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ABSTRACT

High power SiC MOSFET technologies are critical for energy saving in, e.g., distribution of electrical power. They suffer, however, from low
near-interface mobility, the origin of which has not yet been conclusively determined. Here, we present unique concerting evidence for the
presence of interface defects in the form of carbon clusters at native thermally processed oxides of SiC. These clusters, with a diameter of
2-5nm, are HF-etch resistant and possess a mixture of graphitic (sp2) and amorphous (sp3 mixed in sp2) carbon bonds different from the
normal sp3 carbon present in 4H-SiC. The nucleation of such defects during thermal oxidation as well as their atomic structure is elucidated
by state-of-the-art atomistic and electronic structure calculations. In addition, our property prediction techniques show the impact of the
simulated carbon accumulates on the electronic structure at the interface.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5112779

Controlling interface architectures and dopant profiles with mini-
mal defect densities on the nanometer scale is of eminent importance
to advance semiconductor technologies,l in particular, to alleviate the
current limitations of power semiconductors and Silicon Carbide
(SiC) Metal Semiconductor Field Effect Transistor (MOSFET) devices.
Planar, atomically well-defined (~10 nm-40 nm) gate insulator layers
in nanometer-close proximity (<25 nm) to defect-free semiconducting
channels are required to sustain a high carrier mobility and gate-oxide
reliability.”

SiC is the only wide-bandgap material with a native oxide (silicon
dioxide, SiO,) that can be grown using a thermal process.’
Unfortunately, however, the thermal oxidation of SiC—in contrast to
Si—curtails the channel mobility to merely below ~40 cm*/V's, com-
pared to ~900 cm*/V's in bulk 4H-SiC crystals. Extensive efforts have
been undertaken to increase the near-interface mobility, e.g., via surface
conditioning or passivation of the SiC during interface fabrication.””

The origin and physical nature of the structural defects and their effect
as carrier traps have been the subject of intense research.”'*'" Defects
modify the electronic properties of the inversion channel, thus deterio-
rating the field-effect channel mobility and introducing scattering cen-
ters for the charge carriers.”” The physical origin of the near interface
traps (NITs) remains unclear, but recent studies suggest the formation
of carbon clusters, such as carbon dimers, or graphitic microcrystals at
the interface.”'*"* Experimental evidence for their presence has been
concluded from atomic force microscopy (AFM) studies of SiC surfaces
after oxide removal."* In the current letter, we present unique concert-
ing evidence for the complex thermal oxidation process of SiC causing
interface defects in the form of carbon clusters. This has been achieved
by combining atomic force micrographs of oxygen stripped interfaces
with the Raman analysis of the near-interface carbon and by
performing minima hopping Density Functional Theory simulations of
the oxidation process and the near interface structures and properties.
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To investigate the near-gate oxide interface region, planar metal-
oxide-semiconductor (MOS) capacitors were fabricated on n-type
4H-SiC (0001) (4° off-axis with 5um, 7-10 x 10">cm > Al-doped
p-type epilayers were used) by thermally growing a 50 nm gate oxide
in a pure oxygen atmosphere at 1150 °C for 9 h (referred to as TGO in
the following). As a reference, we also investigated a MOS structure
fabricated by growing a 50 nm gate oxide in a passivating N,O atmo-
sphere at 1250 °C for 14 h (referred to as pTGO)."” The top layer con-
tacts of the fabricated MOS capacitors were stripped off using a
standard etching solution followed by a subsequent SiO, removal cycle
in a 2% HF bath. The duration of this HF exposure was systematically
controlled in order to analyze the effect of the progressing etch pro-
cess. AFM and Raman spectroscopy were carried out on the etched
samples. Vibrational spectroscopy, for the detection of C bonds in the
specimens, was carried out using a home-built micro Raman spectros-
copy setup based on a 532 nm single mode continuous wave laser.

