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Characterization of Intrinsic Defects in High-Purity High-Resistivity p-Type 6H-SiC
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The densities, cross sections, and energy levels of intrinsic defects in high-purity high-resistivity (approximately 10° £ cm)
p-type 6H-SiC are determined using isothermal capacitance transient spectroscopy (ICTS). Five intrinsic defects are detected
ranging from 0.76 to 1.35eV above the valence band. Since the sum of the densities of intrinsic defects detected is the same
order of magnitude as the acceptor density in the p-type 6H-SiC, the intrinsic defects are found to decrease the majority-carrier

concentration making its resistivity as high as approximately 10° € cm.
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1. Introduction

For the lateral-power microwave device applications of
silicon carbide (SiC) and gallium nitride (GaN), a very high
resistivity substrate with a low concentration of deep levels
is required because deep levels in the substrate limit the
maximum frequency and efficiency of the devices, and also
degrade the stability. That is why the high-purity semi-
insulating SiC substrate has been intensively investigat-
ed,” instead of the vanadium (V)-doped semi-insulating
SiC. The resistivity (p) of high-purity SiC is strongly
affected by intrinsic defects located in its midgap, which
capture the majority carriers. Therefore, it is necessary to
investigate the nature of the deep levels in high-purity SiC.
Traps have been usually evaluated using deep-level transient
spectroscopy (DLTS).*> DLTS analysis is feasible only
when trap densities are much lower than the dopant
density.®

Because trap densities have the same order of magnitude
as the density of unintentional impurities (donors or accep-
tors) in high-purity high-resistivity (HPHR) SiC, DLTS
cannot be used to characterize its intrinsic defects. For this
reason, to characterize the intrinsic defects in SiC, dopant-
doped low-resistivity SiC irradiated by electrons has been
intensively investigated by DLTS in the past.”®

To investigate the intrinsic defects in HPHR SiC,
isothermal capacitance transient spectroscopy (ICTS)? can
be applied. However, DLTS and ICTS cannot be used for
semi-insulating semiconductors with p much higher than
10° 2 cm because the measured capacitance is determined
by the thickness of the diode, and not by the depletion region
of the junction.'®'> In this paper, we report on our
investigation on the intrinsic defects in HPHR p-type 6H-
SiC from the temperature dependence of ICTS signals.

2. Experimental Procedure

The thickness and size of the HPHR 6H-SiC substrate
grown by the modified Lely method were 1mm and
5 x Smm?, respectively. Ni electrode (so-called bottom
electrode) was evaporated on one side of the sample, and
then the sample was annealed to obtain good ohmic contact.
After the cleaning of the other side of the sample, Ni
electrode with a radius of 1 mm (so-called top electrode) was
evaporated. The current—voltage (I-V) characteristics of the
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diode were measured using Keithley source-measure unit
(SMU238). Capacitance—voltage (C—V) and transient capac-
itance C(f) measurements were carried out at a frequency of
1 MHz in the temperature range between 300 and 600K
using Horiba Deep-Level Analyzer (DA-1500). The C(f)
was measured after an applied voltage was changed rapidly
from O to a reverse bias (Vg) of —20V.

3. Results

3.1 I-V and C-V characteristics

Figure 1 shows the I-V characteristics of the diode at
500 K. Here, the bias voltage in the figure was applied to the
top electrode. The forward current flowed when the top
electrode was negatively biased, whereas the reverse current
flowed when it was positively biased, indicating that
conduction in this highly resistive 6H-SiC is p type. From
the slope of the I-V characteristics around the forward
bias of 2V, p of the 6H-SiC substrate was determined as
approximately 10° Q cm.

The capacitance of the diode at 300 K was independent of
reverse bias, and was close to the geometric capacitance
calculated using the thickness of the 6H-SiC substrate. At
temperatures higher than 450K, the capacitance was
dependent on reverse bias, indicating that the measured
capacitance is determined by the width of the depletion
layer. Therefore, the capacitance was measured at temper-
atures higher than or equal to 450 K.

Figure 2 shows the C~2-V characteristics of the diode at
500 K. From the slope, the value of Ny—Np was estimated as
9.3 x 10" cm~3, where N, and Np are the densities of the
acceptors and donors, respectively.

3.2 Isothermal capacitance transient spectroscopy
Figure 3 shows the C(¢) and ICTS signal of the diode at
500K, indicated by dashed and solid lines, respectively.
Here, the ICTS signal S(¢) is defined as”
st =25 (M)
=t— -
From the number of peaks of S(#) in Fig. 3, at least three
types of hole-trap species could be detected. These hole traps
are here referred to as HRH2, HRH3, and HRH4, as shown
in Fig. 3. Judging from the ICTS signals in the shorter or
longer time range, there are at least another two unresolved
hole traps. However, Figs. 4 and 5 show the ICTS signal at
470 and 530K, respectively, in which these two contribu-
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Fig. 3. Transient capacitance and ICTS signal at 500 K.
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Fig. 4. ICTS signal at 470 K.
tions could be fully resolved and labeled HRH1 and HRHS,

respectively. Finally, five types of hole trap could be

observed in the temperature range between 450 and 600 K. 60

: ; : 9) L I B B L] L] L B
The ICTS signal is theoretically expressed as High-resistivity p-type 6H-SiC3
geseoA’ 530K 3
SO = 53— v Xi:Nuet,texp( eqt), ) 314 mm’
which has a peak at 40 HRHS—E
Tpeaki = : 3) & :
peaki — ey > - 30
where A is the junction area, ¢ is the electron charge, ¢; is the z
dielectric constant of semiconductor, €, is the free-space 20
permittivity, Vy is the diffusion potential of diode, Ny; and e;
are the density and emission rate of the ith hole trap, 10
respectively. Moreover, N;; is given as”
2(Vqg — Vr) 0
= 7qeseoA2 S(tpeaki) exp 1. () 10 102 10° 102

