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Optically Active Defects at the SiC/SiO, Interface
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The SiC/SiO; interface is a central component of many SiC electronic devices. Defects intrinsic to
this interface can have a profound effect on their operation and reliability. It is therefore crucial to both
understand the nature of these defects and develop characterization methods to enable optimized SiC-
based devices. Here we make use of confocal microscopy to address single SiC/SiO;-related defects and
show the technique to be a noncontact, nondestructive, spatially resolved and rapid means of assessing
thequality of the SiC/SiO, interface. This is achieved by a systematic investigation of the defect density
of the SiC/SiO, interface by varying the parameters of a nitric oxide passivation anneal after oxidation.
Standard capacitance-based characterization techniques are used to benchmark optical emission rates and
densities of the optically active SiC/SiO;-related defects. Further insight into the nature of these defects
is provided by low-temperature optical measurements on single defects.
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I. INTRODUCTION

Silicon carbide (SiC) has attracted considerable atten-
tion for use in high-power, high-temperature, and high-
frequency device applications [1,2]. As for silicon, a
stable thermal oxide can be grown on the SiC sur-
face, enabling the formation of metal-oxide-semiconductor
(MOS) devices. However, despite considerable effort, the
density of interface-related defects after standard thermal
oxidation tends to be much higher than that found for
the Si/SiO, interface [3—5]. These defects capture charge
carriers in MOSFET channels, reducing the channel mobil-
ity (typically less than 20cm? V~!'s™!) [6], and act as
Coulombic scattering centers [7], impeding realization of
the material’s full potential.

The presence of both Si and C at the interface lends
greater complexity to exact defect identification and the
development of an efficient means to circumvent their
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detrimental effects. A range of characterization techniques
have been used to assess interface quality. Paramagnetic
Si and C dangling bonds have been identified by electron-
paramagnetic-resonance measurements [8—10]. However,
this defect, so important for understanding the Si/SiO,
interface, is thought to play a minor role for SiC/SiO,.
Instead, electrically active traps consisting of sp2-bonded
or graphitic C clusters are thought to dominate interac-
tions with charge carriers in SiC devices. These defects
are readily assessed with capacitance-based electrical mea-
surements. Furthermore, admittance-based measurements
reveal a continuum of interface states in the band gap. Such
measurements have been pivotal for providing a means
to improve the SiC/SiO, interface quality. In addition,
near-interface oxide traps (NIOTs) give rise to high den-
sities of states around the conduction-band edge [7,11].
These defects are responsible for the threshold-shift insta-
bility. Early reports associated these traps with oxygen
deficiency in SiO; [3,12]. However, subsequent theoretical
studies proposed alternatives such as interstitial Si atoms
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and doubly bonded C—C dimers [13] or a Si,—C—O
structure, in which a CO unit substitutes an oxygen atom
in a Si—O—Si bridge [14]. Experimental evidence fur-
ther suggests that NIOTs consist of a number of different
defects [15—-17].

Various fabrication methods have been developed to
reduce the density of these traps, the most-common being
postoxidation annealing [18] and nitridation of the inter-
face in nitric oxide (NO) or nitrous oxide (N,O) ambients
[19]. These methods have an affect on all defect types
to various degrees. For the case of C clusters, nitrida-
tion results in their dissolution with a corresponding shift
in the defect-energy-level position [20,21]. Photolumines-
cence (PL) has also been used extensively to characterize
deep-level defects in bulk SiC. Recently, the optical prop-
erties of defects formed after oxidation near the SiC/SiO,
interface were also investigated [22—31]. These defects can
be addressed individually when an appropriate excitation
wavelength is used. These defects have been integrated
into electrical devices, indicating that they are in elec-
trical communication with the SiC substrate [22,25], and
optical structures [24] for possible quantum applications.
These defects are associated with deep localized states in
the band gap but their atomic structure remains unknown.
These defects are the subject of the present work.