Additionally, structure prediction was performed by the Minima
Hopping method (MHM)'™'® at the density functional tight binding
(DFTB) level. The MHM simulations were performed using the
MINHOCAO package based on the DFTB”**" scheme to evaluate the
potential energy landscape. The density functional theory (DFT) cal-
culations were performed within the projector augmented wave frame-
work as implemented in the VASP package™ to refine the geometries
and energetic ranking of the most promising candidate structures. The
generalized gradient approximation was used with the Perdew-Burke-
Ernzerhof parametrization of the exchange-correlation functional.”**”
The bandgap of 4H-SiC, calculated using the HSE06 hybrid func-
tional,” is comparable with the experimental value of 3.3 eV." "

In the top three panels of Fig. 1, we show the MOS capacitor
interfaces using room temperature AFM, thereby exposing the misor-
iented, 4° off (0001) Si face.'” AFM was used in the tapping mode to
assess the morphology of the specimens at different stages of the HF
etching process. For both samples, TGO and pTGO, we observe terra-
ces and step bunch areas on SiC in the AFM images, which can be
attributed to regions with different surface/interface energies."” The
quasiperiodic step like structure is interesting as it looks similar to the
surface morphology after step-flow™ like growth processes,”" but
occurs here below the surface, at the oxide/SiC interface.”’ The AFM
data reveals height differences across the step bunches in the range of
~1.5-3.5nm down to single step heights of ~0.75 nm close to the size
of one 4H-SiC unit cell (4 bilayers along the 001 direction).”” Besides
these common structural features, the most striking characteristics of
the oxide stripped interfaces of TGO are the clearly observable clusters
(size ~2-~6nm) arranged like chains of knots of different sizes in
Fig. 1(a). These are especially apparent in the AFM images after the
first oxide removal and cleaning cycle (2 min, 2% HF) and are fre-
quently, but not exclusively, located near the step bunches. After a sec-
ond cycle of HF cleaning, the number of these clusters declines
drastically [Fig. 1(b)]. This can be a result due to a longer exposure of
the slower oxidizing agent HF in H,0, which takes a longer time to
remove the carbon. In contrast to the TGO samples, pTGO has a clean
interface morphology with virtually no etch resistant clusters at the
interface [Fig. 1(c)]. Interestingly, the observed lower density of mor-
phological defects in pTGO in contrast to TGO samples is in line with
the earlier reports.”” In a further series of experiments, the observed
clusters at SiC/SiO, interfaces resisted HF etching but could be
removed by ozone, providing further evidence for the carbon content,
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FIG. 1. Atomic Force micrographs and MHM simulations of efch resistant clusters
at the SiC/SiO, interface after thermal oxidation: (a)-(c) AFM of the interface mor-
phology after oxidation in pure oxygen (“TGO” sample) and in passivating N,O
(‘pTGO” sample) and subsequent oxide removal using HF. (a) TGO sample after
2min of HF etch: 2-7 nm sized etch residue line up at steps. (b) TGO sample after
4min of HF etch: significantly fewer residues persist; (c) pTGO oxide after 2min
HF etch: virtually no clusters are detected compared to (a). (d)—(g) Numerically pre-
dicted interface structure after oxygen deficient oxidation (model B, see the main
text) and subsequent oxide removal. The carbon clusters are anchored via Si to the
interface (d)—(f). The clusters are HF persistent, in the simulation as well as in our
AFM experiments. Characteristic examples of simulated carbon clusters: (d) carbon
five ring chains; (e) Si bound carbon chains [C-(Si-R).],; (f) carbon six ring; and (g)
absence of carbon clusters in the very initial oxidation stage.

an observation in our own findings in agreement with an earlier
report' " (see the supplementary material).

In order to provide a better microscopic understanding of such
clusters occurring during the thermal oxidation of SiC, we performed
MHM simulations using two different chemical configurations corre-
sponding to the two distinct conditions during the oxidation process.
In model A, we provide a larger amount of oxygen at the interface
than required to oxidize the first surface layer, corresponding to a one-
step oxidation process. In model B, we create an oxygen deficient reac-
tion environment to mimic a two-step oxidation process. First, the sur-
face is oxidized with half of the oxygen required to convert the
topmost layer into a stoichiometric SiO, pattern before more oxygen
is added. The results of our calculations are shown in Figs. 1(d)-1(h).

