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ABSTRACT
Swift heavy ions, such as krypton ions, play a significant role in developing and 
enhancing the performance of various devices. In this study, the influence of 
Kr2+ on nitrogen-doped 4H-silicon carbide has been investigated using deep level 
transient spectroscopy (DLTS). Krypton ions, with an energy of 107 MeV, were 
used to irradiate the Au/Ni/4H-SiC Schottky barrier diodes (SBDs) at a fluence of 
1 × 1010 cm–2 at room temperature (300 K). Before the irradiation of the samples, 
the electrical measurements revealed good rectifying behaviour. However, rectifi-
cation properties of the Au/Ni/4H-SiC SBDs were completely lost after irradiation 
at a fluence of 1 × 1010 cm–2. Annealing was performed at 300 °C in flowing argon, 
and the current–voltage (I–V) and capacitance–voltage (C–V) revealed partial 
rectification. DLTS of the as-grown devices analyses revealed the presence of 
four deep level defects. After annealing the irradiated device, the DLTS spectra 
showed a reduction in the intensity of the E0.10 and the disappearance of the E0.12 
as well as the E0.16 defects compared to that as-grown. Two defects with energies 
of 280 and 410 meV showed inverted peaks, as would have been expected from 
minority carriers trap instead of majority carriers, which led to confusion as the 
peaks were inverted. It was concluded that the peculiar characteristics of DLTS 
measurements on SBDs may be due to the extremely high value of the series 
resistance as well as the low capacitance. The results of this study provide insight 
into the behaviour of SBDs under extreme irradiation and can be used to improve 
the radiation tolerance of electronic devices made from SiC.

1 Introduction

Schottky barrier diodes (SBDs) are a type of semi-
conductor diode that is characterized by the forma-
tion of a Schottky barrier at the metal–semiconductor 
interface [1]. The Schottky barrier, which occurs due 
to the difference between the work function of the 

metal and the semiconductor, is responsible for the 
unique electrical properties of SBDs, such as their 
fast-switching speeds and low forward voltage drop, 
Vf (the voltage required for diode to conduct cur-
rent in the forward direction) [2]. SBDs have been 
widely studied and used in many electronic devices, 
such as power electronics, high-frequency switching, 
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carriers in 4H–SiC-related devices, thereby increas-
ing the switching speeds [9, 22–27].

Furthermore, different defects have been uninten-
tionally introduced into 4H–SiC via crystal growth [9, 
22–27]. The most commonly studied defects in nitro-
gen-doped 4H-SiC include point defects, extended 
defects, and defect complexes [28–30]. Point defects 
such as silicon or carbon vacancies and carbon inter-
stitials in nitrogen-doped 4H–SiC have been reported 
[25, 31]. Silicon or carbon vacancies are defects where 
a silicon or carbon atom is removed from the normal 
lattice site [32]. In contrast, carbon interstitial is a 
defect where a carbon atom is present in an extra lat-
tice position [25, 31]. Point defects in 4H–SiC can also 
be classified as intrinsic defects, such as vacancies and 
interstitials, and extrinsic defects, such as impurities 
and structural defects. These defects can have a sig-
nificant influence on the electrical and optical prop-
erties of 4H–SiC, such as its carrier mobility, band-
gap, and threshold voltage of Field-Effect Transistors 
(FETs) made on the material [33]. Since these defects 
can either be beneficial or harmful to the application 
of SBDs, understanding and controlling them is cru-
cial for the development of high-performance 4H–SiC 
devices. In general, various techniques, such as trans-
mission electron microscopy (TEM), scanning electron 
microscopy (SEM), secondary ion mass spectroscopy 
(SIMS), Raman spectroscopy, X-ray diffraction (XRD) 
and deep level transient spectroscopy (DLTS), have 
been employed to study, detect, and characterize 
defects in nitrogen-doped 4H–SiC [15, 34–36]. There-
fore, the knowledge of these defects are important for 
understanding and improving the performance of 
4H–SiC-based electronic devices for electronic, indus-
trial and laboratory applications.

