
in the other 3 diodes. Hence, little changes in V; were at-
tributed to the suppression of the SSF expansion in the diodes
under forward bias.

Since the dislocation densities of the grown crystal were
estimated to be approximately 800-1000 cm™ for threading
dislocations (TDs) and 100-150 cm? for basal plane disloca-
tions (BPDs), the substrate prepared for the fabrication of the
PiN diodes would be also low BPD density. Furthermore, al-
most all of the BPDs would be converted into threading edge
dislocations (TEDs) during the CVD growth, implying the
few BPDs penetrate in the drift layers of the diodes. In fact,
no BPDs were observed in PL images of the epitaxial layer
after the CVD growth. Since the BPDs act as the nuclei of
SSFs and no BPDs lied in the drift layers, such low BPD den-
sity in the substrates would have contributed to the suppres-
sion of SSF expansion.

However, it has also been reported that the SSF expansion
can originate from the BPD segments in the substrates, even
if the BPDs are converted to TEDs during the CVD
growth [7,8]. The SSF expansion from the substrate is con-
sidered to occur when a certain number of holes reach to the
BPD-TED conversion points inside of the substrate. Taking
account of the previous studies, the suppression of the SSF
expansion may be attributed to few holes reaching the BPDs
in the HTCVD substrate. The crystals are grown at very high
temperature exceeding 2500 °C at the HTCVD method [4],
which may result in that many point defects were generated

in the crystals and shorten the carrier lifetime for the holes in
the substrates.
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Fig. 3 (a) Change in forward voltage Vr measured at 510 A/cm? for
fabricated PiN diodes with the size of 3 mm X 3 mm before and after
pulse current stress tests, and (b) PL images of the 2 PiN diodes after
current stress test at 2500 A/cm?

3. Conclusions

We fabricated 4H-SiC PiN diodes on the high-quality SiC
substrate with 3 inch diameter grown by HTCVD method.
The densities of the BPDs were presumed to be 100-150 cmr
2. Through the investigations of forward and reverse current-
voltage characteristics, it was found that most of fabricated
PiN diodes operated correctly. The yield was over 90 %,
which is assumed to be equal to or greater than that fabricated
on the commercial substrates. In addition, we studied the deg-
radation in forward-current operation. Then, we found that
forward voltage V¢ increase and SSF expansion were not ob-
served even after forward pulse current stress test under cur-
rent densities of 1500, 2000 and 2500 A/cm?.
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