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Deep levels generated by thermal oxidation in p-type 4H-SiC

Koutarou Kawahara,® Jun Suda, and Tsunenobu Kimoto®
Department of Electronic Science and Engineering, Kyoto University, Katsura, Nishikyo, Kyoto 615-8510,

Japan

(Received 15 November 2012; accepted 28 December 2012; published online 17 January 2013)

Thermal oxidation is an effective method to reduce deep levels, especially the Z,,-center
(Ec — 0.67 eV), which strongly suppresses carrier lifetimes in n-type 4H-SiC epilayers. The oxidation,
however, simultaneously generates other deep levels, HKO (Ev + 0.79eV) and HK2 (Ev + 0.98 eV)
centers, within the lower half of the bandgap of SiC, where the HKO center is a dominant deep level
with a concentration of about 1 x 10'3 cm™3 after oxidation. By comparing deep levels observed in
three sets of p-type 4H-SiC: oxidized, electron-irradiated, and C"- or Si*-implanted samples, we find
that the HKO and HK2 centers are complexes including carbon interstitials such as the di-carbon
interstitial or di-carbon antisite. Other defects observed in p-type 4H-SiC after electron irradiation or
after C*/Si* implantation are also studied. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4776240]

. INTRODUCTION

In producing high-power, high-temperature, and high-
frequency devices, SiC is one of the most fascinating semicon-
ductors. Deep levels in the SiC epilayers, however, prevent
the development of high-performance SiC bipolar devices.
The deep levels work as recombination centers resulting in the
reduction of carrier lifetimes' and also work as carrier traps,
leading to the reduction in conductivity. Therefore, deep
levels, especially the Z; » center,” a “lifetime killer” in n-type
4H-SiC,>* must be controlled.

In recent years, two effective methods were found to
reduce the Z; , center: (i) C* implantation followed by Ar
annealingS’6 and (i) thermal oxidation.” In both, excess
carbon atoms induced by C* implantation/oxidation diffuse
into the deeper region of a SiC epilayer during post-
implantation annealing/oxidation and fill carbon vacancies
(V). The 7, /2 center most likely contains Ve, % and
based on photo-EPR and electrical characterization the
origin has recently been identified as the acceptor levels of
Vc. The Z;,, concentration is thus strongly reduced by
these processes (C' implantation and thermal oxidation),
leading to very long carrier lifetimes (20 — 30us) in n-type
giC 1516

In contrast, new deep levels, HKO (Ey + 0.79eV) and
HK2 (Ev + 0.98 eV) centers, are observed after thermal oxi-
dation or C* implantation, which are probably related to the
interstitials diffusing from the SiO,/SiC interface (oxidation)
or from the implanted region (C* implantation).”* Although
effects of HKO and HK2 centers on carrier lifetimes are neg-
ligible compared with the Z; » center,® these can affect life-
times when the Z,,, centers are eliminated. In addition,
investigation of the generated defects, the HKO and HK2
centers, should lead us to a comprehensive understanding of
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the Z, s, reduction mechanism by thermal oxidation or ct
implantation, which is required for full control of carrier life-
times in SiC epilayers.

In this study, we compare depth profiles and thermal sta-
bility of the HKO and HK2 centers in three sets of p-type
4H-SiC: (i) oxidized, (ii) electron-irradiated, and (iii) C"- or
Si*-implanted samples, and discuss the origins of these
traps.

Il. EXPERIMENTS

The starting materials were Al-doped p-type 4H-SiC
(0001) epilayers (12 um thickness with acceptor concentra-
tion (V,) of 7 x 10" cm~3, or 120 um thickness with N, of
7 x 10" cm™3). (i) The first set of samples was oxidized at
different temperatures (1150, 1200, 1300, and 1400°C) for
various periods (1.3-16.5h) in 100% oxygen ambient,
whereas (ii) the second set of samples was irradiated with
150keV electrons (fluence: 1.0 x 107 cm~2). (iii) The third
set of samples was implanted with 10-50keV carbon (or
25-110keV silicon) ions with a total dose of 1 x 10" cm~2 or
1 x 10" cm~2 (implanted atom concentration: 1 x 10'® cm 3
or 1x10Ycm™), forming a 140-nm-box-profile. The
C*-implanted (or Sit-implanted) samples were annealed in
Ar ambient at various temperatures (1000, 1300, 1440, 1500,
1700, and 1800 °C) for 20 min. For deep level transient spec-
troscopy (DLTS) measurements, Ti was employed as
Schottky contacts (typical diameter: 1 mm). The backside
ohmic contacts were made of a Ti/Al/Ni (20nm/100 nm/
80nm) layer annealed at 1000 °C for 2 min. A period width
of 0.205s was employed in all DLTS measurements per-
formed in this study. The depth profiles of trap concentrations
up to 10 um were measured by changing the reverse bias volt-
age up to 100V in the DLTS measurements. To monitor
deeper regions (over 10 um), the samples were mechanically
polished from the surfaces, and the DLTS measurements
were repeated. Additional deep levels, though, did not appear
by polishing.