DLTS is a powerful and well-established technique 
for characterizing defects in semiconductor materials 
(such as 4H–SiC) [15]. The technique has been widely 
used and reported to characterize defects present 
in unirradiated as well as irradiated semiconductor 
devices [9, 23–25, 37]. DLTS has been used to study 
the influence of swift heavy ion irradiation (such as 
Kr2+) on nitrogen-doped 4H-SiC, a widely used semi-
conductor for high-temperature and high-power 
electronics. Kalinina et al. have reported the effect of 
245 MeV Kr2+ irradiation at a fluence of 1010 ions.cm–2 
on the electrical properties of Cr/4H-SiC Schottky bar-
rier diodes with an epitaxial layer of donor concentra-
tion of 4–5 × 1015 cm–3 [27]. DLTS was employed by 
Kalinina et al. to characterize the deep levels present 

and sensing applications [3, 4]. They are particularly 
attractive in high-frequency and high-temperature 
applications because of their low reverse leakage 
current and low capacitance compared to other wide 
bandgap semiconductors [5]. One of the critical fac-
tors in the performance of SBDs is the high quality 
of the metal–semiconductor interface, i.e., the Au/
Ni/4H-silicon carbide (SiC) interface [6]. Studies 
have shown that the Schottky barrier height (SBH) is 
directly related to the quality of the interface, with a 
lower SBH resulting in a lower forward voltage drop 
and a lower reverse breakdown voltage [7, 8]. Many 
researchers have employed different techniques to 
improve the quality of the interface, such as thermal 
annealing (as in the case of Ni ohmic contacts on 
4H– 4H–SiC), sputtering, and chemical vapour dep-
osition (CVD) [9–12]. Also, the performance of the 
SBDs is influenced by the level of doping of the semi-
conductor or irradiation of the device by energetic 
particles (e.g., krypton ions). It has been reported 
that increasing the doping level in 4H–SiC results in 
a higher SBH and a lower reverse breakdown voltage 
[13]. Furthermore, an extremely high doping level 
in a semiconductor brings about an increase in the 
reverse leakage current as well as a reduction in for-
ward current [14]. SBDs based on nitrogen-doped 
4H–SiC have also been extensively studied in the 
recent years due to their high thermal stability and 
high electron mobility. This semiconductor material, 
4H–SiC, has shown great potential for high-tempera-
ture and high-power electronics device applications 
[11, 15].

SiC is a wide bandgap semiconductor material 
with many applications in high-power, high-temper-
ature, and high-frequency electronic devices due to 
its high thermal stability and electron mobility [4, 
16]. It crystallises in multiple polytypes depend-
ing on the growth conditions. One of the most used 
polytypes is 4H–SiC, which has a hexagonal crystal 
structure and lattice constant of about 3.085 Å [17, 
18]. The 4H polytype has a high electron mobility, 
thermal conductivity, and breakdown electric field 
[19]. However, as in most semiconductor materials, 
4H-SiC is not without defects [20]. It can contain 
defects that can impact its optical and electronic 
properties. Some of these deep level defects can be 
introduced purposefully. For instance, impurity dop-
ing of 4H–SiC with nitrogen has been used to reduce 
the resistivity of devices [21]. In another, particle 
irradiation has been used to reduce the lifetime of 
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and discovered an increase in the concentration of the 
Z1 defect observed in irradiated samples [27]. Pho-
toluminescence and DLTS have been used to study 
the influence of irradiation on the optical and elec-
trical properties of the nitrogen-doped 4H-SiC epi-
taxial layer. The concentration of the uncompensated 
donor of the nitrogen-doped 4H-SiC epitaxial layer is 
5–8 × 1015 cm–3 with the help of fast neutrons, 245 MeV 
Kr2+ and 710 MeV Bi2+ irradiation [38]. According to 
ref. [38], the 245 MeV Kr2+ and 710 MeV Bi2+ induce 
defects with the same parameters as those of electrons, 
neutrons, and light ions. Another study by Kalinina 
et al. also reported that capacitance- (C–), current- (I–) 
and charge- (Q–) DLTS discovered the presence of the 
well-known Z1 defect with activation energy 0.66 eV 
after bombarding the CVD-grown 4H–SiC of the epi-
taxial layer of donor concentration of 4–5 × 1015 cm–3 
with 245 MeV Kr2+ to a fluence of 1010 ions.cm–2 [39]. 
Broniatowski et  al. reported the peculiar features 
obtained when characterized resistive samples with 
the DLTS [40]. The peculiarity characteristics brought 
about a reduction in the DLTS signal or even reversed 
its sign, which leads to potential confusion between 
the minority and majority carrier traps. This charac-
teristic was demonstrated using ion-implanted silicon 
and germanium bicrystal. However, the influence of 
107 MeV Kr2+ at a fluence of 1.0 × 1010  cm–2 on the 
electrical properties of Au/Ni/nitrogen-doped 4H–SiC 
SBDs with low donor concentration of 4.0 × 1014 cm–3 
in the epitaxial layer has not been reported. Addition-
ally, information on the behaviour of DLTS signals 
observed during the characterisation of highly resis-
tive Au/Ni/nitrogen-doped 4H–SiC SBDs has not been 
reported.

