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Interface carbon defects at 4H-SiC(0001)/SiO, interfaces studied
by electron-spin-resonance spectroscopy
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Unstitute of Applied Physics, University of Tsukuba, Tsukuba 305-8573, Japan

2Graduate School of Engineering, Kyoto University, Kyoto 615-8510, Japan
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(Received 23 May 2018; accepted 26 July 2018; published online 9 August 2018)

We study an electron-spin-resonance (ESR) signal of carbon dangling-bond defects at 4H-
SiC(0001)/SiO, interfaces, which we call an “interface carbon defect.” The ESR signal is close to a
c-axial type of the Py centers (interfacial carbon dangling bonds) that have originally been found in
porous-SiC/SiO, interfaces. The interface carbon defects were always formed with an areal density
of 3—4 x 10"*cm ™2 after the standard dry oxidation of 4H-SiC(0001) surfaces. They act as electron
traps and decrease the amount of free electrons in the channel region, consequently reducing the
field-effect mobility of Si-face 4H-SiC MOSFETs. They were eliminated by optimum post-oxidation
anneals (POAs) in either NO or POCIl; environment. Furthermore, POCl; POAs at 1000 °C intro-
duced a high density (1.7 x 10"*cm™?) of phosphorus donors into the channel region, increasing the
free-carrier density as compared with the case of NO POAs. Published by AIP Publishing.

https://doi.org/10.1063/1.5041059

The 4H-SiC/SiO, interfaces are the key components for
SiC power devices such as 4H-SiC metal-oxide-semiconduc-
tor field-effect transistors (MOSFETSs). The current standard
technique for fabricating a good 4H-SiC/SiO, interface is a
high-temperature (1200-1300 °C) thermal oxidation of a 4H-
SiC(0001) surface (the so-called “Si face”) by dry O, gas
followed by a post-oxidation anneal (POA) in a NO environ-
ment. The POA process can make the field-effect mobility
(ugp) of 4H-SiC MOSFETS ten times larger than that before
the POA.'” The mechanism for this drastic ypg-improvement
has recently been clarified by combining Hall and split
capacitance-voltage measurements.’ According to the recent
findings, the NO POA process effectively increases the
amount of free electrons by removing electron traps, while it
does not increase the electron mobility itself much. The
amount of the removed traps was found to be 2-3 x 10'*cm 2
for the standard NO POA recipe.® However, the origin of such
electron traps associated with the upg-degradation is still
unclear. So far, electron-spin-resonance (ESR) spectroscopy,
which is a powerful tool for identifying microscopic origins of
defect levels, has been applied to SiC-MOS systems.*® Up to
now, however, ESR centers with 2-3 x 10"?>cm™2 or more
have not been detected at the 4H-SiC(0001)/SiO, interfaces.
Alternatively, electrically detected magnetic resonance
(EDMR) was applied to Si-face 4H-SiC MOSFETS to visual-
ize interface defects in their MOS interfaces.”'® As a result,
an interfacial Si-vacancy center® and different types of inter-
face defects’”'” have been detected under optimum bias con-
ditions for each EDMR signal. However, the densities of these
EDMR centers are unclear yet because of a lack of quantita-
tivity of EDMR signals.

In this Letter, we present quantitative ESR measure-
ments on interface defects or electron traps at 4H-SiC(0001)/
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SiO, interfaces formed by dry oxidation with/without the
standard NO POA process. Furthermore, we also character-
ized another effective POA process, i.e., POCls POA,“’12
which is known to achieve a much higher pgg (~100 cm?/V's)
than the standard NO POA (20-40cm?/Vs)."'! By applying
ESR to special free-standing 4H-SiC epitaxial layers, we
observed an anisotropic ESR signal just after the dry oxida-
tion. This signal is assigned to be a sort of a carbon dangling-
bond center at the 4H-SiC(0001)/SiO, interfaces, since it
resembles c-axial type Ppc centers (carbon dangling bonds)
that have originally been found in porous-SiC/SiO, interfa-
ces.® We here call it an “interface carbon defect.” Our ESR
measurements demonstrated that both optimum NO and
POCI; POAs can remove it. Their spin density was estimated
to be 3-4 x 10"? cm_z, which is in agreement with the amount
of electron traps changed by NO POAs.? Thus, we conclude
that the interface carbon defects are major electron traps that
decrease the upg of dry-oxidized Si-face MOSFETs. In addi-
tion, we also found phosphorus (P) doping over 1 x 10"*cm 2
after an optimum POCIl; POA process, which contributes to
an increase in the free-carrier density in the channel region. In
contrast, we could not detect nitrogen (N) doping after NO
POAs, and hence evaluated the N-doping density to be lower
than 1 x 10" cm™2.