© 2013 American Institute of Physics
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lll. RESULTS AND DISCUSSION
A. Deep levels after thermal oxidation

Figure 1 shows the DLTS spectra obtained from a depth
of ~4 um for an as-grown sample before and after thermal
oxidation at 1300 °C for 15.9 h. In the as-grown sample, GP1
(Ey +0.46eV) and D (Ev + 0.63eV) centers were observed.
The GP1 center is located at a deeper level than the boron
acceptor (shallow boron level, Ey + (0.26 — 0.39) eV (Refs.
17 and 18)). In contrast, the D center is a well-known deep
level in p-type 4H-SiC (Ey + (0.54 — 0.73)eV),""° which
has been attributed to a boron atom in a silicon site with an
adjacent carbon vacancy (BSi—VC).lg’ZI’22 After oxidation,
the D center disappeared, whereas the HKO (Ey + 0.79¢eV)
and HK2 (Ey + 0.98eV) centers appeared. The HKO and
HK2 centers are both observed in RIE-etched samples?®*?
and electron-irradiated samples®° after Ar annealing (950—
1000 °C), whereas the HK2 center is detected occasionally in
as-grown samples.?’ Because these two centers are observed
after thermal oxidation, the two deep levels may be related
to the C (or Si) interstitials diffusing from the SiO,/SiC inter-
face during the oxidation.

1. Comparison between experimental defect profiles
and calculated interstitial profiles after thermal
oxidation

Figure 2 shows depth profiles of the HKO center after
oxidation at various temperatures for 1.3 h. When oxidation
is conducted at higher temperatures, the defect concentration
is higher and the HKO center is distributed to a deeper
region, which is consistent with an expected distribution of
interstitials after diffusion from the SiO,/SiC interface. In
Ref. 8, we introduced a calculation model for C; diffusion
and recombination with V¢ during thermal oxidation, and
showed that depth profiles of the Z; /> center after oxidation
can be predicted using the model. In this study, however, it
is very difficult to propose an accurate diffusion model for
calculation of the HKO distributions because (i) V¢ concen-
tration (and the distribution) in p-type SiC is not known, and
(ii) as discussed in the Sec. IIT A 2 the HKO center may origi-
nate from a C-interstitial complex rather than a single inter-
stitial. Thus, for the calculation of the HKO distributions, we
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FIG. 1. DLTS spectra for the as-grown p-type 4H-SiC (dashed line) before
and after thermal oxidation at 1300 °C for 15.9 h (solid line).
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FIG. 2. Depth profiles of HKO center after oxidation at various temperatures
for 1.3h. Each symbol indicates the experimental data and each line indi-
cates the calculated #; distribution obtained from Egs. (1)—(5).

use a simple model that defects (interstitials) diffuse from
the Si0,/SiC interface into the SiC bulk during oxidation.

