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Abstract

The performance of SiC-based metal-oxide-semiconductor field-effect transistors (MOSFETS) is
greatly enhanced by a post oxidation anneal in NO. These anneals greatly improve effective
channel mobilities and substantially decrease interface trap densities. In this work, we investigate
the effect of NO anneals on the interface density of states though density functional theory (DFT)
calculations and electrically detected magnetic resonance (EDMR) measurements. EDMR
measurements on 4H-SiC MOSFETs indicate that NO annealing substantially reduces the density
of near interface SiC silicon vacancy centers: it results in a thirty-fold reduction in the EDMR
amplitude. The anneal also alters post NO anneal resonance line shapes significantly. EDMR
measurements exclusively sensitive to interface traps with near mid-gap energy levels have line
shapes relatively unaffected by NO anneals whereas measurements sensitive to defects with energy
levels more broadly distributed in the 4H-SiC band gap are significantly altered by the anneals.
We show that the observed change in EDMR linewidth and the correlation with energy levels can
be explained by nitrogen atoms introduced by the NO annealing substituting into nearby carbon
sites of silicon vacancy defects.

Introduction

Metal-oxide-semiconductor field-effect transistors (MOSFETSs) based on silicon dioxide (SiOz) on
4H-silicon carbide (4H-SiC) show great promise in high power and high temperature applications.
However, the potential of this technology is limited by less than ideal electronic behavior at the
SiC/Si0: interface region. Incorporation of post-oxidation NO annealing into the process flow
results in significant densities of nitrogen in the interfacial region [1,2] along with substantial
improvement of the interface properties-- typically an order of magnitude improvement in
effective channel mobility [3] and a comparable decrease in interface trap density [4-6]. Although
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the NO anneals are of great technological importance in SiC MOSFET technology, the materials
physics involved in the annealing process is not well understood. Important physical insight can
be gathered from electron paramagnetic resonance (EPR) measurements [7] obtained via
electrically detected magnetic resonance (EDMR) [8, 9]. EDMR studies show that NO anneals
result in substantial reduction in the magnetic resonance spectrum associated with silicon vacancy
(Vsi) centers located near the SiC/SiO; interface [10], as indicated in Fig. 1. !

Two different EDMR techniques, spin dependent recombination (SDR) [2] and spin dependent
charge pumping (SDCP) [12], offer complementary information about the energy levels of the
observed defects. The SDR approach is specifically sensitive to defects with energy levels near
mid-gap while SDCP is sensitive to defect levels throughout most (about 85% in our case) of the
band gap (centered roughly at mid-gap). The line shape of the (dramatically reduced) post-anneal
EDMR spectrum depends on the EDMR detection technique. If the EDMR is detected via SDR,
the post-anneal device spectrum is virtually identical to the as-grown device spectrum. However,
if the EDMR is detected via SDCP, the post-anneal spectrum is much broader than the as-grown
device spectrum. Additionally, for measurements taken prior to any anneal, the spectral linewidths
are virtually identical for SDR and SDCP, but for the post-annealed MOSFET’s, the spectra are
significantly different; the SDCP spectrum is much broader than the SDR spectrum. This
difference is clear in both high and ultra-low resonant frequency EDMR measurements. However,
the differences are most evident in the ultra-low frequency spectra. Representative results are
illustrated in Figs. 2 and 3 which compare ultra-low frequency measurements of NO annealed and
as-grown MOSFETs via both EDMR techniques.

In the current work, we use density functional theory (DFT) to show that the NO anneal-induced
broadening of the EDMR response in ultra-low field and frequency SDCP measurements, about
1.5 Gauss, is consistent with hyperfine interactions from nitrogen atoms introduced as third-nearest
neighbors to paramagnetic silicon vacancies.” Candidate nitrogen sites are shown in Fig. 4. We
show that the presence of nitrogen atoms at those third nearest neighbor sites substantially lower
the energy level associated with the EDMR resonance, the —/0 level, by approximately 0.5 eV; this
result provides an explanation for the difference between the SDR and SDCP measurements.