The purpose of investigating the electrical prop-
erties of Au/Ni/nitrogen-doped 4H–SiC SBDs after 
107 MeV Kr2+ irradiation at a fluence of 1.0 × 1010 cm–2 
is to simulate the irradiation conditions that devices 
may encounter in space applications. This low dop-
ing density material and irradiation fluence stand for 
the environment that space-based electronic devices 
fabricated using 4H–SiC would experience. Therefore, 
understanding the impact of this specific irradiation 
on the electrical properties of Au/Ni/nitrogen-doped 
4H–SiC SBDs, as well as the DLTS behaviour in these 
highly resistive devices, is important for improving 
the radiation tolerance of electronic devices made 
from 4H–SiC.

In this study, DLTS is used to investigate the effects 
of 107 MeV Kr2+ on Au/Ni/nitrogen-doped 4H–SiC 

devices at a fluence of 1.0 × 1010 cm–2. The irradiation 
on this low doping density semiconductor (Au/Ni/
nitrogen-doped 4H-SiC) at that aforementioned flu-
ence was performed to simulate the conditions of Kr2+ 
irradiation encountered in space environments, and 
the resulting impact on the Au/Ni/nitrogen-doped 
4H–SiC diodes was characterized using DLTS to 
study the behaviour, identify and quantify the vari-
ous deep level defects that were induced by the swift 
heavy ion irradiation. Also, the role of annealing in 
restoring the non-rectifying diodes was reported. The 
findings from this research will offer a valuable under-
standing of the performance of Au/Ni/nitrogen-doped 
4H–SiC Schottky barrier diodes when subjected to Kr2+ 
irradiation, potentially enhancing the radiation toler-
ance of devices fabricated for modern days electronic 
applications.

2 �Experimental details

A nitrogen-doped 4H–SiC epitaxial layer with a dop-
ing concentration of approximately 4.0 × 1014  cm–3 
(low doping density) sold by Cree Research Inc. 
was employed for this research. The epitaxial layer 
was grown by chemical vapour deposition on 
n+–4H–SiC substrate with a doping concentration of 
1.0 × 1018 cm–3. The wafer supplied was polished on 
the two sides and had silicon-face epi ready with a 
resistivity of 0.02 Ω-cm. Small pieces of the samples 
with dimension ~ 2 mm ×  ~ 4 mm were cut from the 
large wafer (100.0 mm in diameter).