Denoting the concentration of interstitials (Cy or Sij) by
ny and the diffusion coefficient of the interstitials by D, the
distribution of interstitials after oxidation is found by solving
the diffusion equations

6n1 - 32111
E_D e (1)

where the boundary and initial conditions are fixed as

8n1 o _y
D-Z2| =Fo-r(t#£0), )

ny|,_o = 0. 3)

When the calculated results are compared with the experi-
ments, fitting parameters, D, Eup,Fooo, and E,r, are
obtained from

Ew
D=D, - - , 4
exP( kT) @)

E.r
Fo=Fos - —=E), 5
0o="Fo eXP( kT) %)

The boundary condition, Eq. (2) determines the interstitial
emission at the oxidation interface, which is described with
Fy. Because the oxidation rate slows with time, the gradual
decrease in flux of the emitted interstitials as oxidation
(time) proceeds was taken into account by introducing a
damping coefficient o. This constant (o« = 1 at “#,x < 0.8h,”
o = 0.23 at “0.8h < t,x”") was determined from the depend-
ence of the oxidation rate on oxidation time at different oxi-
dation temperatures (not shown, details given elsewhere®).
From Eqgs. (4) and (5), D and F are described as functions of
temperature. The fitting parameters, E,p and E,p, signify the
respective activation energies corresponding to the energy
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barriers for the migration and the generation of interstitials.
The lines in Fig. 2 indicate the calculated s distribution
obtained from Eqgs. (1)—(5). Fitting parameters determined in
this study for the HKO distributions are listed in Table I.
Note that the parameters in Table I can be referred only as a
guide because of the simplification of the calculation model.

With these parameters, the dependence of the HKO
distribution on oxidation time can also be fitted. Figure 3
shows the depth profiles of the HKO center after oxidation
at 1300 °C for 1.3—15.9 h. Longer oxidation leads to a deeper
HKO distribution. Here, 5.3h x 3 in Fig. 3 (squares and
dotted line) indicates that the oxides were removed by hydro-
fluoric acid treatment after every 5.3 h of oxidation, which
enhances the oxidation speed compared with continuous oxi-
dation because, as mentioned above, the oxidation rate slows
with time. Using the same parameters listed in Table I, the
calculated results can reproduce the enhancement in HKO
generation by repeated oxidation and oxide removal. At
depths shallower than 1um, the calculation results for the
15.9h and 5.3 h x 3 oxidation show slightly lower HKO con-
centration than the experimental results. It is, however, very
difficult to propose a modified diffusion model to explain the
defect concentration near the surface because of the reason
mentioned above. Because the calculation (lines) almost fit
the experimental data (symbols), the inference is that the
origin of the HKO center must contain interstitials diffusing
from the SiO, interface during oxidation. The origin of the
diffusing atoms (Si or/and C) is discussed in the next sections.

2. Specific behaviors of the HKO center during
oxidation and subsequent Ar annealing

We found that neither generation nor diffusion of the
HKO center itself occurs by Ar annealing at temperature
lower than 1300°C. Figure 4 shows depth profiles of the
HKO center after oxidation at 1150°C for 1.3h, and after
oxidation followed by Ar annealing at 1150 °C for 4.3 h. The
HKO distribution did not change by the subsequent annealing
at 1150°C in an Ar atmosphere, which indicates that the
HKO center does not diffuse by Ar annealing at 1150 °C.
That HKO diffuses during oxidation and not during Ar
annealing can be explained as a diffusion of interstitials dur-
ing oxidation generated at the SiO,/SiC interface and form-
ing more stable defects, which become the source for the
HKO center, and thereby terminating the diffusion. There-
fore, rather than a single interstitial, the origin of the HKO
center could be a complex such as an interstitial cluster or an
interstitial-impurity complex. From ab initio calculations,
the formation of a carbon di-interstitial ((Cy),) seems to be
energetically favorable for a pair of carbon interstitials,>*>’

TABLE I. Parameter values obtained by fitting of the interstitial profiles
calculated based on the diffusion equations (Egs. (1)—~(5)) to experimental
HKO profiles shown in Fig. 1. The top row indicates the “X” in the first
column.

D Fo
Activation energy E,x 3.6eV 29eV
Coefficient X 1.4cm?s™! 1.4 x 10" cm=2s*!
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FIG. 3. Depth profiles of the HKO center after oxidation at 1300 °C for 1.3—
15.9 h. Each symbol indicates the experimental data and each line indicates
the calculated ny distribution obtained from Eqgs. (1)—(5).

and that the (Cy), defect forms energy levels at 0.1-1.2eV
above the valence band edge in the lower half of the bandgap
of 4H-SiC,>*?*?® which does not conflict with the energy
level of the HKO (Ev + 0.79eV) center detected by DLTS.
The energy levels of the carbon di-interstitial ((Cy),)
obtained by ab initio calculation®**%?® are shown in Fig. 5,
which indicates that the (Cy), is a candidate as source for the
HKO center.