PL mapping has been extensively used to observe
the spatial distribution of bulk defects [32—35] and their
impact on the carrier lifetime [36,37]. It is clear that the
spatial-imaging capabilities of optical microscopes and no
specific need for device fabrication may offer key advan-
tages over electrical techniques that are traditionally used
to aid SiC/SiO;-interface optimization. Thus far, no sys-
tematic study of the possible correlation between the opti-
cal and electrical properties of SiC/SiO;-interface defects
has been performed. We address this by using nitridation
annealing techniques to passivate the interface states to
various degrees. Passivation is found to have a significant
impact on the optical properties of the interface defects.
The trends correlate well with capacitance-based char-
acterization, suggesting that PL. mapping and especially
confocal mapping may be used as a noncontact, nonde-
structive, spatially resolved means of assessing the quality
of the SiC/SiO, interface.

II. METHODS

4H-SiC n-type epitaxial layers on n-type (0001) sub-
strates are used to investigate optically and electrically
active defects at the SiC/SiO, interface. Before oxidation
the wafers are cleaned by a standard procedure consist-
ing of a piranha solution (3:1 H,SO4:H,0,), HF, SC1
(5:1:1 H;O:NH3:H,0,), SC2 (6:1:1 H,O:HCI:H;,0,), and
HF again. The oxidation parameters are systematically var-
ied. First, samples are oxidized in dry O, at 1250°C and
then annealed in a NO ambient for times up to 60 min at

the same temperature. After surface preparation the back
of the wafers is etched with HF and aluminum is imme-
diately deposited with an electron-beam evaporator. Al
depositions are performed through a shadow mask to pro-
duce 1-mm-diameter circular Al contacts on the oxidized
SiC surfaces to form MOS capacitors. For an additional
sample set, the Si and C faces of an n-type 4HSiC wafer
(without an epitaxial layer so that the doping levels at
each face are similar) are oxidized in dry O, at 800 °C for
10 min.

Room-temperature capacitance-voltage and conduc-
tance-voltage measurements are performed with a 1-kHz
ac probe frequency (Andeen-Hagerling 2500A). A sin-
gle value of the interface state density approximately at
the midgap is determined by the Hill-Coleman method
[38] and the flat-band voltage-shift instability after suc-
cessive voltage cycles is measured simultaneously [7,11].
The capacitance in accumulation does not always clearly
reach the oxide capacitance. Therefore, to determine the
oxide thickness and the theoretical capacitance curve,
the \/d(1/C?)/dV-versus-1/C curve is extrapolated to the
horizontal axis.

A schematic of the custom-built confocal microscope
used for optical characterization is shown in Fig. 1
along with a typical confocal PL map of an oxidized
SiC surface. This map shows the expected optically sta-
ble and very bright diffraction-limited spots associated
with PL from single SiC/SiO,-interface-related defects.
The single-photon-emission properties of these defects
are discussed elsewhere [22-25,27,29,30]. The micro-
scope is equipped with a 532-nm continuous-wave laser,
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FIG. 1. (a) The custom-built confocal-imaging microscope
showing the 532-nm laser directed onto a dichroic mirror (DM)
via a fiber and reflected onto the sample, which is affixed to an
x-y-z piezoelectric stage. PL from the sample is filtered by a filter
(F) and collected through a fiber that acts as a confocal pinhole
(CP) before being detected by a single-photon avalanche photo-
diode (D1). To assess whether the defect addressed is a single
defect, a second detector (D2) may be used to form a Hanbury
Brown—Twiss interferometer for single-photon-emission assess-
ment. (b) A typical confocal image of the SiC/SiO, defects after
a 30-min dry O, oxidation at 1100°C recorded with 1 mW of
laser power before the objective. BS, beam splitter.
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a dichroic mirror, a high-NA (0.95) 100x air objective,
a 560-nm long-pass filter, and a fiber-coupled single-
photon-counting module (PerkinElmer). The theoretical
diffraction-limited spatial resolution of the technique is
0.44)/(NA) ~ 280 nm [39] for emission wavelengths of
600 nm. All confocal images are collected at room tem-
perature. For ensemble PL measurements of the SiC sur-
face, we use a Renishaw inVia micro-Raman-spectrometer
equipped with a 532-nm laser with a power on target of
10 mW in a spot approximately 10-um in diameter. The
exposure time for all PL spectra shown is 50 s.