To provide a coherent discussion of our analysis, we first give a brief discussion of EPR and
EDMR in general, and then we describe the SDR and SDCP EDMR detection techniques. EPR
occurs when a paramagnetic center in a magnetic field absorbs electromagnetic radiation at a
frequency v. In the simplest case of an unpaired electron unperturbed by its environment, the
electron transitions from its Y2 to -%2 spin state (or vice versa) with a resonance condition given by

[7]:
hv = g.ugB. (1)

! The EDMR results also show a large reduction of a second spectrum consisting of two lines with a separation of
approximately 11 Gauss. This spectrum is attributed to a hydrogen complexed oxygen deficient silicon site called
the 10.4 doublet center [11]. This aspect of the EDMR will not be further discussed in this work.

2 The silicon vacancy is surrounded by four carbon nearest neighbors, twelve silicon second-nearest neighbors (in
two distinct shells), and 25 carbon third-nearest neighbors (in six distinct shells).



Here, h is Planck’s constant, v is the electromagnetic radiation frequency, g, is the free electron g
factor (g,= 2.0023193...), up is the Bohr magneton, and B is an externally applied magnetic field.

The analytical power of EPR (and EDMR) comes from deviations from this simple case caused
by the paramagnetic site environment. For the observations in this study, two phenomena dominate
these deviations: spin-orbit coupling and electron-nuclear hyperfine interactions. For the purpose
of our discussion, the spin Hamiltonian of such a system can be expressed as [7]:
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Here, pg is the Bohr magneton, B is the applied magnetic field vector, S is the electronic spin
operator, and I; is the nuclear spin operator for the i nucleus. g and A; are essentially tensors
which describe a defect’s local environment and are usually referred to as the g and A tensors.
Spin-orbit coupling causes the g tensor components to deviate from the free electron g, and A
provides a measure of electron-nuclear hyperfine interactions. It should be noted that a more
complex spin Hamiltonian is required to fully describe the silicon vacancies discussed herein.
However, the simple form of equation (2) is adequate to understand the results presented in this
work.

EDMR measurements detect EPR through a change in device current. As such, EDMR is
inherently advantageous for solid state electronic device studies for two reasons: (1) it is
exclusively sensitive to defects involved in electronic transport and (2) it is typically at least ten
million times more sensitive than conventional EPR. In an EDMR measurement of an electronic
device, the device is placed into a high quality factor microwave cavity or an RF coil which is
placed in an electromagnet. As is the case for conventional EPR, the device is exposed to constant
frequency electromagnetic radiation. Unlike conventional EPR, in EDMR, the device under study
is biased in such a way as to produce a recombination or trap assisted tunneling dominated current.
The magnetic field is slowly and linearly swept about the resonance field, and the EPR-induced
current change is measured as a function of the magnetic field. The EDMR measurements
discussed in this paper are, as mentioned previously, SDR and SDCP.

SDR occurs when a charge carrier in either the valence or conduction band transitions to a deep
level defect, and then recombines through the subsequent capture of a charge carrier of the opposite
sign. This process is spin dependent. A somewhat simplified explanation, suitable for the
discussion herein, is as follows. The process is spin dependent because the capture event involving
a paramagnetic charge carrier (electron or hole) at a paramagnetic defect site can only take place
when the two entities have opposite spins. Envision the simple case of a conduction electron
encountering a neutral paramagnetic “dangling bond” site. If the conduction electron and dangling
bond electrons have the same spin quantum number, the capture event would be forbidden by the
Pauli exclusion principle. However, if the dangling bond spin were to be “flipped” by an EPR
event, the trapping process and eventual recombination would be allowed. Inducing EPR of defect
sites thus increases the recombination rate and recombination current.



