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ABSTRACT: In this work, we obtained the Si vacancy generation rates η in SiC
nanowire samples irradiated with 1, 3 MeV protons, and 2.8 MeV helium ions using
the electrical resistivity measurement, which further indicated an intuitive linear
function correlation between η and the nuclear stopping power of the incident ions at
a low dpa level with a coefficient of 2.15 × 10−3 eV−1. Prediction through this
correlation is consistent with previous work. Besides, the measured value is about 1/2
of the simulation results with the popular SRIM code. Overall, our work provides a
feasible way to get the generation rate of a certain irradiation-induced defect by
electric measurements, and the correlation obtained is practically useful in various
applications.

1. INTRODUCTION
Silicon carbide (SiC) is currently attracting great interest due
to the superior properties like wide energy bandgap, high
thermal conductivity, high electron drift velocity, and excellent
chemical and physical stability.1,2 In applications, defects in
SiC play a significant role, such as color centers in quantum
applications,3,4 Si-vacancy-related ferromagnetism in spintronic
devices,5 and temperature monitors associated with defect
recovery.6 It is well known that ion irradiation is widely used to
introduce defects in materials in a controllable way.5,7,8

Therefore, it could be foreseen that desired defects can be
produced as expected by energetic ion irradiation if the defect
generation rate is accurately known. Besides, there are many
kinds of materials used in the radiative environment, such as
SiC, metals, hydroxides, and alloys,9−11 and the irradiation-
induced defect generation rate is also one of the key
parameters to estimate the performance degradation for
devices and composites.12,13 Therefore, it is very important
to accurately measure the defect generation rate in SiC
irradiated with energetic ions.
Abundant studies have been carried out in studying the

irradiation effect in SiC. Some of them are mainly focused on
studying the types of irradiation-induced defects in SiC
materials at low dpa (displacements per atom, stand for
damage level) levels using techniques such as deep level
transient spectroscopy (DLTS)14 and electron spin resonance
(ESR).15 These results demonstrate that the major defects in
SiC at low damage levels are point defects. The Si vacancy
(VSi) acts as an acceptor in n-type SiC material.16,17 As for the
C vacancy (VC), it is neutral in n-type SiC and positively
charged in p-type SiC.18

However, most of the studies on defect concentration focus
on the disorder of SiC by using Rutherford backscattering
spectrometry (RBS),19 X-ray diffraction (XRD),20 and Raman
spectra (RS),21 in which the irradiation dose is rather high due
to the sensitivity limitation of the measurement method.22,23

At a high dpa level, the defect evolution and formation of large
defects such as dislocation loops, vacancy clusters, fault
tetrahedrons etc. becomes severe, so that it is nearly impossible
to accurately obtain specific defect generation rates from these
studies, which are usually neglected as well.
Accurate measurement of the irradiation-induced defect

concentration in SiC at a low dpa level is rather challenging.
Considering the detection limitation of common experimental
methods such as RS, electrical measurement provides a feasible
way to handle this problem because the electrical properties of
materials are very sensitive to the irradiation-induced defects.
Using Hall-effect measurements,24 capacitance−voltage (C−V)
tests,25 and current−voltage (I−V) tests,17 the free-carrier
removal rate (ηe) has already been studied. ηe is defined as the
concentration of carriers eliminated by one ion per square
centimeter: ηe = dn/dφ, where n (cm−3) is the carrier
concentration and φ (cm−2) is the irradiation fluence. For n-
type SiC with an initial carrier concentration of around 1016
cm−3, ηe is 7.2 cm−1 under 1 MeV neutron equivalent
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irradiation.17 In addition, it is 100 cm−1 under 8 MeV H+

irradiation with an initial carrier concentration of 6.5 × 1017
cm−3.26 However, the main purposes of previous studies are
measuring the ηe under specific irradiation conditions. Besides
that, there is also no possibility to further discuss about the
irradiation-induced defect concentration in bulk samples
adopted in these studies because of the limits from uneven
defect distribution,15 substrate effects,16 and inappropriate
initial electrical properties.27,28

Based on the issues mentioned above, we investigated the
VSi generation rate by energetic ions in SiC using highly doped
n-type SiC nanowires (NWs). One MeV proton (H+), 3 MeV
H+, and 2.8 MeV helium ion (He+) radiation is carried out,
and in situ electrical measurements of resistivity are performed.
The relation between the VSi concentration and electron
removal rate is discussed, and an intuitive linear function
correlation between the VSi generation rate and the nuclear
stopping power of the incident ions at the low dpa level is
obtained. We further performed simulations using the SRIM
code and pointed out the difference due to defect
recombination.