III. RESULTS AND DISCUSSION

We first consider the difference between Si and C faces
of 4H-SiC after oxidation at 800°C for 10 min in O,.
This temperature is the lowest required to produce sta-
ble SiC/SiO;-related-defect emission and corresponds to
a few monolayers of SiO, (on the Si face) [40]. As
a result, it is not possible to perform reliable electrical
measurements on such ultrathin oxide layers without cur-
rent leakage compromising the measurement. In contrast,
SiC/SiO;-related defects can be readily observed optically
as shown in the PL confocal maps of these Si and C faces
in Fig. 2(a). This illustrates one of the advantages of the
optical technique to characterize defects where electrical
contacts cannot be made.

The density of defects on the Si face is approximately
0.96 x 10® emitters/cm? as determined with an exten-
sively tested image-analysis algorithm. Although the C-
face sample is annealed simultaneously and has a similar
surface roughness and doping density, the defect density
is around an order of magnitude higher at approximately
1 x 10° emitters/cm?. These defects are not completely
resolved, and a much-brighter signal is obtained. A sim-
ilar difference in defect density between the Si and C faces
was identified by electrical measurements previously [41].

The defect densities quoted here are unique to the 532-
nm-excitation maps. Each defect has a distinct PL spec-
trum with a zero-phonon line (ZPL) that appears in the
500—800-nm range [22,23]. The 532-nm laser does not
excite all defects. A laser with a wavelength of less than
500 nm will excite a much-greater number of defects.
Therefore, we estimate the actual defect density to be
greater than an order of magnitude more dense than the
values quoted above. This behavior is consistent with a
broad band of defect states in the band gap rather than a
discrete level common for a well-defined bulk defect. We
further note that electrical measurements of the SiC/SiO,-
interface defects, as shown below, result in densities on
the order of 10'! cm~2eV~!. However, the energy within
the band gap over which the defects observed in Fig. 2
are addressed is not known. Therefore, a direct quantitative
comparison is difficult at this stage.
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FIG. 2. (a) Confocal images (20 x 20 pum) of Si and C faces
after oxidation at 800°C for 10 min (top maps) and subse-
quent HF etching to remove the oxide (bottom maps). (b) The
corresponding ensemble PL spectra for these samples.

After HF etching and removal of the SiO,, the PL inten-
sity and defect density are greatly reduced. For the Si
face the defects are no longer observable. The C face
retains a faint signal from the defects. We presume that
HF is not as effective in removing the oxide on the C
face as it is in removing it on the Si face. This may be
a result of the differing chemistries of the two faces and
requires further study. With the growth of a native oxide,
optical defects again become visible, albeit with unstable
intermittent photon emission.

The corresponding ensemble PL spectra are presented
in Fig. 2(b). With a larger laser spot size, a greater num-
ber of interface defects are measured simultaneously. The
oxidized C face clearly gives the most-intense PL, whereas
the HF-etched surfaces give no appreciable signal. Again,
when a shorter-wavelength laser is used, the broad PL
signal becomes much more intense (not shown).

