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Abstract: In this review paper, an overview of radiation induced deep level defects in n-type 4H-
SiC studied by junction spectroscopy techniques, is given. In addition to carbon vacancy (Vc), pre-
sent in as-grown material already, we focus on the following deep level defects: silicon vacancy
(Vsi), carbon interstitial (Ci), and carbon antisite-carbon vacancy (Csi-Vc) pair. Recent advances in
measurements by junction spectroscopy techniques that have led the progress toward better under-
standing of radiation induced defects are presented.
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1. Introduction

Silicon carbide (SiC) is a wide bandgap semiconductor suitable for high temperature
and high-power applications. We are witnessing a rapid growth in number of applications
for SiC-based devices such as PiN diodes, and MOSFETs in the past few years. Moreover,
SiC has attracted a lot of attention as point-like defects which are introduced by ion im-
plantation or proton irradiation in a deterministic way, such as VSi, are considered as
promising candidates for quantum computing and sensing [1].

Table 1. Parameters for SiC polytypes [2].

SiC Energy Electron Hole Electric field Thermal
Poly- band mobility || / L mobility ['l to c-axis conductivi
type gap (eV)  to c-axis (cm?V-s1)  (MV/em) ty (W cm-
(cm?2V-1s) 1K-1)
4H 3.26 1200/1020 120 2.8 3.3-4.9
6H 3.02 100/450 100 3.0 3.3-4.9
3C 2.36 ~1000/1000 100 14 3.3-4.9

Among all SiC polytypes, 4H is the most studied. It has the largest bandgap of 3.23
eV. More parameters are given in Table 1. Due to the high and isotropic mobility of carri-
ers, the 4H polytype of SiC is preferred as material for power electronics [2], bipolar de-
vices [3], quantum computing [1], and radiation detection devices [4].

Wide-spread applicability of 4H-SiC material for electronic devices was mostly hin-
dered by trapping/recombination of carriers and compensation effects due to electrically
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active deep level defects. Electrically active deep level defects act as traps for charge car-
riers, and therefore influence electrical properties of electronic device and cause a deteri-
oration of device performance. We will focus on n-type 4H-SiC material, as it is the pre-
ferred type of material for the electronic devices.

In this review, we provide an overview of electrically active deep level defects in n-
type 4H-SiC material. Since we are covering the electrically active defects, the primary
experimental techniques to be included are junction spectroscopy techniques. Junction
spectroscopy technique is a term describing measurements performed on a semiconduc-
tor junction using electrical or electro-optical techniques [5]. The role of the junction is to
create a depletion region (for example Schottky or p-n diode), as its usage brings the im-
portant advantage over other bulk techniques. The advantage is that it is much easier to
manipulate the occupancy of defects producing energy levels in the bandgap (i.e., deep
level defects) within the depletion region than in bulk [5]. The most common junction
spectroscopy technique is the deep level transient spectroscopy (DLTS). DLTS is one of
the most sensitive methods for determination of electronic properties of deep level defects
in semiconductors. DLTS can detect deep level defects in concentration around 10 cm-
[5]. It provides information regarding the activation energy for electron/hole emission,
capture cross-section, and concentration/density of defects. However, the main DLTS de-
ficiency is the lack in energy resolution i.e., it is almost impossible to resolve two closely
spaced deep energy levels. The improvement came in another junction spectroscopy tech-
nique and brought an order of magnitude better energy resolution. This technique is
called Laplace DLTS (L-DLTS) [5]. The list of other junction spectroscopy techniques in-
cludes, butitis not limited to isothermal DLTS and minority carrier transient spectroscopy
(MCTS). The isothermal DLTS has proven as a very useful technique for studying the bi-
stable defects in n-type 4H-SiC [6], while MCTS gives information on minority carrier
traps. Minority carriers could be optically generated by use of above-bandgap light [7].

Although we will focus on DLTS results in this review, results obtained with other
techniques such as electron paramagnetic resonance (EPR) and photoluminescence (PL),
will not be excluded. However, it should be noted that direct comparison of DLTS and
EPR is difficult or impossible in some cases. The reason is, DLTS is usually used for meas-
uring deep level defects in concentrations which are a few orders of magnitude below the
detection limit of EPR.

Recent advances in measuring and identifying deep level defects in 4H-SiC have
resulted in numerous reported studies and huge amount of the available data. It has be-
come difficult to follow all these advances and stay updated. Different defects labeling
used for the same defects has also brought a certain confusion.

The main aim of this review is to provide updates results on the radiation induced
deep level defects in n-type 4H-SiC. Here, we have focused on recent advances, and stud-
ies reported in the past few years. Therefore, we highly recommend to our readers to look
for more details in provided references and references within.

2. Deep level defects in n-type 4H-SiC

For many years researchers within the SiC community, in particular researchers
working with DLTS, have reported studies on deep level defects in 4H-SiC and used dif-
ferent labelling for defects identification. As a result, we have had different “families” of
defects, known as 51-54 [1,8, 9], RD1-4 [10], ET1-2 [11,12] EH3-7 [13,14] etc. Recently, one
“family” has prevailed, and it is becoming a standard notation.