We carried out ESR measurements on the interface car-
bon defects at room temperature and on the P and N donors
at 4-20K by means of a Bruker ES00 X-band spectrometer
equipped with a super-high-Q cavity and an Oxford ESR-
900 liquid-He cryostat. Since the carbon interface defect
showed a strong microwave saturation behavior due to a
weak spin-orbit interaction of its electron spin on a carbon
atom, its ESR signal was most clearly observable at room
temperature. We utilized the standard magnetic-field modu-
lation technique at 100 kHz with an amplitude of 0.1-0.3 mT
for the interface carbon defect. ESR transitions were excited
by a microwave of 9.428 GHz and 0.2 mW, unless otherwise

Published by AIP Publishing.
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stated. The spin densities were calculated by comparing their
absorption ESR intensity per cm? with that of a measurement
standard (a CuSO45H,O specimen with 12.53mg and
3.02 x 10" spins).

The ESR substrates were prepared using free-standing 4H-
SiC epitaxial layers (0.35 x 0.70 x 0.013cm® or 0.35 x 0.70
% 0.016 cm®) with either Al doping of 4 x 10'*cm ™ or N dop-
ing of 4 x 10" cm ™, respectively. In these epitaxially grown
crystals, the amount of deep levels is controlled to be much
lower than the above doping levels, and hence an obstruction
due to bulk ESR signals should be suppressed to be 10" cm 2
(=10"cm™? x 0.01 cm) or lower. This is the key for observ-
ing interface ESR signals with a density of 10'*cm ™2

Both sides of the substrates were finished by chemical
mechanical polishing (CMP); however, the substrates showed
a broad amorphous-carbon signal [g value (g)=2.003,
Fig. 1(a)], in addition to a reference signal of the E’ center (a
paramagnetic silicon center in SiO,,"? g =2.0008) in a sample
rod. The amorphous-carbon signal is consistent with those of
carbon dangling bonds in various carbon materials.'*'® The
signal is isotropic, as indicated by solid and dotted lines in
Fig. 1(a) measured for different magnetic-field angles. The
isotropy was also confirmed by a more detailed angular

Amorphous
carbon

297K
, 9.428 GHz
E'(Ref)  B//10001]

Interface carbon defect

(d) NO 1250°C M*‘/\/
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FIG. 1. Room-temperature ESR spectra of free-standing 4H-SiC(0001) epi-
taxial layers before/after oxidation and post-oxidation anneals (POAs),
where an E’ reference signal comes from a sample rod. Solid and dotted
lines were measured for magnetic fields (B) parallel and normal to the
[0001] axis, respectively (cf., Fig. 2). (a) Initial substrate. (b) After the
reset process. (c), (e), and (g) After the standard dry oxidation on the Si face
of the reset substrate. An anisotropic ESR signal of “interface carbon defect”
appears. (d), (f), and (h) After POAs with either NO or POCl;.
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dependence shown in Fig. 2(a). The peak-to-peak signal width
(0.55mT) is consistent with those of sp’-hybridizied car-
bons.'> We attribute the signal’s origin to be residual carbons
on the polished surfaces, because its ESR intensities strongly
depended on CMP processes as well as on the surface etching
detailed below. Note that this signal could not have been
removed by either RCA chemical cleaning or sacrificed oxi-
dation (50nm) + SiO, wet etching; so, we have to use a dif-
ferent surface treatment. To eliminate the amorphous-carbon
signal, we carried out a precise dry-etch process by a high-
temperature HCI anneal (Table I).17 We hereafter call this the
“reset process.” After the reset process, the amorphous-
carbon signal was completely eliminated as shown in Fig.
1(b). The reset process was also very useful for preparing a
fresh surface of the substrate by removing its on-top SiO,
layer as well as the surface layer of the substrate.