Figure 3 shows example PL spectra recorded at 4.2
K of these single SiC/SiO;-related defects. The spec-
tra are scaled to an energy relative to the ZPL position
(i.e., the ZPL is at 0 meV). At these temperatures, the
linewidth of the ZPL becomes extremely narrow (less than
0.2 nm) and the various components of the vibronic side-
band, which arise from the electron-phonon interaction
with intrinsic lattice phonons and local vibrations of the
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FIG. 3. PL spectra of single SiC/SiO, defects recorded at
4.2 K. The x-axis is the energy from the ZPL position of each
defect. The ZPL position in nanometers is indicated next to each
spectrum; the spectra are offset vertically for clarity.

defect center itself, can be clearly distinguished. As with
the ZPL wavelength, each vibronic sideband shows great
variability. Since the defect exists close to the SiC/SiO,
interface, the vibronic sideband may consist of both SiC
and SiO, intrinsic phonons and may further be subject
to variations in the atomic structure of the defect. In
general, there are some features common to each spec-
trum. Each consists of sharp high-energy local-vibration
modes between 150 and 220 meV. These are greater in
energy than the highest first-order Raman mode found
in SiC (120 meV, or 960 cm~') and have energy ranges

consistent with the vibrational modes of carbon and pos-
sibly oxygen-related bonds in SiC [26,42,43]. The source
of the excess C is a by-product of the thermal-oxidation
process and is known to make a considerable contribu-
tion to defects near or at the SiC/SiO, interface [3,44,45].
The number of local-vibration modes also varies but sug-
gests that the defect is more complex than a simple point
defect and may consist of a number of C—C or C—O
bonds.

The ZPL energy, PL excited-state lifetime, and inten-
sity of single defects as measured at 4.2 K are also found
to be insensitive to magnetic fields up to 8 T along the
c axis and up to 2 T along one of the a axes. This sug-
gests that radiative recombination at these defects is likely
to involve only singlet states. In addition, small jumps in
the ZPL energy are occasionally observed, suggesting that
the defect energy is sensitive to charge noise in the local
environment.

For NO-passivated SiC/SiO,, a series of capacitance
and conductance electrical measurements are presented
in Fig. 4. The bias sweep direction is toward inver-
sion, while the starting voltage is incrementally increased
toward accumulation. This allows quantification of the
charge instability, which arises from NIOT defects close
to the conduction-band edge. This is observed in a flat-
band-voltage shift (AVgg, taken to be the change in the
point of inflection of the C-V curves). For MOS capacitors
formed without a NO-passivation anneal, large shifts in the
flat-band voltage are observable. The density of NIOTs is
proportional to AVpg divided by the change in the corre-
sponding surface potential, Ay, determined with a sim-
ulated high-frequency C-V curve (AVg/ Ay X Cox/qA).
The C-V curve is calculated following the method outlined
in Ref. [46].
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FIG. 5. (a) Dy and Dyjor values extracted from C-V measure-

ments like those shown in Fig. 4 as a function of the duration
of the NO anneal. (b) The integrated PL intensity for the same
samples. (c) The integrated PL intensity versus D; and Dyjor.
The fitted exponential curves are guides for the eye. Note the
difference in the scales of the left and right axes in (c).

For the oxide without a passivation anneal, Dyjor =
1.5 x 10'" em~2 eV~ around the conduction-band edge is
determined from the data presented in Fig. 4(a). Further
details on the calculation are described in Ref. [11]. The
corresponding conductance, measured simultaneously and
corrected for series resistance [46], is shown in Fig. 4(b),
where the peak height of conductance is proportional to the
interface trap density Dy = 4.3 x 10! cm™2eV~!. With a
60-min NO postoxidation anneal the defect-related signals
are dramatically reduced, with densities of Dyjor = 1 %
10°cm2eV~! and Dy = 8.5 x 1019 cm~2eV~!. That is,
by a factor of 150 and 5 for Dyjor and Dy, respectively. We
note a slight increase in Dj; as the measurement progresses.
This behavior is common in all devices measured.

These results agree well with previous findings where
nitridation is found to reduce the interface defect density
by almost an order of magnitude [47]. The mechanism is

a result of the trapping of N at the SiC/SiO, interface,
where it is thought to directly passivate the C atoms in C
clusters. The passivated component introduces a level near
the valence band, while the trap energy associated with the
cluster is reduced as a consequence of being proportional
to its size [48].