While the oxygen-excess model A promotes C mobility and
results in clusters both at the interface and within the SiO, layer, the
oxygen-deficient model B produces clusters predominantly at the
interface. The latter clusters persist even if sufficient oxygen is pro-
vided in a second step. The carbon clusters exhibit similar structures
in both models and consist of characteristic five (Cs) and six (Cg)
membered rings. In the presence of sufficient oxygen (model A), these
carbon rings form covalent bonds to the surrounding Si atoms in the
SiC or SiO, matrix [Fig. 1(d)]. On the other hand, the oxygen-
deficient model B leads initially to chainlike carbon structures, which
subsequently convert in a second step to interlinked chains of carbon
rings as the MHM simulation progresses [Figs. 1(d)-(f)]. These chain
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FIG. 2. Analysis of carbon bonding at the SiC/SiO, interface in comparison to
numerically simulated structures. (a) Second order Raman spectrum of the near
surface region of oxide stripped SiC/SiO, interfaces for TGO samples fabricated in
pure oxygen. The Raman spectrum of the unprocessed “SiC,,.” wafer and a spec-
trum taken with a beam focus 5 um below the interface (‘“TGOs,") have been
used as reference spectra for background correction. Raman data of (TGO -
TGOs,m) and (TGO - SiCy,) of (a); (b) Baseline corrected TGO - SiC,, with the
dominant graphitic peaks labeled between 1440 cm~" and 1800 cm~""=""* (see
also Table [); (c)-(h) computed structures of the characteristic clusters obtained by
an oxygen-rich in-silico process. These clusters and those shown in Figs. 1(d)-1(g)
were used to simulate the Raman normal vibration modes for comparison with the
experimental data in (b) (Table ). (c) Carbon nucleate in SiO, and (d) and (e) car-
bon clusters formed on the surface. (f)-(h) carbon nucleate in SiO, as well as at
the interface of SiO, and SiC and also at the surface of SiO,.

TABLE 1. Comparison of our experimental and theoretical Raman signals with literature values
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structures exhibit an especially high energetic stability at specific
interface sites: the periodic silicon carbide matrix anchors/passivates
the chains and ribbons from the bottom, while the Si atoms from the
SiO; layer bond from the top.

The simulated Cs and Cg clusters readily represent the initial
stages of the nucleation and growth process, resulting in cluster forma-
tion with a certain carbon content corresponding to the HF etch resis-
tant clusters found in our AFM morphology. Figures 1(g) and 1(h)
show the C clusters formed after further oxygen was provided in the
second step of model B. In this case, the clusters are not only present
at the interface but also move into SiO, as well. In our AFM data, we
observed the etch-resistant clusters predominantly at or near SiC steps.
This indicates that the clusters, possibly via a dynamic equilibrium,
maintain contact with the growth front of the interface as the latter
moves deeper into the SiC wafer.

In order to gain more insight into the composition of these clus-
ters, we used second order Raman spectroscopy measurements to
identify the chemical bonds involved in the observed clusters (Fig.
2).”” For SiC, the depth of focus is >10 um”>** and our samples were
analyzed by moving the focal point from 0 um to +5 um with respect
to the surface. The resulting Raman spectrum [Fig. 2(a)] after the
background correction with a clean SiC wafer (referred to as SiCpyre)
is shown in Fig. 2(b) and exhibits ten sharp peaks corresponding to
vibrational excitation modes of bonds associated with the different car-
bon species in different bonding states (Table 1).””*>** The peak
assignments are provided in Table I. The interpretation of the experi-
mental Raman spectra is supported by the computed frequencies of
the normal vibrational modes (Table I) for all the structures we have
calculated using model B, i.e., the two step reaction process, where car-
bon rings are formed Figs. 2(c)-2(h). Notably, a numerical calculation
of the full Raman spectrum is not feasible due to the very large number
of atoms. Furthermore, laser heating or quantum confinement may
lead to certain shifts in the value between theory and the measured
Raman peak position.