By taking advantage of the reset process, we could
repeatedly characterize dry oxidation and various POA pro-
cesses (see Table I) on the fresh surfaces, as demonstrated in
Figs. 1(c)-1(h). It is notable that the oxidation and POA pro-
cesses we studied here were electrically characterized by
previous works on MOS or MOSFET structures.”**'* In the
first step, we repeatedly tried dry oxidation. For ESR speci-
mens after the dry oxidation, their Si face was protected by
an acid-proof coat, and then C-face oxide was chemically
removed by hydrofluoric-acid etching. This process ensures
that we measured only ESR-active centers on the side of the
Si face, and the C-face side will be separately studied else-
where. We always observed the appearance of a spin-1/2
ESR signal, which we call an “interface carbon defect,” as
seen in Figs. 1(c), 1(e), and 1(g). As is shown by solid and
dotted lines in Fig. 1(c), this signal is clearly anisotropic,

. (c) P donor
2.008 — i« dopedbyPOCl;
- (d) N donor (bulk)
2.006 - '

(a) Amofphous carbon
: |
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FIG. 2. Angular dependence of ESR signals observed in this study.
Magnetic-field angles of 0° and 90° correspond to magnetic fields parallel
and normal to the [0001] axis, respectively. (a) Amorphous-carbon signal in
initial substrates. (b) Interface carbon defect formed at dry-oxidized 4H-
SiC(0001)/SiO; interfaces. (c) Phosphorus donors (measured at 4 K) doped
after POCl; POA at 1000 °C. (d) Nitrogen donors (measured at 20 K) origi-
nating from residual impurities in bulk.
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TABLE I. Oxidation and optimum POA processes on 4H-SiC(0001) (Si face) examined in this study. The reset process as well as ESR results are also

summarized.

Process Condition ESR result

Reset HCI anneal at 1300 °C for 2 min. (etching rate for SiC = 14 nm/2 min.) Remove surface amorphous-carbon signal

Dry oxidation O, anneal at 1300 °C for 30 min. (44-nm-thick SiO, growth on Si face) Generate interface carbon defects with 3-4 x 10'?cm ™2
NO POA NO anneal at 1250 °C for 70 min. followed by N, anneal at 1200 °C for 30 min. Remove interface carbon defects

POCl; POA POC]; anneal at 1000 °C for 10 min. followed by N, anneal at 1000 °C for 30 min. Remove interface carbon defects + P-doping

unlike the amorphous-carbon signal noted above as well as
the interfacial Si-vacancy signal studied by Cochrane ef al.®
By examining its angular dependence in detail [Fig. 2(b)],
we found that this signal shows c-axial symmetry with
gy=2.0024 and g, =2.0032. These principal g values
belong to those of typical carbon dangling bonds.'* It is
especially worth noting that the principal g values show
excellent agreement with those of the c-axial Pyc center
(gy=2.0023 and g, =2.0032), which has been identified as
c-axial carbon dangling bonds in porous-SiC/SiO, interfa-
ces.® Therefore, the interface carbon defect most probably
originates from a sort of carbon dangling bonds at the 4H-
SiC(0001)/Si0O, interfaces. However, the final identification
of this defect should wait until its hyperfine interactions with
a '°C nuclear spin have been fully analyzed.

In the second step, we examined the changes in the inter-
face carbon defects by subjecting the dry-oxidized substrates
to either NO or POCl; POA processes. As Fig. 1(d) shows,
the interface carbon defects were eliminated by an optimum
NO POA (Table I). Their amount was reduced below our
detection limit. Also, an optimum POCIl; POA process (Table
I) achieved the same result, as shown in Fig. 1(h). On the
other hand, for POCl; POA at a slightly lower temperature
(900°C), the interface carbon defects could not be fully
removed [Fig. 1(f)]. This observation is consistent with the
previous experimental finding that the carrier traps were
effectively annihilated by POCI5 anneal at over 950 °C.'?

For each process step, the spin densities of the carbon
defects (amorphous carbon or interface carbon defect) were
estimated by deconvoluting a carbon-defect signal from each
spectrum (blue lines in Fig. 1). The quantitative values are
summarized in Fig. 3. As shown in Fig. 3(a), we found the
amorphous-carbon signal with 4.9 x 10'* cm™~*/one-side (we
assumed this signal from both faces of a substrate). In other
substrates with different CMP processes, its spin density
decreased below 1 x 10'?cm 2. After the reset process, no
substrates showed the amorphous-carbon signal, e.g., shown
in Fig. 3(b).