Before the ohmic contact was deposited on the 
higher doped side of the 4H–SiC, chemical degreas-
ing was carried out by boiling in three organic sol-
vents (trichloroethylene, acetone, and methanol) for 
5 min each. The samples were thereafter rinsed in de-
ionized water for approximately one minute before 
etching in 40% hydrofluoric acid for 30 s [9, 10]. Rins-
ing of the nitrogen-doped 4H–SiC samples in de-
ionized water was carried out, followed by nitrogen 
gas blow drying. The grease and oxide layer on the 
substrates were removed by degreasing and etching, 
respectively [9, 22, 41, 42]. The effect of grease and 
the native oxide layer cannot be neglected because 
they affect the yield and reproducible process in the 
fabrication of microelectronic devices [43]. An ohmic 
contact of 3000 Å of nickel was subsequently ther-
mally evaporated on the face with the higher doping 
concentration (1.0 × 1018 cm–3) of the nitrogen-doped 
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4H–SiC at a deposition rate of approximately 1 Ås–1. 
The vacuum pressure during the deposition was kept 
at ~ 5.2 × 10–6 mbar. The deposition rate and vacuum 
pressure, as well as the Ni evaporated thickness, were 
remotely monitored and recorded to get accurate 
thickness for ohmic and Schottky contacts. To lower 
the contact resistance, the fabricated Ni ohmic contact 
was transformed to Ni silicide by annealing at 950 °C 
for approximately 10 min in flowing argon in a quartz-
tube furnace [44]. Annealed samples were left in the 
furnace to cool down to room temperature (300 K) 
before removing them.

After annealing the ohmic contact (i.e., before depo-
sition of the SBDs) the sample was again cleaned in the 
three organic solvents as described before. This was 
done to remove any unnoticeable flake and dirt that 
was in contact with samples during the annealing and 
cooling, which might have a significant influence on 
the contact resistance. The Au/Ni (1:4) Schottky con-
tacts of thickness and diameter 1000 Å (i.e., in the ratio 
of 1 to 4 for Au and Ni) and 0.6 mm, respectively, were 
resistively deposited at the moderate deposition rate 
of 0.4 Ås–1 in a vacuum pressure of ~ 2 × 10–6 mbar. The 
SBDs were deposited on the epilayer side with a lower 
doping concentration of approximately 4 × 1014 cm–3. 
A schematic diagram of the nitrogen-doped 4H–SiC 
sample is shown in Fig. 1.

The electrical characterization of the SBDs at 
300 K was carried out using a current–voltage (I–V) 
and capacitance–voltage (C–V) station comprising a 
pA-Meter/DC Voltage Source and an LF Impedance 

Analyzer, respectively. This characterization was done 
to determine the devices’ quality purpose before pro-
ceeding to DLTS characterization. After the suitabil-
ity of the devices was ascertained, the samples were 
mounted on a close-cycle helium cryostat to carry the 
DLTS measurements. The helium cryostat was closed 
to leave the device under vacuum and later pumped 
down to the desired measuring temperature before the 
characterization of the defect(s) present in the pris-
tine device with the help of state-of-the-art DLTS. The 
DLTS measurements were performed using a Boonton 
7200 capacitance meter. The signatures of the individ-
ual defect present were determined by DLTS.

Afterwards, the pristine Au/Ni/nitrogen-doped 
4H–SiC SBDs were exposed to 107 MeV Kr2+ at a flu-
ence of 1.0 × 1010 cm–2 in the IC-100 FLNR cyclotron 
radiation facility. The Stopping and Range of Ions in 
Matter (SRIM) 2010 code was employed to estimate 
the projected range and nuclear energy loss as well as 
the electronic energy loss of the Kr2+ irradiation [45]. 
Before the irradiation of pristine devices with Kr2+, 
the expectation from the projected range, nuclear 
and electronic energy loss was 11.7 μm, 0.039 keV.
nm–1 and 13.5  keV.nm–1. The projected range of 
11.7 μm expected is greater than the combined thick-
ness of metal contact (0.10 μm) and that of epilayer 
(6.00 μm). Therefore, the swift ions (Kr2+) are expected 
to go through both the diode and the epilayer and 
induce defects in the region of the bulk of the 4H-SiC 
sampled.