The corresponding confocal images of these NO-
passivated SiC/SiO, devices are shown in Figs. 4(c) and
4(f) as recorded on the Si face between the Al contacts.
These images are similar to the image shown in Fig. 1(b) in
that they show an array of bright defects as expected for an
oxidized-Si-face SiC surface. The impact of the NO anneal
can be seen in both the reduction in the emitter density
and the emission rates in the confocal maps. The density
for the sample without the NO anneal is similar to that in
Figs. 1(b) and 2(a) at approximately 1 x 10® emitters/cm?.
After the NO anneal, less than half the emitters remain. The
intensity of these emitters is also reduced.

We find that the integrated intensity of these maps, or
equivalently of the ensemble PL intensity, is a convenient
gauge of the interface quality. As nitridation results in
the dissolution of C clusters with a corresponding shift
in energy-level position of the defect state in the band
gap and, presumably the Fermi-level energy, we may
describe this decrease in PL intensity as a modification of
the recombination rate at the defect (Shockley-Reed-Hall
recombination rate at a deep level) or the appearance of
competing nonradiative recombination pathways.

We summarize the defect densities as a function of the
anneal time in Fig. 5. Both Dj and Dyjor decrease expo-
nentially with time constants of 38.3 and 12.2 min, respec-
tively, over the anneal-duration range considered. The
integrated PL of the corresponding confocal maps is shown
in Fig. 5(b). Initially, the PL decreases with a time constant
of 10.9 min but starts to asymptote once it has dropped to
40% of the initial value. That is, NO anneals longer than
20 min do not appear to be as effective in further reduc-
ing the density of optically active defects. This is further
highlighted in Fig. 5(c), where a saturation-type behavior
is apparent when Dj and Dyjor are plotted against the PL
intensities, particularly, for Dj; < 3 x 10 em™2eV~!. As
Dy and Dyjor show different behavior, we suggest that the
origin of the optical defects may be distinct yet can still be
used as a measure of interface quality over a fairly broad
range of oxidation conditions.

IV. CONCLUSION

We investigate the utility of SiC/SiO;-interface-related
optical defects as an indicator of interface quality, a
parameter of central importance for the realization of
SiC devices. We find that the defect densities determined
by both optical and electrical means are reduced by an
increase in the duration of the NO anneal. The optical
measurements show that both the density and the emission
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rates of the defects are reduced by the NO anneal, due
to passivation and a change in the recombination kinet-
ics, respectively. This reduction is also observed for Dy
and Dyjor measured via capacitance measurements. The
relationship between the PL intensity and these defect den-
sities is found to have a saturation-type behavior since the
PL intensity does not tend to reduce below 40% of its
initial value.

Single-defect spectroscopy allows us to ascertain the
properties of SiC/SiO,-interface-related optical defects
that would otherwise be obscured by their great vari-
ability. This can be used to great advantage to provide
valuable information about the possible atomic origin of
these defects as demonstrated in the low-temperature mea-
surements presented in Fig. 3. Despite the large changes
in density and spectral characteristics demonstrated here,
we believe it reasonable to assume that all optically active
defects associated with the SiC/SiO, interface belong to
a single defect family. This is mainly due to the common
circumstances under which they are formed, their common
recombination kinetics, and there being no convincing evi-
dence to the contrary as yet. We further stress that this
variability demands a statistical approach. We achieve this
here by ensemble PL measurements [with a large exci-
tation volume; see Fig. 2(b)] or by integrating the total
intensity of a confocal PL map [Fig. 5(b)]. This is an
essential step in comparing the optical and electrical prop-
erties of the SiC/SiO,-related defects. These methods are
transferable to the C face, other SiC polytypes, and oxide
growth processes.
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