2. RESULTS AND DISCUSSION
In our present work, heavily doped n-type SiC NWs (99.9%,
Beijing Deke Daojin) with diameters of 150−350 nm are
irradiated by different ions. The 3D schematic illustration of
the irradiation experiments on the SiC NW channel is shown
in Figure 1a. These SiC NW samples are very small with regard
to the ion range of tens micrometers. Therefore, the
irradiation-induced point defects are homogeneously distrib-

uted in the whole samples. The change of dark current I−V
characteristic with irradiation is continuously measured by in
situ monitoring, and Si vacancy generation rates with energetic
ions are explored subsequently.
The X-ray diffraction pattern shown in Figure 1b confirms

the cubic structure (β-SiC) of SiC NWs,29 and the peak at
about 33° originates from stacking faults introduced during the
growth of NWs.30 Figure 1c shows the SEM image of the SiC
NW with electrodes, and the detailed fabrication process of
electrodes is shown in the Section 3.
One MeV proton (H+), 3 MeV H+, and 2.8 MeV helium ion

(He+) radiation is carried out, and in situ electrical
measurements of resistivity are performed. Details of ion
radiation and electric measurements are summarized in the
Section 3. In order to avoid the influence of nonequilibrium
carriers caused by irradiation, the time interval (10 s) is set
much longer than the carrier lifetime.31 Figure 2 shows the
IDS−VDS characteristics of samples irradiated at different
fluences under different irradiation ion energies.
Within the selected voltage range, the IDS−VDS characteristic

is linear, which indicates the ohmic contact between SiC NWs
and metal electrodes.2,32 To eliminate the influence of Ti/Au
electrode contact resistances on the subsequent analysis of
channel resistivity, the resistances between two electrodes are
measured for a sample with three series-connected electrodes,
and the contact resistance is only 0.153 MΩ. This value was
subtracted in calculating the sample resistivity. The inset in
Figure 1c is a SEM image of a single SiC NW. The NWs are
chosen as cylindrical in shape with regular diameters.
Therefore, the resistivity can be obtained using eq 12

Figure 1. (a) Schematic diagram of irradiation effect on the SiC NW channel. (b) The XRD pattern of SiC NWs. (c) The scanning electron
microscopy (SEM) image of a SiC NW with electrons, and the inset is the SEM image of a SiC NW.

Figure 2. IDS−VDS characteristics of SiC NW samples at different irradiation fluences of (a) 3 MeV H+, (b) 1 MeV H+, and (c) 2.8 MeV He+.
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= r V
I L

2
DS

DS (1)

where L is the channel length; r is the radius of nanowire. The
initial carrier concentration was obtained with the transfer
characteristic and relevant correction factors.2,33,34 The
parameters are listed in Table 1, and detailed calculations are
provided in the Supporting information.

The variations of resistivities with irradiation fluence are
shown in Figure 3a−3c as blue dots. Because of the high
linearity and small current error, the error of resistivity is too
small to plot. The resistivity of the SiC NW increases with
increasing irradiation fluences, and the tendencies observed in
these three irradiation experiments are similar. Previous studies
demonstrate that the formation energy and migration energy
barriers of point defects in nanowires are little different from
bulk material except the region that is a few nanometers from
the NW surface.35 Moreover, the sputter yield is less than 1
and the impact of nanowire shape can be ignored.36 Therefore,
the change of resistivity can be attributed to irradiation-
induced changes in carrier properties inside the nanowire.