The swift heavy ion-irradiated devices were char-
acterized using the I–V and C–V measuring system 
together with DLTS to compare the performance of 
the irradiated devices to that of pristine devices. The 
irradiated devices were thereafter annealed at 300 °C, 
and the same characterizations were repeated on the 
annealed samples.

3 �Results and discussion

3.1 �Current–voltage and capacitance–voltage 
characterization

To investigate the effect of swift iron (Kr2+) irradia-
tion on the I–V properties of the Au/Ni/nitrogen-
doped 4H–SiC SBDs, the pristine devices were first 
characterized. A semi-logarithmic graph of the data 
obtained was plotted as shown in Fig. 2 (inverted 
solid triangles). It can be observed from the graph that 

Fig. 1   Schematic diagram of 4H–SiC substrate after the ther-
mally evaporation of Au/Ni Schottky contacts and a Ni ohmic 
contact. Nitrogen-doped 4H–SiC before and after isochronally 
annealing at 300 °C and 400 °C, measured at room temperature
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I-V characteristics are linear on the semi-logarithmic 
scale at low bias up to 1.0 V (i.e. 3.4 × 10–14 A), which 
later deviated at high bias because of the influence of 
series resistance [46, 47]. The experimental data were 
fitted using conventional thermionic emission theory 
so as to evaluate some of the electrical parameters of 
the diodes [2, 48]. The values obtained are presented 
in Table 1. The ideality factor, n, was determined to 
be 1.04 from the gradient of the linear part of the 
semi-log plot, which was close to the ideal of unity. 
From the intercept of the log I-V plot, the Schottky 
barrier height for I-V (SBHI-V) was determined to be 
1.92 eV. The value of SBHI-V is high enough, though 
slightly less than the value of 2.5 eV predicted by the 
Schottky–Mott Model [49]. The series resistance, Rs, 
and the saturation current Is, were determined to be 
29 Ω and 2.3 × 10–22 A, respectively. From the ideal-
ity factor close to unity, the low series resistance and 
the low reverse leakage current, it can be deduced 
from the value obtained that the thermionic emission 

process is the dominant current transport mechanism 
in the pristine Au/Ni/4H-SiC diode. From the semi-
logarithmic plot and the electrical parameters obtained 
for the pristine device, the device is of good quality 
and suitable for this research.

After the irradiation of the device with 107 MeV 
Kr2+ at a fluence of 1.0 × 1010 cm–2, severe degradation 
was observed. The severe gradation was observed 
because of the low doping density of the sample used 
as well as the fluence at which the irradiation was car-
ried out. The device turned to ohmic and lost all the 
rectification properties which was due to a very high 
series resistance. The exposure of the Au/Ni/nitrogen-
doped 4H–SiC SBDs to Kr2+ has induced defects and 
caused changes/displacements at the interface of 
metal–semiconductor (i.e. Au/Ni–4H–SiC) which have 
altered the Schottky barrier height. The purpose of 
irradiating the diodes at that fluence was to determine 
if the annealing process could restore the rectification 
lost due to swift heavy ion, Kr2+ to measurable state, 
and bring about new defects associated with Kr2+, 
which may likely be of significance in space applica-
tions. Before proceeding with characterization, the 
diode was annealed at 300 °C under the argon envi-
ronment. Hereafter, partial rectification was observed 
(i.e., measurable state), as shown in Fig. 2 (solid cir-
cles). Partial rectification occurred because annealing 
at 300 °C provided sufficient thermal energy to allow 
the displaced atoms to become mobile and recombine 
with vacancies, effectively removing or rearranging 
the radiation-induced defects in 4H–SiC. The anneal-
ing process restored the crystalline structure of the 
devices and thereby improved their electrical prop-
erties. The plot was also linear at low forward biases 
up to 0.7 V (6.4 × 10–22 A) but deviated greatly at high 
biases which was due to series resistance because of 
high irradiation to low doping density devices. For-
ward current increases with an increase in bias up to 
0.9 V. By comparing the two plots (unirradiated and 