They are: Zi2, EHez, S12, EHis, and EHais. Based on the recent results obtained by
DLTS, L-DLTS, and EPR measurements, combined with the density functional calcula-
tions (DFT), above mentioned deep level defects are identified as: acceptor and donor state
of the carbon vacancy (V) [15], silicon vacancy (Vsi) [1], carbon interstitial (Ci) [13], and
carbon antisite-carbon vacancy (Csi-Vc) pair [14], respectively.
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Figure 1. shows a schematic energy bandgap diagram of the n-type 4H-SiC with the
most common deep level defects. It should be noted that diagram is prepared based only
on DLTS measurements; therefore Zi2 and EHer are represented as single levels. Recent
advances in separating the signals arising from the Z1 and Z2, and EHs and EH7 by means
of L-DLTS will be thoroughly explained later in the text.

EH1; S1
71/2
EH3; S2

EH4/5
EH6/7

________________________ K

Figure 1. Schematic energy bandgap diagram for the n-type 4H-SiC, with the most com-
mon deep level defects.

Figure 1. clearly shows how closely spaced are all the above-mentioned deep level defects.
In fact, EHis and Si2, have the identical activation energies for electron emissions, 0.40
and 0.70 eV. Such unusual behavior has led to confusion not only in labelling but also in
distinguishing these deep level defects. Table 2. provides details on the deep level defects
covered in this paper.

Table 2. List of all deep level defects in n-type 4H-SiC covered in this review paper. In-
formation about defects labelling, identification, activation energy and references are
listed.

Label Identification Activation References
energy (eV)
EH: (@ 0.40 [13,16]
EHs @] 0.70 [13,16]
St Vsi (-3/-) 0.40 [1, 8,17, 18]
Sz Vsi (=/-) 0.70 [1,8,17,18]
Z1 Ve (=/0) 0.59 [15, 19, 20]
Z> V(=/0) 0.67 [15, 19, 20]

EHuss Csi-Ve (+/0) 1.0 - 1.1 [14, 21]
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EHs Ve (0/++) 1.30 [15,22, 23]

EH Ve (0/++) 1.40 [15, 22, 23]

3.1. Carbon vacancy

Figure 2 shows typical DLTS spectrum for the as-grown n-type 4H-SiC sample. Two
peaks, Zi2 (maxium at around 300 K) and EHe7 (maximum at around 650 K) are observed.
The estimated activation energies for electron emission are 0.67 and 1.74 eV, respectively.
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Figure 2. Typical DLTS spectrum for the as grown n-type 4H-SiC sample. Two peaks, Z12
and EHe are observed.

Son et al. [15] were the first ones who have ascribed Zi2 and EHez to (=/0) and (0/++)
transitions from the carbon vacancy, based on the EPR and DLTS measurements. Carbon
vacancy (V) is the most dominant defect in 4H-SiC, introduced during the crystal growth
and upon irradiation. The Vc concentration can be increased either by irradiations or high-
temperature annealing [12].

As we can see in Figure 2., DLTS peaks are either asymmetric (Z12, the low tempearture
side) or very broad (EHer). From the first studies on Zi2and EHe it was evident, that the
structure behind these defects is not simple. In their pioneering work on Z12 using DLTS,
Hemmingsson et al. [19] showed that Zi is the superposition of two nearly identical Z1
and Z: negative-U defect transitions, each located on a different sub-lattice site. However,
not until recently, using the L-DLTS, direct evidence that Zi» consists of two components
is provided, namely Z: and Z», with activation energies for electron emission of 0.59 and
0.67 eV, respectively. These were ascribed to (=/0) transitions of carbon vacancies located
at hexagonal and pseudo-cubic sites of the 4H-SiC crystal, respectively [20]. Figure 3.


https://doi.org/10.20944/preprints202201.0360.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 January 2022

5 of 10

Shows L-DLTS spectrum for the as-grown 4H-SiC samples. The emission lines arising
from the Z12 DLTS peak are clearly resolved.
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Figure 3. L-DLTS spectrum for the as grown 4H-SiC sample measured at room
temperature (RT).

Even before the Zi2 was resolved by L-DLTS measurements, there were several attempts
to resolve the broad EHe~ peak too. Danno and Kimoto [22] have resolved EHs and EH
by simulating the Fourire-transform DLTS peak of EHey. The direct evidence that EHe
consists of two components was provided by Alfieri and Kimoto [23]. In this study, they
have resolved two energy levels at 1.30 and 1.49 eV, for EHs and EHr respectively.

2.2 Silicon Vacancy

Figure 4. shows DLTS spectrum for the 2 MeV He ion implanted n-type 4H-SiC sample.
In addition to the Ziz, 2 MeV ion implantation has introduced several deep level defects,
namely Si, S2 and EHa. In this section we will focus on Si and S:. Estimated activation
energies for electron emission for S1 and Sz are 0.40 and 0.70 eV.
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Figure 4. DLTS spectrum for 2 MeV He ion implanted 4H-SiC sample. Several deep level
defects are observed: S1, Zi2, S2 and EHa.