After the dry oxidation processes, we always found the
interface carbon defects with 3—4 x 102 cm ™2 [Figs. 3(c),
3(e), and 3(g)]. They could be fully eliminated by the opti-
mum NO and POCl; POA processes as shown in Figs. 3(d)
and 3(h), respectively. In the previous work,> a NO POA
process (1250 °C for 60 min. applied to a 50-nm-thick dry
oxide) reduced the amount of electron traps at the interface
by 2-3 x 10'?cm 2, resulting in significantly improving upg.
Such a reduction is mostly consistent with the present result
that the interface carbon defects with 3—4 x 10"?cm ™2 are
eliminated by a NO POA process. Furthermore, the interface

carbon defect expectedly works as an electron trap, because
its positive and neutral dangling-bond levels can capture elec-
tron(s), the same as in the case of famous P, centers (silicon
dangling bonds) at Si/SiO, interfaces.'®> We therefore propose
that the observed defects are responsible for causing the elec-
tron traps associated with the pgg-variation before/after NO
POA:s.

Interestingly, the POCl; anneal can further increase pgg
up to 100cm?/Vs."! The present result revealed that both the
optimum POCI; and NO POAs fully remove the interface car-
bon defects. The additional increment in ugg after the POCl;
anneal is possibly due to the P-doping with the channel
region. Figure 4 shows the P-doping after the optimum POCl;
anneal. In the figure, ESR spectra measured at 4 K by a rapid-
passage mode,'® which exhibit absorption ESR signals, were
examined for (a) the reset surface, (b) and (c) POCIl; POAs at
different temperatures, and (d) NO POA. In Fig. 4(c), a new
broad resonance appears, which we attribute to the P-donor
signal. A doublet hyperfine (HF) splitting of a *'P nucleus
(nuclear spin = 1/2, natural abundance = 100%) seems to be
obscured by a broad signal width which is comparable to the
3P HF splitting (0.29 mT) of bulk P donors," as shown in
Fig. 4(c). Moreover, we speculate that the *'P HF splitting
itself may be shrinked rather than that of the bulk donors. In
fact, the g principal values of the present P donors are deter-
mined to be g,=2.0079 and g, =1.9992 [see Fig. 2(c)],
which deviate from those of the bulk P donors in 4H-SiC

7
~ 6 N
g (a) Before Reset
82 310
2 4 (e) Dry
= (c) Dry O (2) Dry
I Q \ O
£ 4 \ ' @rod, N\
v 9 (d)NO  9p0°c (h)POCI,
(b) Reset ~ 1250°C () 1000°C
0 L | L~ 1 | | L

Process on 4H-SiC Si-face

FIG. 3. Spin densities of carbon defects measured for ESR spectra (a) to (h)
in Fig. 1. (a) Amorphous-carbon defect of an initial substrate. We assume
that this signal arises from both Si- and C-faces of the substrate. (b) After
the reset process. The reset process was also used to initialize the substrate
after (d), (f), and (h). (¢), (e), and (g) Interface carbon defect formed at dry-
oxidized 4H-SiC(0001)/SiO; interfaces. (d) After an optimum NO POA fol-
lowing to (c). (f) and (h) After POCl; POAs at different temperatures.
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(a) Reset B//[0001]

(b) POCI, 900°C

P donor

(c) POCI; |

1000°C

ESR signal (a.u.)

N donor
(d) NO 1250°C |
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334 335 336 337 338 339
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FIG. 4. Phosphorus doping after POCl; POAs. ESR spectra were measured
using a rapid-passage technique (out-of-phase and second-harmonic detec-
tions with 2-mW microwave excitation) at 4 K under photo illumination
(100-W halogen lamp), which show absorption ESR signals of P and N
donors. (a) Initial substrate. (b) and (c) After POCl; POAs. An arrow indi-
cates a doublet *'P hyperfine splitting (0.29 mT) of the bulk P donor." (d)
After NO POA.