One may greatly increase sensitivity to defects at the SiC/SiO: interface by utilizing the bipolar
amplification effect (BAE) technique [13], which uses SDR, to detect EPR in a lateral channel
current. For this reason, our measurements utilize this technique. In the BAE measurement, the
MOSFET source-body diode is forward biased. The gate is biased as to attract the charge carriers
injected by the source; however, the bias is not sufficient to create an inversion layer. Current is
measured at the drain (the drain is at virtual ground), and is strongly influenced by interface/near
interface recombination events. The BAE response is optimized by selecting a gate voltage that
maximizes the change in interface/near interface recombination current. This change in
recombination current as a function of magnetic field is the BAE signal. As is the case with SDR,
the BAE technique is only sensitive to deep levels, as they must be efficient recombination centers.

SDCP measurements utilize EPR to observe change in the current produced by charge pumping
(CP) [14-16]. SDCP, like SDR, exploits the spin dependent nature of charge capture. Unlike SDR,
however, SDCP can be sensitive to defect levels throughout a large majority of the 4H-SiC band
gap. SDCP utilizes CP, a powerful and widely utilized electrical MOSFET interface trap
characterization technique. The CP process, in the most straightforward approach, involves
application of a continuous trapezoidal waveform to the MOSFET gate to alternately invert and
accumulate the interface, filling and emptying traps at the interface region. The process produces
a recombination current dominated by interface traps called the CP current which is measured at
the body contact. Thus, the SDCP response (41p) is the EPR-induced change in CP current. For
our discussion, the most relevant aspect of the technique is its ability to directly connect EDMR
spectra with a range of energy levels within the 4H-SiC bandgap. The CP current is proportional
to the waveform frequency, charge, effective channel area, density of states, and the measured
band gap energy window (4E.p). AE;p is nearly centered around mid-gap and can be
approximated by [14-16]:

AV, > 3
Vo oy (VEE —VED) Jo L) ®)

where, kg is Boltzmann’s constant, T is temperature, AV; is the gate waveform pulse amplitude,
V;p, 1s the geometric average of the electron and hole thermal velocity, o is the geometric average
of the electron and hole capture cross sections, n; is the intrinsic carrier concentration, V57 and
V&P are the CP threshold and flatband voltages, respectively, and ¢, and ty are the rise and fall

AECP == ZkBTln (

times of the gate waveform, respectively. Equation (3) directly links measured defects to the range
of energy levels at which they reside, thus providing a direct link between defect structure and an
energy window.

Experimental
Electrically Detected Magnetic Resonance

Our SDCP and BAE measurements were made on a homemade EDMR spectrometer operating at
ultra-low frequency (v = 360 MHz). It consists of a custom-made electromagnet made of 5 nested
pairs of Helmholtz coils, a Kepco BOP 100-4M power supply, a Lake Shore Cryotronics 450 DSP
temperature-compensated Gauss meter and Hall probe, a Stanford Research Instruments SG382



microwave generator, and a computer which provides lock-in detection, magnetic field control,
and the data acquisition system. The RF magnetic field is provided by a Doty Scientific surface
coil and resonance circuit. The RLC circuits maximize the RF fields at 360 MHz. Because the
spectrometer utilizes lock-in detection, a small audio frequency alternating magnetic field is added
to the large swept magnetic field to modulate resonance. As a consequence of this detection
method, the measured spectrum is approximately the derivative of the EDMR response. For SDCP
measurements, the gate waveform was applied with a Tabor Electronics WW2572A waveform
generator. All measurements were made at room temperature.

Two types of MOSFETs were utilized in this study. Both types have a wet thermal gate oxide
process, but were fabricated by different manufacturers. One type received a post-oxidation anneal
in NO for 2 hours at 1175 °C while the other did not. The NO annealed and as-grown MOSFETs
had a doping density, mobility, and defect density of 7 x 10'® cm™, 19 cm?/Vs, 4.6 x 10! cm? eV~
Pand 7x 10 cm™, 1 em?/Vs, 3.1 x 102 cm™ eV, respectively. BAE measurements utilized longer
channel MOSFETs which had gate areas (L x W) of 5 x 100 um? (as-grown) and 100 x 100 pm?
(NO anneal), and SDCP utilized shorter channel MOSFETs which had gate areas (L x W) of 1 x
424 pm?2 (as-grown) and 1 x 1000 um2 (NO anneal).