Deep level defects with those energies have been reported in numerous studies for proton
irradiated [1], ion implanted [6], neutron irradiated [18] 4H-SiC samples. The
inconsistency in labeling and distingusing these defects regardless of the particle energy
and type used for irradiation has brought confusion while interpreting different
published studies. It was evident from all these studies that these levels (0.40 and 0.70 eV)
are due to intrinsic defects, interstisials or vacancies.  Significant progress in
understanding these defects was made by Beathen et al. [1]. They have identified the S:

and S:as Vsi (-3/=) and Vsi (=/-) charge states, based on the PL and DLTS measurements,
combined with DFT calculations.

Additional progress has been made by L-DLTS measurements. Beathen et al. [1] have
shown that Si (in proton irradiated samples) has two emission lines arising from Vsi
sitting at -k and -/ lattice sites. The identical findings have been later confirmed by Brodar
et al [18] when studying the fast neutron irradiated 4H-5iC material. Figure 5 shows L-
DLTS spectrum for Si. The emission line splittening is clearly observed.

d0i:10.20944/preprints202201.0360.v1
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Figure 5. L-DLTS spectrum for 2 MeV He ion implanted 4H-SiC sample measured at 210
K. Data adopted from Ref. [18].

2.3. Carbon Interstitial

As already mentioned in the previous section, two energy levels at 0.40 and 0.70 eV have
been introduced in 4H-SiC by protons, electrons, neutrons and ions. In order to obtain
more information about these defetcts, and by keeping in mind that the low energy
electrons cannot displace silicon atoms (displacement thresholds are 20 eV for C and 35
eV for Si [2]), different studies were performed. Storasta et al. [16] have used low energy
electrons to introduce only carbon displacements in the 4H-SiC lattice. They have
observed two deep level defects with energies of 0.4 and 0.7 eV, and labeled them as EH:
and EHs. These levels were assigned to a highly mobile defect, such as carbon interstitial.

Alfieri et al. [13] have used the low-energy electrons to introduce carbon displacements
only, and then measured activation energies for annealing of the EHislevels. They have
shown that activation energies for annealing of EHisslevels are about 0.7 eV lower than
those for 512 (Vsi), giving strong evidence for distinction of EH- and S-centers.

These studies have led to better understanding of Si2and EHis defects. It is now evident
that these defects can be easily be distingushed. While EHis are introduced by the low-
energetic particles (< 150 keV), the Siz deep level defects are introduced by the high-
energetic particles.

Recently, Coutinho et al. [24] have reported on M-scenter (bi-stable defect in 4H-5iC, also
introduced by radiation) and identified it as Ci. M-centre introduces several energy levels
which overlap with the already described EHis and/or Siz, and Ziz deep levels.The
relation between the EHis and M-centre is still unclear.

In addition to above mentioned M-center, Karsthof et al. [25] have introduced excess
carbon into n-type 4H-SiC by thermal annealing with a pyrolyzed carbon cap on the
sample surface as a carbon source. They have observed several deep level defects, most
likely Ci-related. However, their properties are different from those reported for the M-
centre. They have proposed the existance of variety of Ci-related defects.
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It is clear from all the available results that further studies are needed untl we reach a
full undestanding of Ci-related defects in 4H-SiC.

2.4. Carbon antisite-carbon vacancy pair

The EHs and EHs are deep level defects commonly found in DLTS spectra of ion implanted
or irradiated n-type 4H-SiC samples [6, 14, 18, 21]. The EH4 has the peak maxium around
400 K (as shown in Figure 4), while the EHs appears at slihtly hgher tempeartures.
Reported activation energies are around 1.0-1.1 eV below the conduction band.

Karsthof et al. [14] have studied the EHsand EHs deep level defects by means of DLTS
and PL in proton irradiated and subsequently annnealed n-type 4H-SiC. They have
proposed that the EHs (~1.0 eV) and EHs (~1.1 eV) originate from the (+/0) charge
transition level belonging to different configurations of the carbon antisite-carbon vacancy
(Csi-Vc) pair.

This result has ben additionaly confirmed by Nakane et al. [21]. They have used 2 MeV
electron irradiation followed by additional annealing, to introduce deep level defects and
investigated them by means of photo-induced current transient spectroscopy (PICTS) and
EPR. Several deep level defects were introduced. Among them, two deep level defects at
energies ~ 0.72 and ~1.07 eV were assigned to (0/-) and (+/0) charge transitions of the Csi-
Vc pair.

3. Conclusions

In this review, we focus on recent advances related to the main radiation induced deep
level defects in n-type 4H-SiC. We have provided an overview of the main achievements,
mostly based on application of junction spectroscopy techniques. Using the junction spec-
troscopy techniques, several deep level defects were successfully resolved, e.g., the Z1 and
Z>, EHe and EH7, and S1. While significant progress has been achieved for the Vc and Vs,
Ci-related defects are still not yet fully understood.
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