The HKO center is not stable at temperatures higher than
1400 °C. Figure 6 shows the DLTS spectra of the sample
after thermal oxidation at 1300 °C for 15.9h, and after the
oxidation followed by Ar annealing at 1500 °C for 2h. All
deep levels including the HKO center disappeared after the
subsequent Ar annealing at 1500 °C (the HKO center disap-
pears at temperatures over 1400 °C (Refs. 20, 29, and 30)).
The dotted line in Fig. 6 shows the DLTS spectrum of the
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FIG. 4. Depth profiles of the HKO center after oxidation at 1150°C for 1.3h
(closed triangles), and after the oxidation followed by Ar annealing at
1150 °C for 4.3 h (reverse triangles).
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FIG. 5. Energy levels of carbon di-interstitial ((Cy),) obtained by ab initio
calculation.?*2628

sample after thermal oxidation at 1400 °C for 16.5h. In con-
trast with the oxidation at 1300 °C, the HKO and HK2 centers
were not generated by the high-temperature oxidation at
1400 °C. If the origin of the HKO center is assumed to be an
interstitial complex, as previously mentioned, these results
(in Fig. 6) indicate that at temperatures over 1400 °C excess
interstitial atoms exist as (i) single interstitials (the origin of
HKO center is dissociated and diffuses at the high tempera-
ture), or (ii) more thermally stable defects possessing higher
binding energy than that of origin of the HKO center.

In the last decade, interstitial complexes in SiC have
extensively been investigated by photoluminescence (PL),>' ¢
and these results have been compared with ab initio calcula-
tions.”>=?*>*" Several kinds of C-related defects have
been suggested to exist in electron-irradiated 4H-SiC and
6H-SiC.>'7 The identified PL signals are: T1 (a center),
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FIG. 6. DLTS spectra of the p-type 4 H-SiC after thermal oxidation at
1300°C for 15.9h (solid line), and after the oxidation followed by Ar
annealing at 1500 °C for 2 h (dashed line). DLTS spectrum of the sample af-
ter thermal oxidation at 1400 °C for 16.5h is also shown as a dotted line.
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T2/T3 (b center), and T4 (c center) centers as (Cz)Si,B*36 U
center (471.8nm zero phonon line (ZPL) in 4H-SiC)
as (C3)Si,32’33’36 G center (493.5nm ZPL in 4H-SiC) as
((C2)g;),,>>7° Z center (maybe 599.3nm ZPL in 4 H-SiC) as
(CI)2,32’33 The dissociation energy was calculated to be about
5.5eV for (Cpa,>*2° 3.6eV for (Cy)g;,> 5.8eV for (Cs)g;,>
and 6.7eV for ((Ca)s;),,>> which is consistent with relatively
high thermal stability of the defect centers observed in PL.>
Note that post-irradiation annealing behaviors of the U center
(ZPL at 471.8nm in 4 H-SiC) and the G center (ZPL at
493.5 nm in 4H-SiC) are similar with that of the HKO center
detected by DLTS in this study. The U/G centers appear after
annealing at 1100 °C/950 °C, remain at 1300 °C/1200 °C, and
disappear at 1400°C/1300°C (all annealing is 30min
long),** whereas the HKO center appears after annealing at
950°C, remains at 1300 °C, and disappears at 1400 °C.
Therefore, the origin of the HKO center could be (Cy),,
(C3)gi» or ((Ca)g;)y, Which is formed from single carbon
interstitials generated and diffusing during oxidation at lower
than 1300°C. (C3)g; and ((Cs)g;), can be formed when the
diffusing carbon atoms occupy silicon vacancies or displace
silicon atoms.