Time [s]

On the other hand, the hole concentration at the ith trap

(py) varies as'®1® Fig. 5. ICTS signal at 530K.
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dpu

ar = 0V p(Ni — i) — €iiPu> (5)

where

i = N[l — f(EW)], (6)

f(Ey) is the electron occupation probability for the ith hole
trap, given as

1
E,) = s 7
FE) - e ™
exp| ———

8ti €Xp T
p is the hole concentration in the valence band, expressed as

Er — Ey
= N c _— > 8
P v xp( T ) ®)

vy, 1s the thermal velocity of electron, Ef is the Fermi level,
Ny is the effective density of states in the valence band, Ev
is the valence band maximum, & is the Boltzmann constant,
T is the absolute temperature, and E, oy, and gy are the
energy level, cross section, and degeneracy factor of the ith
hole trap, respectively. In thermal equilibrium (dp;/dt = 0),
ey is derived using egs. (5)—(8) as

Nyoivm ( E;— Ev)
exp( — .
8ti kT

Since Ny is proportional to T'/? and vy, is proportional to
T3/2, the emission rate is expressed as

C))

€ =

E; —Ey
i=Bi ,'T2 e — 10
e o eXP( T ) (10)
and
47/ 6Tmi k>
Bi:w, (11)

gih?

where mj; is the hole effective mass and £ is Planck’s
constant. On the basis of the discussion above, the relation-
ship between e;/T? and 1/T is shown in Fig. 6. In Fig. 6,
the optimum straight line fitting to experimental data for
each trap could be obtained, from which the values of Ey; and
oy could be determined and listed in Table I. Here, m; and
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Fig. 6. Relationship between e;/T? and 1/T.

Table I. Densities, energy levels and cross sections of hole traps
determined from ICTS.

Hole-trap species Density Energy level Cross section
P species (cm™3) 8% (cm?)
HRHI 5.0 x 1013 Ey +0.76 1 x 1071
HRH2 3.3 x 101 Ey +1.15 2 x 10712
HRH3 2.0 x 1013 Ev +1.20 5x 1071
HRH4 2.1 x 101 Ey +1.33 4 x 10~
HRH5 3.6 x 1013 Ey+1.35 4 x 10717

gy were assumed to be my and 1, respectively, where my is
the electron rest mass. This table also includes N;; estimated
using eq. (4), which is averaged over the temperature range
of the measurement.

4. Discussion

There are few reports on deep levels in p-type SiC in the
literature, and also, it is difficult to characterize electrically
active deep levels in high-resistivity or semi-insulating SiC.
In 6H-SiC, deep levels denoted by H1 and H2 were reported
to be located at Ev + 0.55eV and Ev + 0.78eV, respec-
tively.'” By photoexcitation-electron-paramagnetic-reso-
nance studies, a deep level (EI5) relating to the positively
charged carbon vacancy (V) was reported to exist in
electron-irradiated p-type 4H-SiC lying at Ey + 1.47eV.20
According to DLTS studies on deep levels in low-resistivity
p-type 4H-SiC epilayers,”® the following deep levels were
reported; D with an energy level of Ey + 0.49¢eV and a cross
section of 1 x 1071°cm?, HKO with Ey + 0.79e¢V and
3 x 1071 cm?2, HK2 with Ey + 0.84¢eV and 4 x 10~ cm?,
HK3 with Ey + 1.27eV and 3 x 10~ cm?2, and HK4 with
Ey + 1.44eV and 6 x 107" cm?. According to literature,’"
Ey in 6H-SiC is the same energy position as Ey in 4H-SiC,
whereas the conduction-band minimum in 6H-SiC is lower
than that in 4H-SiC. Since the energy levels of hole traps are
measured from the Ev, the energy levels of the hole trap of
the same origin in 6H-SiC and 4H-SiC are considered to be
similar. On the basis of the dependence of the deep-level
density on the fluence of electron irradiation,® the origin of
HK4 was reported to be a complex including V¢, whereas
HKO might not be related to V. Compared with our results,
the origins of HRH1, HRH3, and HRH4 in 6H-SiC might be
considered to be those of HK2, HK3, and HK4 in 4H-SiC,
respectively.

The sum of the densities of intrinsic defects detected is
1.6 x 10 cm™3, whereas the acceptor density is approx-
imately 9 x 10"*cm™3. Therefore, the intrinsic defects
strongly decrease the majority-carrier concentration in the
high-purity 6H-SiC, which makes p as high as approx-
imately 10° € cm.

5. Conclusions

In high-resistivity semiconductors, the temperature range
for the capacitance measurement was limited because the
capacitance of a diode at low temperatures was determined
by the thickness of the sample, and not by the width of the
depletion region of the junction. Furthermore, the sum of the
densities of the deep levels was close to the dopant density.
Even in the case mentioned above, it was demonstrated that
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ICTS could be used to determine the densities and energy
levels of deep levels. In HPHR p-type 6H-SiC, five deep
levels were detected by ICTS. By comparison of the sum of
the densities of detected intrinsic defects with the acceptor
density, these intrinsic defects were found to make p as high
as approximately 10° Qcm.
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