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Abstract. The SI-5 electron-paramagnetic-resonance (EPR) centre is a dominant defect in some
high-purity semi-insulating (HPSI) SiC substrates and has recently been shown to originate from

the negatively charged carbon vacancy-carbon antisite pair (VcCg; ). In this work, photoexcitation

EPR (photo-EPR) was used for determination of the energy position of deep acceptor levels of
VCs;i in 4H-SiC. Our photo-EPR measurements in slightly n-type material show an increase of the

EPR signal of V¢ Cg; for photon energies from ~0.8 eV to ~1.3 eV. Combining the data from EPR,

deep level transient spectroscopy and supercell calculations we suggest that the (1—2—) levels of the
different configurations of the defect are located in the range ~0.8-1.1 eV below the conduction
band.

Introduction

Semi-insulating (SI) properties in SiC are desirable for minimizing the parasitic capacitance in
substrates that otherwise lowers the performance of power devices at high frequencies. In high-
purity semi-insulating (HPSI) SiC substrates, deep intrinsic defects are used to compensate the
shallow N donors for achieving SI properties. Identifying and understanding the role of defects in
carrier compensation processes is crucial for defect control.

The SI-5 electron-paramagnetic-resonance (EPR) centre in 4H-SiC has recently been shown to

originate from the negatively charged carbon vacancy-carbon antisite pair (VcCg;) [1]. It is among

the most common defects in HPSI SiC substrates. With its acceptor level in the bandgap, the defect
is expected to play an important role in compensating the N donors and can be one of the main
intrinsic defects responsible for the SI properties of HPSI SiC.

Locating the energy levels of the defect in the bandgap is important for the understanding of the
carrier compensation processes. The (0]-) level of V¢Cs; in HPSI 4H-SiC has previously been
determined to be at ~1.24—1.5 eV below the conduction band, Ec, by photoexcitation EPR (photo-
EPR) [2,3]. In this work, using photo-EPR on slightly n-type 4H-SiC grown by high-temperature
chemical vapour deposition (HTCVD) substrates with high concentrations of V¢Csi, we determined
the energy required to turn the defect from the double negative charge state, which is EPR inactive,
to the single negative charge state, detectable by EPR. Thereby we located the energy position of
the (1-2—) level of the defect in 4H-SiC.

Experimental

Samples used in this work are slightly n-type 4H-SiC substrates grown by HTCVD with the
concentration of the N donors in the high 10"> cm™ range. The EPR measurements of the V¢ Cg;

signal in as-grown materials were carried out at the temperature range 40-77 K in dark after
illumination with above-bandgap light, using a Bruker ELEXSYS E580 spectrometer.
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Photo-EPR experiments were performed at 77 K on slightly n-type 4H-SiC. For optical
excitation, we used a 250W Halogen lamp with appropriate optical filters and a Jobin-Yvon 0.25 m
grating monochromator. The step change in wavelength was 10 nm or 20 nm. The uncertainty in the
determination of the photon energy is ~0.03 eV.

Results and discussion

In slightly n-type HTCVD substrates, the EPR signal of the VcCg; centre can be detected after or

during illumination with light of photon energies larger than ~1.1 eV. The signal is rather strong,
allowing the observation of the additional structures due to the hf interaction with two of the three
nearest neighbour ¥Si nuclei (I=1/2, 4.7% natural abundance) (HFa), as shown in F ig. 1. We also
observed the transformation of the defect symmetry from C;, to Cj; at ~50 K, as previously
reported and explained by Umeda et al [1] for the centre in electron-irradiated materials. The g-
values and the HF tensors of the centre obtained in as-grown materials are in good agreement with
that reported in Ref. [1].

Photo-EPR studies of VcCg; centre were previously carried out on HPSI 4H-SiC samples, in

which the EPR signal of the positively charged carbon vacancy (V¢) [4,5] could be detected in
darkness at low temperatures [2,3], indicating that the Fermi level is located in the lower half of the
bandgap. In those samples, the VCs; centre is initially not in the negative charge state. The EPR

signal of V¢ Cg; was detected when the photon energy reached ~1.75 eV [2,3]. The appearance and

increase of the V¢ Cg; signal accompanied by the increase of the EPR signal of the shallow B