Fig. 2   Semi-log forward C–V characteristics of the Au/Ni/4H–
SiC Schottky barrier diodes obtained before irradiation and after 
annealing the 107 MeV Kr2+ irradiated Au/Ni/4H–SiC Schottky 
barrier diodes at 300 °C. Measured at 300 K

Table 1   Results of some electrical parameters calculated from I–V and C–V before irradiation and after annealing with 107 MeV Kr2+ 
irradiation of Au/Ni/4H–SiC SBD at 300 °C

Process n ± 0.01 RS (Ω) Is (A) Nd–Na (cm−3) Vbi (V) SBHI-V 
(eV) ± 0.01

SBHC-V 
(eV) ± 0.01

C (pF) at − 5 V

Unirradiated 1.04 29 2.3 × 10–22 5.9 × 1014 1.64 1.53 1.92 8.66
After Kr2+ irradia-

tion and annealing at 
300 °C

1.11 327 k 2.5 × 10–18 6.0 × 1014 9.76 1.29 10.1 5.13
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annealed after Kr2+ irradiation), it can be observed that 
in the region dominated by thermionic emission, the 
annealed after irradiation plot shifted upward (i.e., the 
forward current increased) and the maximum forward 
current was approximately 10–6 A. The parameters cal-
culated from the graph are recorded in Table 1. The 
ideality factor increased to 1.11, the SBH decreased to 
1.29 eV, and the series resistance increased greatly to 
327 kΩ after annealing the irradiated device at 300 °C. 
The observation after irradiation indicates that another 
current transport mechanism apart from the thermi-
onic emission process took place which might have 
resulted from defects introduced by Kr2+.

Figure 3 shows the plots of capacitance versus 
bias voltage for the pristine and annealed at 300 °C 
after irradiation with Kr2+. Before the irradiation, the 
plot with an inverted solid triangle was obtained. 
It could be observed from the plot that the capaci-
tance decreased with increasing reverse bias volt-
age for pristine (before irradiation). After anneal-
ing the irradiated diode, the plot shows that the 
capacitance decreased significantly at zero bias and 
decreased at a lower rate under increasing reverse. 
From the plots, the capacitances at bias of − 5.0 V 
prior to irradiation and after annealing the irradi-
ated diode were estimated from the plot to be 8.66 
and 5.13 pF, respectively. The capacitance after irra-
diation decreased, which may be due to deep lev-
els induced in the diode. The corresponding trend 

is observed in the plot of C–2 versus bias voltage in 
pristine and after annealing the irradiated device, 
as depicted in Fig. 4. The linear part of the plots was 
fitted, and some parameters such as Schottky barrier 
height (C–V), built-in voltage (Vbi) and net doping 
carrier concentration (Nd–Na) were determined and 
recorded in Table 1. It is observed from Table 1 that 
the value of SBH for the C–V (SBHCV) is extremely 
high compared to that of the I-V (SBHIV), which is 
as a result of the irradiation [9, 50]. Irradiation prob-
ably depleted all the carriers in the layer beneath 
the Schottky barrier diode, resulting in a region of 
effectively undoped material, possibly to the depth 
of the epilayer. This would add additional capaci-
tance in series and lead to unrealistically high values 
of SBH for C–V. It is worth noting from Table 1 that 
the net carrier concentration after annealed the irra-
diated device increased to 6.0 × 1014 cm–3 compared 
to 5.9 × 1014 cm–3 before irradiation. It is well under-
stood that irradiation induces deep level defects 
within the bandgap of a semiconductor (4H–SiC) 
which degrade the performance thereby reducing 
the carrier concentration. The increase in the net car-
rier concentration observed in this study may be as 
result of the introduction of shallow donor levels by 
irradiation which are close to the conduction band. 
These shallow levels can ionize easily at room tem-
perature thereby contribute additional free carriers 
to the 4H–SiC. This unusual scenario may be as a 