B. Deep levels generated by electron irradiation

As described in the last section, the origin of the HKO
center could be carbon-related complexes. To obtain more
insights of the origin, we investigated p-type samples irradi-
ated with 150keV electrons (fluence: 1.0 x 10" cm™2),
where displacement of only the carbon atoms occurs.”'?
Figure 7 shows DLTS spectra of the samples after electron
irradiation and after subsequent oxidation at 1150°C for
1.3h. UK1 (Ey + 0.49eV),”° HS2 (Ey + 0.63eV),>?° UK2
(Ey +0.71 eV),20 and HK4 (Ey + 1.4 eV)20 centers were
detected after electron irradiation. The HS2 center has been
reported to appear after electron irradiation with the energy
of 116keV-9 MeV,”?° whereas the UK1 and UK2 centers
appear with 160keV—400keV electrons.”® The HK4 center
has also been observed in as-grown samples.?’ As evident in
Fig. 7, after subsequent oxidation at 1150 °C for 1.3 h, the
HS2 and HK4 centers disappear, and the HKO and HK2 cen-
ters emerge. The HKO and HK2 centers cannot originate

0.03 ——

—— jrradiation
= ==irradiation + Ox. ]
0.02}+ UK2 HK4

0.01

DLTS Signal b, (pF)

| i | | | | | 1 |
200 300 400 500 600 700
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FIG. 7. DLTS spectra of the p-type 4 H-SiC irradiated with 150keV elec-
trons (solid line), and after electron irradiation followed by oxidation at
1150°C for 1.3 h (dashed line).



J. Appl. Phys. 113, 033705 (2013)

(b) after subsequent
oxidation

FIG. 8. Depth profiles of (a) UK1 (circles),
HS2 (triangles), and HK4 (rhombuses)
& ] centers in the p-type 4 H-SiC after electron
irradiation  (150keV, 1.0 x 107 cm™2),
and (b) HKO (squares) and HK2 (reverse
triangles) centers after irradiation followed
by thermal oxidation at 1150°C for 1.3 h.
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from a single interstitial because the HKO and HK?2 centers
were not detected in as-irradiated samples but in samples af-
ter subsequent oxidation (or Ar annealingm).

Figure 8 shows depth profiles of (a) UKI1, HS2, and
HK4 centers in the p-type 4 H-SiC after electron irradiation,
and (b) HKO and HK?2 centers after the irradiation followed
by thermal oxidation at 1150 °C for 1.3h. The HKO center
after electron irradiation followed by thermal oxidation
shows higher concentration and is distributed to a deeper
region compared with the HKO center after only thermal oxi-
dation (Fig. 2), which means that irradiation-induced damage
is the main cause of the HKO generation in these samples.
Figure 9 shows depth profiles of the HKO center in the sam-
ples after electron irradiation followed by thermal oxidation
at different temperatures for 1.3 h. The HKO distribution in
the samples after electron irradiation followed by thermal
oxidation is almost independent of oxidation temperature,
which also means that the HKO center generated by thermal
oxidation is negligible compared with the HKO generation
caused by irradiation damage.
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FIG. 9. Depth profiles of the HKO center in the p-type 4H-SiC after electron
irradiation (150keV, 1.0 x 107 cm~2) followed by thermal oxidation at dif-
ferent temperatures for 1.3 h.

Depth (um)

The other four deep levels, UK1, HS2, HK2, and HK4,
show similar distribution to the HKO distribution (Fig. 8),
which may indicate that these also originate from
irradiation-induced damage (related to C; or/and V). The
HKO and HK2 centers were detected only after post-
irradiation annealing, whereas the UK1, HS2, and HK4 cen-
ters were detected just after electron irradiation. Therefore,
the origin of the HKO center (and the HK2 center) should be
a carbon-related complex defect (and not single interstitial),
which is consistent with the results obtained in the last
section.

C. Deep levels generated by C* or Si* implantation

Investigation on the deep levels in C*- or Si*-implanted
samples must be helpful for clarifying the origin of the deep
levels. Therefore, C* or Si* implantation was performed on
the p-type SiC epilayers, followed by Ar annealing. Figure 10
shows DLTS spectra of the p-type 4 H-SiC after C* implanta-
tion followed by Ar annealing at 1300 °C (the solid line is the
signal obtained near the surface (<1pum), and the dashed
line in a deeper region) and at 1500 °C (dotted line). In the
C*-implanted samples, the same deep levels, UK1, UK2,
HKO, and HK?2 centers, are observed as those observed in the
electron-irradiated samples (Fig. 7) that must be related to the
carbon displacement as discussed above. When the