Theory

The defect calculations were executed with the highly efficient SEQQUEST DFT code, using well
converged, local orbital bases (double-zeta + polarization) and Hamann-type pseudopotentials
[17], with a spin-polarized Perdew-Becke-Ernzerhoff (PBE) implementation of the generalized
gradient approximation [18]. To incorporate self-consistently the correct asymptotic boundary
conditions for isolated charged defects, we use the local moment counter charge (LMCC) method
[19,20] instead of a jellium background charge. This technique has predicted defect level energies
with 0.1-0.2 eV accuracy across a full band gap in silicon [21,22], gallium arsenide [23, 24], and
cesium iodide [25]. The long-range dielectric screening energy (outside the DFT defect simulation
cell) is incorporated using a Jost expression [26] for a charge Q in spherical cavity in isotropic
dielectric medium with low frequency dielectric constant, €,,:

R
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where Rj,s 1s an effective “spherical radius” of the supercell (Rydberg atomic units). Good
convergence to an asymptotic limit as a function of supercell size verifies that this is a good
approximation [23].

We use 2H-SiC as a proxy for 4H. It offers more convenient supercell dimensions, and 2H and 4H
defect levels are very similar [27]. We use a 300-atom supercell (a 5x5x3 expansion of the
conventional 4-atom hexagonal unit cell) with a 2x2x2 k-sampling. Using our PBE lattice
parameters, ¢ = 5.09 A and a = 3.10 A, this 5x5x3 supercell has a c/a ratio of 0.985, convenient
for applying the spherical Jost screening estimate. We considered nitrogen substitutions depicted
in Fig. 4: several substitutions on nearby carbon sites. We also considered two cases where



nitrogen replaced second nearest neighbor silicon. These were found to be significantly (~7eV)
higher in energy and therefore not considered further in this work. We considered low- and high-
spin configurations. In all cases the high-spin state was lower in energy by roughly 0.2-0.3 eV.

Theoretical Results

In Table I, we show the energies of formation, AEf, in the neutral charge state (in a Si-rich limit),
and Ry_y,, for the various N-Vg; configurations. The stability of nitrogen at carbon sites, N¢,
changes remarkably little with distance from the vacancy. Assuming equilibrium conditions, there

would be half as many N substitutions at 4.78 A, and 0.003 as many at 5.87 A, as there are at 3.36
A.

In Fig. 5, we show computed defect levels for isolated V;, and for the nitrogen substituting for
carbon atoms near a Vs;. We label the levels for the N, sites with the analogous charge state of the
isolated silicon vacancy. We expect that the N will donate one of its electrons to the V;, so that
the neutral Vg; + N defect complex corresponds to -/ charge state of the vacancy and a positive
nitrogen defect. This simple picture is supported by the preservation of the general features of the
Vsi level diagram, with shifts downward, consistent with the N, acting as a modest perturbation
on the Vsi. The further the nitrogen ion is from the Vs;, the smaller the shift. The —/0 level is relevant
to the EDMR results. The largest shift of this level, for the nearest nitrogen, N-a, is~ 0.5 eV. Note
that Fig. 5 has no reference to the band edges. In Fig. 6, we compare our defects levels for the V;
from several calculations in literature [27-29]. Note that only the results from Ref. [28], by Zyweitz
and coworkers, and the current work put the —/0 level near mid-gap. However, results in Ref. [28]
did not account for finite cell effects. Finally, the band edges in Fig. 6 imply that the +/++ level
will be subsumed into the valence band.

The downward shift in the near-midgap —/0 level in the current calculation would explain the
experimental EDMR observations. In this 0.5 eV window, only nitrogen-decorated defects would
be spin active, because the neutral charge state of the silicon vacancy is known to be diamagnetic,
and, hence, not observed in magnetic resonance. The Wang result [29] and Torpo result [27] would
lead to little change, the spin-active state is already completely within the range of the SDCP
experiment, and yielding no difference between the SDR and SDCP after the NO anneal.