Fig. 3   Capacitance as a function of voltage characteristics of 
Schottky barrier diodes obtained before irradiation and after 
annealing the 107 MeV Kr2+ irradiated Au/Ni/4H–SiC Schottky 
barrier diode at 300 °C. Measured at 300 K

Fig. 4   1/C2 as a function of voltage characteristics of Schottky 
barrier diodes obtained before irradiation and after annealing the 
107 MeV Kr2+ irradiated Au/Ni/4H–SiC Schottky barrier diode 
at 300 °C. Measured at 300 K
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result of post-irradiation annealing on the devices 
which can sometimes activate additional dopants or 
repair some types of irradiation-induced damage, 
leading to an increase in carrier concentration.

Since the built voltage is directly proportional to 
the net concentration, an increase in the net carrier 
concentration led to an increase in built-in voltage.

3.2 �DLTS characterization

DLTS characterization was carried out on the Au/
Ni/4H-SiC SBDs to determine the signature of the 
defects present in the pristine as well as the defects 
induced after irradiation. The characterization took 
place from 22 to 360 K at a rate window of 2.5–1000 s–1. 
From Fig. 5 (broken line), four deep level defects were 
observed in the pristine diode at measuring bias con-
ditions of − 5.0 V with filling pulse amplitude and fill-
ing pulse amplitude of 6.0 V (i.e. 1.0–(− 5.0 V)) and 
2.0 ms, respectively. Since the irradiated diode was not 
rectifying after being bombarded with Kr2+, the DLTS 
characterization could not be carried out. The condi-
tions for DLTS measurement to take place are as fol-
lows: the rectification of the SBD such as high SBH 
(greater than 1), n close to 1, leakage current and series 
resistance as well as the dissipation factor should be 
low [20]. The irradiated diode was thereafter annealed 
at 300 °C in an argon environment for partial recovery 
of the rectification. However, the series resistance was 
still very high. Based on the result obtained for 

electrical parameters in the previous section, the DLTS 
characterization can be carried out on the annealed 
irradiated diode. Figure 5 (unbroken line) depicts the 
DLTS spectrum of the irradiated Au/Ni/4H-SiC SBD 
after annealing at 300 °C under the same measuring 
conditions as that of the diode before irradiation. From 
the DLTS spectra obtained at rate window 2.5 
–1000 s–1, the activation energy below the conduction 
band minimum, ET, and the apparent capture cross 
section, σn, were calculated from the Arrhenius plot 
as depicted in Fig. 6. Figure 6 shows the activation 
energies of four (4) defects (100, 120, 160 and 670 meV) 
observed before irradiation, as it was obtained from 
the gradient of the graph log

[

T
2

e
n

]

(

K
2
s

)

 as a function 

of T−1(K−1), (where T and en are temperature and emis-
sion rate, respectively), as well as the five (5) defects 
(100, 280, 410, 670 and 760 meV) obtained after anneal-
ing the Kr2+ irradiated diode [37]. The defects and their 
attributions are recorded in Table 2. As it has been 
reported earlier, the defect with an activation energy 
of 100 meV could be assigned to nitrogen impurity, 
which resides in the cubic site [51]. The intensity of the 
peak that stands for E0.10 before irradiation is very 
prominent, unlike that obtained after annealing the 
Kr2+ irradiated device. The smaller peak obtained after 
annealing the Kr2+ irradiated device could be related 
to intense or heavy damage that lowers the position of 
the Fermi level deeper into the bandgap of 4H-SiC 
[52]. It could also be observed that the two deep level 
defects with activation energies of 120 and 160 meV, 

Fig. 5   DLTS spectra obtained before and after annealing the 
107 MeV Kr2+ irradiated Au/Ni/4H–SiC Schottky barrier diode 
at 300 °C. DLTS signal for the solid line was scaled up by a fac-
tor of 4