Finally, to investigate the effect of the observed “defective” carbon
on the electronic band structure of the SiC/SiO, interface, we per-
formed DFT calculations based on our atomistic models. Previously,
density of states (DOS) calculations were performed for small carbon

12-14%3and the corresponding most plausible undesired/defective carbon bonds.

All our Raman data have been compared with the assignments published by Borowicz et al.**.

Literature
review (cm™ 1)

Theoretical
results (cm ™ ?)

Experimental
results (cm ™)

Association of each peak

1477 1470
1524 1523 1530
1523
1543 1530 1554
1573 1554 1594/1582
1605
1622 1622 1622
1653 1660
1688 1686 1686
1713 1717 1712/1720
1740 1735

Benzene related vibrations in finite size crystals
3 coordinated amorphous C; polyene

G band for the C film with a low sp3 content

G band shift of the graphitic band (1582) due to epitaxial strain for graphene on SiC

Aromatic C=C stretching
Aromatic C=C and sp2 dimers in the sp3 phase
G band for ta-c
C=Cor C=0

C=O0 stretch symmetric stretching carbonyl/Benzene related

Asymmetric stretching of carbonyl C=0
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FIG. 3. Computed DOS of SiC/SiO; interface structures with different carbon clus-
ters: The interface without any carbon clusters, with 5-atom carbon ring (C7-Si) and
6 carbon ring (C9-Si) clusters. Initially, in the absence of clusters, the energy gap is
around 3.1eV (the marked lines shows the valence band and conduction band
edge for the nucleate free interface). New states arise near the valence band edge
if carbon clusters are present at the interface. Further details are provided in the
supplementary material.

cluster doped SiC or linear carbon clusters at the SiC/SiO, inter-
face.”*”” We compute the DOS for the structural models obtained
from our MH-DFT comprising C-Si rings as defect states and compare
them with the DOS of pristine SiC. Figure 3 shows defect states emerg-
ing in the bandgap of the pristine semiconductor. An atom projected
DOS is shown in the same figure, clearly associating these defect levels
with the p-states of the carbon clusters in the vicinity of the interface.
These results support the assumption that the carbon clusters cause
electronic states in the bandgap deteriorating the near-interface
mobility.

As our results demonstrate, the thermal oxidation of SiC leads to
local, HF etch resistant carbon clusters containing graphitic (sp2) and
amorphous (sp3 mixed in sp2) carbon. AFM and Raman spectroscopy
together with extensive state-of-the-art atomistic simulations further pro-
vide insight into the native SiC oxidation as the root cause for these clus-
ters and their dependence on process parameters and their HF and
ozone etching. In particular, our Raman results, along with DFT normal
mode analysis, further provide conclusive affirmation of the presence of
aromatic and amorphous carbon characteristically different from the car-
bon contained in the SiC matrix. Further, the DFT calculations also con-
firm the impact of the defective carbon accumulations on the electronic
structure at the interface. In addition to the band structure modification,
defects may locally reduce the dielectric breakdown field-strength.

For these reasons, we conclude that the poor performance of
the SiC MOS, in comparison to its Si counterparts, is to be attrib-
uted to the accumulation of carbon at the interface. The continuous
diffusion of C and O during CO/CO, release in the thermal oxida-
tion process of SiC modifies the solid matrix, thereby affecting the
structural integrity of SiO, and the near-interface region of SiC. A
wealth of onward work is expected on the basis of our findings to
investigate, e.g., (i) the carbon accumulation toward the experimen-
tally observed larger clusters and (ii) the role of passivating agents
in such processes.

ARTICLE scitation.org/journal/apl

See the supplementary material for additional results on ozone
analysis together with a detailed discussion, along with AFM, Raman,
and pDOS data.
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