(g,=2.0065 and g, =2.0006)."” This deviation may reflect
the fact that the present P donors are located close to the inter-
face, possibly perturbing their donor states. Actually, an
interface-induced perturbation was theoretically predicted for
conduction-band-edge states.*”

The signal intensity of the P donors is in proportion to
their spin density; however, a rapid-passage signal intensity
cannot be straightforwardly compared with the signal inten-
sity of CuSO4-5H,0. Therefore, for a comparison, we
employed a rapid-passage signal of the EI6 center in a differ-
ent sample (bulk carbon vacancies,”! 8.3 x 1012cm72)
observed at 4K with the same microwave power (2 mW).
Since this center resembles the present P donor in terms of
their microwave-saturation behaviors, we could directly
compare their rapid-passage signals. Using such a standard,
we estimated the P-doping density to be 1.7 x 10"2cm 2. If
we assume a uniform doping thickness of 5 nm, the P-doping
density becomes 3 x 1018cm*3, which is close to the
observed carrier density of 4x10"®cm™ at a POCIs-
annealed 4H-SiC(0001)/SiO, interface measured by a scan-
ning capacitance microscope (SCM).?> Note that the
P-doping density is comparable to the density of the interface
carbon defects. The P-doping is therefore expected to
increase the free-carrier density in the channel region as
comparable as the case of the interface carbon defects. On
the other hand, the ionized P donors simultaneously increase
carrier scattering, consequently deteriorating the carrier
mobility. Even including such deterioration, the increase in
the free-carrier density due to P-doping may realize the
higher upg after POCl; POAs, because the lack of mobile
carriers strongly limited pg even after POAs.* It is also con-
firmed that the P donors were completely removed after the

Appl. Phys. Lett. 113, 061605 (2018)

reset process, indicating that they are introduced into a very
shallow region within 14 nm from the interface.

On the contrary, the P-doping was not observed at
900 °C [Fig. 4(b)], and the elimination of the interface car-
bon defects was not perfect [Fig. 3(f)]. The reason why
P-doping was observable at 1000 °C is ascribed to strong re-
oxidation during the POAs at 1000°C."? It is reasonable to
consider that such a strong re-oxidation enables the mixing
of P atoms and the SiC lattice, enhancing the substitutional
doping of P atoms into SiC. According to the carrier-lifetime
measurement,'? the POCl; POAs effectively increased the
carrier lifetimes in both n- and p-type 4H-SiC epi-layers.
The present result also accounts for such behaviors because
a neutral dangling-bond center can capture both an electron
and a hole, which is known in the case of the Py, center.'?

In contrast, for the NO POAs [Fig. 4(d)], we could not
find any increment in the N-donor signal, although the bulk
N donors were clearly observable at 20K and their angular
dependence could be traced as shown in Fig. 2(d).
Accordingly, we judged that the N-doping density should be
at least one order of magnitude lower (<1 x 10" cm™ or
<2 % 10" ¢cm ™ when we assume a uniform N-doping layer
of 5nm in thickness) than the P-doping density observed in
Fig. 4(c). At least, for the NO POAs, the elimination of the
carbon interface defects should have a much larger impact
on upg than the N-doping effect. The present result seems to
be consistent with those in the previous SCM study that
reported the carrier density of 5x107cm™ at a NO-
annealed interface.”?

In summary, we have presented quantitative ESR analy-
ses on “interface carbon defects” with 3—4 x 10'>cm ™2 that
were assigned to a sort of carbon dangling bonds at 4H-
SiC(0001)/Si0, interfaces, closely resembling c-axial type
Pyc centers.® They could be fully eliminated by optimum
POAs by NO or POCI;. Based on the similarities between our
ESR data and previous electrical characterizaltion,z’3’9’12 we
suggest that the interface carbon defects are the major elec-
tron traps at the dry-oxidized 4H-SiC(0001)/SiO, interfaces,
and hence both the POAs drastically improve ugrg of Si-face
4H-SiC MOSFETs. In addition, we found that the POCI;
POAs at 1000°C formed a high density (>1 x 10'?cm™?) of
the P donors in the channel region, which is possibly related
to further enhancement on ugg In contrast, the N-doping
effect has a much smaller impact on ugg than the elimination
of the interface carbon defects.
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