02 T T T T

C" implantation

'-\'5/_ + Ar annealing |
2 Ar 1300°C (near
e 0.1 surface, signalx1/2)
S NN
e A HK2 o
2 eI\ s e 100
o ; «— Ar1500°C
| i | I 1
200 300 400 500 600 700

Temperature (K)

FIG. 10. DLTS spectra of the p-type 4 H-SiC after C+ implantation fol-
lowed by Ar annealing at 1300 °C (solid line is the signal obtained near the
surface (<1 pm), and dashed line in the deeper region) and 1500 °C (dotted
line).
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FIG. 11. Depth profiles of implanted atoms and carbon interstitials after C*
or Si" implantation (total dose: 1 x 10" cm~2) simulated by SRIM code.

temperature of the subsequent annealing was 1500°C, no
DLTS peaks could be observed as indicated in Fig. 10 by the
dotted line. This is consistent with the results obtained in the
oxidized samples where all DLTS peaks disappeared after
annealing over 1400 °C (Fig. 6). For Si* implantation, a simi-
lar behavior for the deep levels was observed (not shown).
Figure 11 shows the depth profiles of implanted atoms
and Cj generated by the collision of implanted ions, just after
implantation, which were simulated using a SRIM code;*®
SRIM is an acronym for stopping and range of ions in mat-
ter. The C; concentration in the Si'-implanted samples is
higher than that in the C'-implanted samples due to the
higher energy of Si* implantation (10-50keV for C* im-
plantation and 25-110keV for Si* implantation) and larger
mass of Si'. The distribution of V/V s, is almost the same as
that of C;/Si; in the simulation (the difference is within 1 nm,
not shown), which means that carbon atoms/silicon atoms
are not knocked far away from their original positions by
collisions with implanted atoms. In contrast, the distribution
of Si; and Vg shows a little lower concentration (~70%)
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than that of C; (and V) because of the higher displacement
energy of 35eV for a silicon atom compared with 21eV
for a carbon atom.® Note that a large amount of the intersti-
tials and vacancies generated by implantation bombardment
should recombine during the subsequent Ar annealing
because these are located closely to each other after
implantation.

Figure 12 shows the depth profiles of deep levels in the
(a) C"- or (b) Si'-implanted samples followed by Ar anneal-
ing at 1300 °C for 20 min, respectively. Depth profiles of car-
bon interstitials just after C* or Si* implantation simulated
by the SRIM code are also shown as a solid line in the same
figures. The deep levels can be categorized into two groups;
the UK1 and UK2 centers as group A, and the HKO and HK2
centers as group B. Group A has low diffusivity, the distribu-
tion of which is not much different from that of C; (or the
other intrinsic defects just after ion implantation) simulated
by the SRIM code (the real tail region of the C; distribution
should spread to a deeper region because the SRIM code
assumes a completely amorphous material as a target).
Therefore, the UK1 and UK2 centers could originate from
immobile defect(s) induced by collision of implanted atoms
(e.g., vacancy and complex). The similarity in the depth
profiles of the UK1 and UK2 centers probably reflects that
(i) these originate from the same defect and correspond to
different charge states (thermal stability of the UKI and
UK2 centers is similarzo), or (ii) the origin of these is differ-
ent but simply shows a similar distribution (simulation
results show similar distributions for V¢, Cy, Vg, and Siy just
after the implantation, as mentioned above). In contrast,
group B (HKO and HK?2) is distributed to a much deeper
region after Ar annealing at 1300 °C than the depth profile of
implanted atoms, indicating that the origin of these contains
a mobile defect such as C; and Si;. The concentration of the
HKO center is about three times higher than that of the HK2
center in the whole monitored area. In other words, the con-
centration of the HKO center is different from that of the
HK?2 center, but the diffusion coefficient of HKO is the same
as that of the HK?2, indicating that these could contain the
same defect but form different configurations, like Cj, (Cy),,

(C2)si> (C3)s;» and ((C2)g;),-

I I R R

Si* implantation
+ 1300°C anneal

FIG. 12. Depth profiles of deep levels in
the p-type 4 H-SiC after (a) C* or (b) Si*
implantation (dose: 1 x 103 cm~2) fol-
lowed by Ar annealing at 1300°C for
20 min. A depth profile of carbon intersti-
tials just after C* implantation simulated
by SRIM code is also shown as a solid
line.
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FIG. 13. Depth profiles of HKO center in the p-type 4H-SiC after C*
(circles) and Si' (triangles) implantation followed by Ar annealing at
1300 °C for 20 min. Depth profile of HKO center in the sample oxidized at
1300 °C for 20 min is also shown as square symbols.