Fig. 6   Arrhenius plots of defects obtained before irradiation 
and after annealing the 107 MeV Kr2+ irradiated Au/Ni/4H–SiC 
Schottky barrier diode at 300 °C
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which have been attributed to titanium impurity, pre-
sent in before irradiation were not detected or disap-
peared after irradiation with 107 MeV Kr2+ at fluence 
1.0 × 1010 cm–2. We could not ascertain that those two 
defects (E0.12 and E0.16) were not present, but the inabil-
ity to observe them may be due to the intense damage 
to the devices. The intense damage to the device might 
have led to the position of Fermi level lowering deeper 
into the bandgap that might likely be below the shal-
low defect levels as it was observed with alpha-parti-
cle irradiated 4H-SiC at a fluence of 8.9 × 1011 cm–2 [52]. 
Two new defects (280 and 410 meV) with unusual 
behaviour, where the peaks were inverted and 
behaved like minority instead of majority carriers, 
were also observed. They were not observed in pris-
tine diodes; therefore, they were related to Kr2+ irra-
diation. Defect E0.28 (the activation energy of the 
defect) was not observed earlier, but it has an activa-
tion energy close to that of E0.32, which has been 
attributed to carbon interstitial [31]. The E0.41 defect 
that was observed after Kr2+ irradiation has also been 
reported after exposing 4H–SiC to high-energy elec-
trons and has been attributed to silicon vacancy [9]. It 
could be observed that the defects E0.28 and E0.41 
behaved as minority carrier traps [40]. This unex-
pected behaviour of the device has been observed and 
reported for other semiconductor devices by Bronia-
towski et al. [40], which was associated to a very high 
series resistive material, where the DLTS signal is 
inverted when high series resistance was present. 
From Table 1, the value of series resistance obtained 
after irradiation was 327 kΩ and it can be concluded 
that high series resistance was responsible for the 
unexpected inverted DLTS peaks observed for the two 
new defects. The defect E0.67 observed after Kr2+ 

irradiation was also observed to have the activation 
energy of 670 meV in pristine. Kr2+ irradiation also 
induced a defect with 760 meV, which has close activa-
tion energy with the defect induced by high-energy 
electron [9]. Both defects, E0.67 and E0.76, has been 
attributed to carbon vacancy which has been referred 
to as Z1/Z2 defect [32].

4 �Conclusions

Rectified Au/Ni/nitrogen-doped 4H–SiC SBDs have 
been fabricated using thermal evaporation techniques. 
The diodes were subjected to 107 MeV Kr2+ at the flu-
ence of 1.0 × 1010 cm–2. The effect of the irradiation at 
1.0 × 1010 cm–2 fluence on diodes was observable from 
I–V and C–V leading to the loss of the SBDs’ rectifi-
cation properties. The series resistance of the diodes 
increased from 29 to MΩ after the irradiation. A degree 
of rectification was achieved after annealing the irra-
diated Au/Ni/nitrogen-doped 4H-SiC SBDs at a tem-
perature of 300 °C, which made it possible to carry 
out DLTS measurements. Four defects were observed 
before irradiation while five defects were observed 
after annealing the Kr2+ irradiated SBD. Defects with 
activation energy of 100 meV’s amplitude was reduced 
after irradiation, whereas the defects with energy 
120 meV as well as 160 meV were not observed. It was 
concluded that the reduction in defect E0.10 and dis-
appearance of two defects (E0.12 and E0.16) could be 
attributed to the intense damage experienced by the 
device, which might have led to the position of Fermi 
level lowering deeper into the bandgap that might 
likely be below the shallow defect levels. The defects 
E0.28 and E0.41 were induced by Kr2+ irradiation and 
behaved weirdly in that it appeared as minority carri-
ers and changed signs on the DLTS signal. The weird 
behaviour was related to the extreme value of series 
resistance with low capacitance.
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