Finally, we turn to the calculated spin densities, calculated from populations analysis, on the
nitrogen ions. In Table II, we show the total spin densities on N-a, N-b, and N-c. We should note
that these are pseudo-spin densities, obtained from the pseudo-wave functions. They do not include
core-polarization, and they do not have the correct orthogonality oscillations that would permit
direct calculation of hyperfine parameters. However, these sums over direction and a split-valence
basis set are good first order approximations (to better than a factor of two) for estimates of
broadening due to the hyperfine interactions with the nearby nitrogen atoms. Hyperfine constants
for electrons 100% localized on the near 100% abundant N sites [31, 32] allow for approximate
calculation of the broadening. The isotropic hyperfine coupling constant for an electron 100%
localized on a nitrogen s- orbital would be 646.2 Gauss. The anisotropic hyperfine coupling
constant for an electron 100% localized on a nitrogen p- orbital would be 19.8 Gauss. Since the
nitrogen nucleus has a spin of one and the s- contribution is somewhat larger than the p-



contribution, we estimate that the broadening would be dominated by the s- character contribution
and would correspond to about 2.2 Gauss for nitrogen atoms at the N-a sites and 0.9 Gauss for
nitrogen atoms at the N-b and N-c sites. The net effect would be a weighted average of these
values. Thus the experimentally observed broadening of about 1.5 Gauss is in good agreement
with the, admittedly, semi-quantitative theoretical values.

Summary

Our results provide a coherent explanation for the differences in the BAE/SDR and SDCP EDMR
results for devices which have and have not been subjected to the technologically important NO
anneals. Nitrogen atoms in close proximity to the silicon vacancy centers will both lower the —/0
energy levels and broaden the EDMR spectra. Our work is consistent with the earlier work of
others indicating the presence of extremely high densities of nitrogen atoms at the SiC-oxide
interface as a result of NO anneals [1,2]. It should be noted that our results also suggest that the
NO anneals would be more effective in improving the performance of n-channel devices than p-
channel devices as the introduction of the nitrogen atoms will drive remaining defect energy levels
downward towards the interface SiC valence band edge.
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FIG. 1. The effects of an NO anneal on the SDCP detected EDMR. Two defect spectra are
superimposed: a sharp center line, due to silicon vacancies in the near interface silicon carbide and
a weaker spectrum, with two lines separated by about 11 G due to hydrogen complexed E’ centers.
The NO anneal greatly reduces the amplitudes of both defect spectra [10].
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FIG. 2. 360 MHz BAE spectra comparing NO annealed (black) and as-grown (red) samples.
Spectra are amplitude normalized for better comparison of linewidths.
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FIG. 3. 360 MHz SDCP spectra comparing NO annealed (black) and as-grown (red) samples.
Spectra are amplitude normalized for better comparison of linewidths.



FIG. 4: Sites for nitrogen decoration (purple) in silicon carbide supercell Brown (tan) are carbon
(silicon) atoms. Center of vacancy indicated by red atom. In all other figures and tables, A, B, and
C will be referred to as N-a, N-b, and N-c.
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FIG. 5: Defect levels, as calculated using the LMCC, for the silicon vacancy, and for the three
configurations in Fig. 4.

10



3.5 -CB

25T

15

Energy (eV)

05

ZFB-4H

T-4H

-0.5

FIG. 6: Silicon vacancy defect levels from several calculations for 2H- and 4H-SiC. The band
edges, estimated from the LMCC method, are shown in dotted lines. ZFB, W, T, and CW are from
Ref. [28], [29], [27], and current work.

Ry_y, (A) AE; (eV) (Si-Rich)
Vay - 2.75
N-a 3.36 4.94
N-b 4.78 4.96
N-c 5.87 5.11

TABLE I: Energies of formation and intra-defect distances for sites labeled in Fig. 4

s-density p-density d-density
N-a 1.73e-3 2.46e-2 3.2e-4
N-b 7.0e-4 1.13e-2 6.4¢-4
N-c 7.0e-4 1.12e-2 6.1e-4

TABLE II: Spin densities, in electron spins, on the three sites shown in Fig. 4.
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