Figure 13 shows plots of the depth profiles for the HKO
center in the samples after implantation with either C*
(circles) or Sit (triangles) followed by Ar annealing at
1300 °C for 20 min. The HKO concentration after implantation
is clearly higher than that after thermal oxidation at 1300°C
for 20 min (closed squares, dotted line). This should come as
a result of the high amounts of interstitials near the surface
region induced by ion implantation, either C* or Si*. The
HKO center in C'-implanted samples is distributed to a
deeper region with higher concentration compared with that
in Si*-implanted samples, indicating that the origin of the
HKO center is Cj-related defects. If the HKO center originates
from other defects (e.g., Sij) generated by implantation bom-
bardment (some of the defects might not recombine and thus
diffuse during Ar annealing), the HKO concentration in the
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Si*-implanted samples must be higher than that in the C*-
implanted samples because the amount of displaced atoms in
the Si*-implanted samples is higher than that in the C'-
implanted samples under this implantation condition, as cal-
culated by the SRIM code (Fig. 11). Therefore, the HKO in
the C"-implanted samples can be determined mainly by the
diffusion of implanted carbon atoms (excess carbon atoms),
whereas the distribution in the Si*-implanted samples mainly
by diffusion of C; generated by implantation bombardment.
We also investigated the dependence of the HKO distribution
on implantation dose. In Fig. 13, closed/open symbols
indicate the HKO distribution for doses 1 x 10'*cm™2/1
x10"%cm~2. The HKO concentration in the samples
implanted at the higher dose is almost the same or slightly
higher than that at the lower dose, suggesting that the amount
of C; diffusion is not much different in the two samples
(1 x 10® em~2/1 x 10" cm~2 dose). Because too high a con-
centration of Cj defects (e.g., 1 x 108 em™3) is thermody-
namically unfavorable, this concentration should be reduced
to a certain level during Ar annealing by either conversion to
other defects or diffusion to the sample surface.

IV. DISCUSSION

In this study, eight deep levels, GP1 (Ey + 0.46eV),
D (Ey +0.63eV),""2° HS2 (Ey + 0.63eV),”?° HK4 (Ey
+1.4eV),”* UKI1 (Ey +0.49eV),”* UK2 (Ey + 0.71eV),”’
HKO (Evy + 0.79 eV),20 and HK2 (Ev + 0.98 eV)20 centers,
were detected in p-type 4 H-SiC; a summary is given in
Table II. The GP1 center was occasionally detected in as-
grown samples (Fig. 1) and disappeared after oxidation at
1400°C (Fig. 6) or Ar annealing at 1440°C (not shown).
This type of deep level was not found in previous reports.
The D center, which has been attributed to BSi—Vc,lg’ZI‘22
was detected in all as-grown samples and disappeared after
thermal oxidation (Fig. 1). V¢ in the D center will be filled
with diffusing C; emitted from the oxidizing interface. The
HS2 and HK4 centers were generated by electron irradiation
and disappeared after thermal oxidation at 1150°C (Fig. 7).

TABLE II. Deep levels observed in p-type 4H-SiC and the condition for generation and elimination. The suspected origins are also shown.

Label Etr —Evy (eV) Generated by Eliminated by Origin (speculation)
GP1 0.46 1440°C Ar annealing Unknown
As-grown
D 0.63 1150 °C oxidation Bgi-V! 82122
HS2 0.63 1150 °C oxidation or
1350°C Ar annealing®®
Electron irradiation C-related
HK4 1.4 1150 °C oxidation or
1550°C Ar annealing
UK1 0.49 Electron irradiation or C-related and
1440°C Ar annealing
UK2 0.71 C*/Si™ implantation immobile
HKO 0.79 Oxidation or (Cr), or
electron irradiation or 1400 °C Ar annealing (C3)g; or
HK2 0.98 C*/Si* implantation ((C2)s1)2
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The HS2 and HK4 centers should be related to C; or/and
V¢, because depth profiles for these after irradiation with
150keV electrons, causing displacement of only carbon
atoms, seem to reflect the irradiation damage (Fig. 8). The
UK and UK2 centers were generated by electron irradiation
(Fig. 7) or C*/Si" implantation (Fig. 10), which remained af-
ter Ar annealing at 1300°C (Fig. 12) but eliminated at
1440°C (not shown). The depth profiles of the UK1 and
UK2 centers followed irradiation damage (Fig. 8) or C*/Si™
implantation damage (Fig. 12), and did not change after Ar
annealing at 1300 °C (Fig. 12), indicating that these originate
from carbon-related and immobile defects.