acceptor was explained by the transfer of electrons from the ionized B acceptors to the (0]-) level of
VcCsi. The energy position of this (0]-) level was therefore estimated to be at ~1.24 eV below the
conduction band Ec [3]. (This level may lie deeper if there is also a Frank-Condon shift involved in
the optical transition.) In this work, we used slightly n-type material in which the VCs; centre
initially is in the doubly negatively charge state.
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Fig. 1. EPR spectrum observed at 40 K in as-grown n-type 4H-SiC under illumination with white
light for the magnetic field close to the direction of the ¢ axis. The hf structure due to the
interaction with two *’Si neighbours (HFa) is clearly seen (a slight splitting is due to a small
misorientation caused by off-axis sample).
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Fig. 2. The EPR spectra observed in dark and under illumination with light of photon energies of
~1.11 eV and ~1.32 eV, showing an increasing peak height of the dominant peak, the V¢ Cg;

signal, with increasing photon energy. The SI-11 signal is from an unidentified defect with an
isotropic g-value of 2.0037.

Three spectra, measured in darkness and under illumination with light of two different photon
energies, are shown in Fig. 2. In darkness, a very weak signal of V¢ Cg; was already detected (Fig.

2). This was due to the influence of the background room light, which could not be completely
shielded during the cooling of the sample. This weak signal did not change while changing the
wavelength of the excitation light in the range from 2000 nm to ~1550 nm (or ~0.8 eV). The plot of

the intensity of the V¢ Cg; signal against the photon energy of the excitation light shows an increase

starting at ~0.8 eV and levelling out after ~1.3-1.4 eV (Fig.3). We believe that the increase
corresponds to the energy transition from the (1-|2—) levels of the different configurations of V¢Csg;
to the conduction band. The removal of one electron from the (1-2—) level turns the defect to the
single negative charge state, which can be detected by EPR. The EPR intensity of the centre
approaches maximum when the photon energy is sufficient to remove electrons from the (0|-) level
to the conduction band. This intensity represents the part of the centre being in the negative charge
state induced by illumination. The saturation of the EPR signal occurring at ~1.3-1.4 eV therefore
may be related to the transition from the (0O-) level to the conduction band. This energy is close to
that determined for the (0-) level (at ~Ec—1.24 eV in Ref. [3]). Repeated measurements with
different excitation power (different power of the lamp and different opening of the slits of the
monochromator) showed the same spectral dependence of the EPR intensity. Furthermore, when the
sample was illuminated with light of one fixed photon energy for a longer time, the signal did not
change, showing that the signal depends solely on the photon energy of the light. The signal did not
decrease when light was turned off, indicating that the electrons removed from the (1-|2—) level of
VCsi were probably trapped at some higher lying defect levels.

The (1-2-) level of VCsiis possibly related to the EHS5 acceptor level at Ec—1.13 eV observed
by deep level transient spectroscopy (DLTS) in n-type irradiated 4H-SiC after annealing at 750°C

[6]. The annealing behaviour of the EH5 deep level is similar to that of the EPR signal of V¢ Cg;.

Our assignment is also supported by supercell calculations [1] which predicted the (1—2—) level of
VcGCsito be at ~Ec—1.1 eV and ~Ec—0.9 eV for the defect at the cubic and hexagonal lattice site,
respectively.
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Fig 3. The spectral dependence of the EPR intensity of the V¢ Cg; signal on the photon energy of

the excitation light. In the photo-EPR experiments we used a 250W Halogen lamp with
appropriate optical filters and a Jobin-Yvon 0.25 m grating monochromator. The step change in
wavelength is 10 nm over the increase and 20 nm over the flat part. The insert shows the
estimated energy positions of the (1-|2—) and (0|-) acceptor levels of VCs;.

Summary

In summary, we have estimated the energy position of the (1-{2—) level of VCs; centre in slightly
n-type 4H-SiC HTCVD substrates using photo-EPR. An energy threshold of ~0.8 eV corresponding

to the appearance of the V¢ Cg; signal was detected. The increase of the V¢ Cg; signal was observed

over the range ~0.8-1.3 eV. Combining this with previously reported results from photo-EPR,
DLTS and supercell calculations, we suggest the energy position of the (1-2—) levels of the
different configurations of V¢Cg; defect to be in the range ~0.8-1.1 eV below the conduction band.
The (1-2—-) and (0-) acceptor levels of V¢Csg; are carrier traps and can play an important role in
carrier compensation in HPSI 4H-SiC. In HPSI substrates with high concentrations of VCg;, the
thermal activation energies of E, ~1.1 and ~1.25-1.3 eV may be related to the (1-|2—) and (0]-)
levels of VCsg;, respectively.
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