The HKO and HK2 centers must be related to interstitials
(not vacancy) because (i) the HKO distribution after oxida-
tion can be fitted by the interstitial distribution calculated
from the diffusion equations (1)—(5) (Figs. 2 and 3), and
(ii) these centers are distributed to much deeper regions com-
pared with the other deep levels (UK1 and UK2) after C* or
Si" implantation followed by Ar annealing (Fig. 12). In addi-
tion, the HKO and HK2 centers must be carbon-related
defects (not silicon-related defect) because (i) these are gen-
erated by irradiation with 150keV electrons, and (ii) higher
concentrations of the HKO and HK2 centers are observed
in C"-implanted samples than in Si'-implanted samples
(Fig. 13); nevertheless, the amount of displaced atoms by
Si" implantation is higher than that by C* implantation. Fur-
thermore, the HKO and HK2 centers are inferred to be com-
plex defects (not single Cy) from the results that (i) the HKO
center is generated (through diffusion of carbon intersti-
tials) during thermal oxidation, but does not diffuse by
subsequent Ar annealing at the same temperature (Fig. 4),
and (ii) the HKO and HK?2 centers are not detected just af-
ter irradiation, but detected after the subsequent annealing
(Fig. 7). From these results, the origin of the HKO center
should be a complex that includes carbon interstitial(s)
like (Cpa, (Cs)g;, or ((Ca)g;),- This defect should decom-
pose or be converted to other defects at temperatures over
1400°C (Figs. 6 and 10). PL signals corresponding to
these Cj-related complexes have been reported in electron-
irradiated SiC,%>~'’ thermal stability of which is similar
to that of the HKO center.

We speculate that point defects during thermal oxidation
should behave as follows. Carbon interstitials (and also sili-
con interstitials) are generated at the SiO,/SiC interface and
diffuse into SiC bulk during thermal oxidation. The concen-
tration of silicon interstitials in SiC bulk after oxidation is
much lower than that of carbon interstitials because of the
low diffusivity.***! Many diffusing carbon interstitials
recombine with carbon vacancies, leading to a reduction in
Z,,» centers. Other carbon interstitials combine with one
another (or combine and occupy silicon vacancies) and form
Ci-related complexes (the origin of HKO center) during oxi-
dation when the oxidation temperature is below 1300°C.
Subsequent Ar annealing at over 1400 °C decomposes the
source of the HKO center (and/or form more thermally stable
defects). For oxidation at over 1400 °C, C; defects do not
combine with others (or form very thermally stable defects)
during oxidation, resulting in no DLTS peaks in the lower
half of the bandgap in 4 H-SiC.

J. Appl. Phys. 113, 033705 (2013)

V. CONCLUSION

We sought to reveal the origins of the deep levels
observed in p-type 4H-SiC after thermal oxidation, espe-
cially HKO (Ey + 0.79eV) and HK2 (Ey + 0.98 eV) centers,
by comparing deep levels observed in oxidized, electron-
irradiated, and C*- or Si*-implanted samples. The HKO and
HK2 centers are generated by thermal oxidation, electron
irradiation, or C*/Si* implantation, and eliminated by Ar
annealing at temperatures over 1400 °C. From this behavior
of the HKO and HK?2 centers, the origin of these centers is
thought to be from a complex that include carbon intersti-
tial(s) like (Cp), (C3)g;. or ((C2)g;),- PL signals correspond-
ing to these Cj-related complexes have been reported in
electron-irradiated SiC, the thermal stability of which is sim-
ilar to that of the HKO center. Following all results in this
study, we could describe the behavior of the point defects
(and deep levels) in SiC during oxidation and during subse-
quent Ar annealing.
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