Since the scattering on phonons plays a major part at room
temperature, the scattering on charged defects introduced by
ion irradiation can be also neglected in this work,16,37 so that
the resistivity of channel material with respect to irradiation
fluence can be calculated as follows

= =
nq n q

1 1
( )0 0 e 0 (2)

where n0 is the initial electron concentration, μ0 is the initial
electron mobility, and q is the electron charge. The fitting
results using eq 2 are shown by red dashed lines in Figure 3a−
c, and electron concentrations with respect to ion fluences and
linearly fittings are presented in Figure 3d−3f. Because the SiC
nanowires are highly doped and the change of the Fermi level
can be neglected, ηe is constant with fluence, and the linear
function fitted well.
Previous studies convinced that the defect which mainly

changes the electron concentration in n-type 3C-SiC is the
negatively charged Si vacancy.15,38,39 This deep defect level is
located at 0.5 eV above the valence band, and Si vacancies
reduce the electron concentration because of acting as
acceptors, which means that Δn = N(VSi

−), where N(VSi
−) is

the concentration of negatively charged stable VSi. The
Shockley−Read−Hall recombination model provides a de-
scription that N(VSi

−) = kN(VSi), where N(VSi) is the total
stable Si vacancy concentration and k is a factor related to the
energy band structure, carrier concentration, and capture cross
section. With the high initial electron concentration,
irradiation-generated Si vacancy defect levels can be assumed
fully filled by electrons because the defect level is much lower
than the Fermi level;40 in other words, k = 1. Therefore, stable
Si vacancy generation rates η (defined as η = dN(VSi)/dφ) in

Table 1. Geometric Dimensions and Initial Electrical
Parameters of Samples Irradiated with 1 MeV H+, 3 MeV
H+, and 2.8 MeV He+

sample
length/diam.
(μm/nm)

resistivity
(Ω·cm)

mobility
(cm2/(V·s))

electron
concentration

(cm−3)

1 4/380 11.56 0.028 1.93 × 1019

2 4/230 16.20 0.013 2.9 × 1019

3 4/190 7.15 0.016 5.55 × 1019

Figure 3. Resistivities (a−c) and electron concentrations (d−f) with respect to fluence under different radiations. The blue dots are experimental
dates, and red dashed lines are fitting results.
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our work are equal to ηe, and they are presented in Table 2 as η
expt.

Based on these results, we further explored the quantitative
relation between η and the nuclear stopping power of the
incident ions, as the irradiation defect production is strongly
correlated with the nuclear energy loss of energetic ions in the
target materials. Figure 4 shows η in this work with respect to
Sn, and the relation fitted by the linear function (in cm−1 and
eV/cm units) is shown by the red line as follows

= ± × × S(2.15 0.02) 10 3
n (3)

The linear function fitted well and the coefficient is 2.15 ×
10−3 eV−1, which means that the defect formation cross section
follows a simple linear relation with respect to the nuclear stop
power, and this suggests that the stable defect generation rate
is in direct proportion to the nuclear energy loss due to
collision cascades at low dpa levels.41

For the purpose of comparison with theoretical calculations,
we calculate the generation rate using the widely used Stopping
and Range of Ions in Matter (SRIM 2008) code. Full-cascade
TRIM simulations have been performed, and threshold
displacement energies of 35 and 20 eV are used for Si and
C, respectively.42 The model is set as a multilayer containing a
SiC layer and a SiO2 layer, and this is suitable for cylinder
nanowires on SiO2 when the damage is uniform. The SRIM
results and the linear function fitting are given in Table 2 and
Figure 4, respectively. SRIM simulation gives a coefficient of
3.55 × 10−3 eV−1, which is 1.65 times the measured value. The
reason why the SRIM simulations overestimate the defect

production rate is that they do not consider the defect
recombination effect.43

Our fitting equation prediction of η corresponding to 8 MeV
H+ is consistent with previous work (yellow hexagon in Figure
4),26 but the existing result corresponding to 2 MeV H+ is
slightly lower than our prediction (purple hexagon in Figure
4).15 In latter work, the generation rate of the T1 ESR center is
studied, which is a negatively charged Si vacancy with a spin
state S = 3/2.38 Because of the lower doping level, which leads
to incomplete ionization of dopants and incomplete electron
occupation of defect energy levels, Si vacancies are not
completely filled with electrons. Therefore, this result under-
estimated the defect generation rate, and it also needs more
studies about the capture cross sections of defect energy levels
in SiC.
It is notable that our work focuses on the low dpa condition

with energetic light ions. Dpa is the number of times an atom
is displaced from its original lattice for a given fluence and is
widely used as a description for the degree of irradiation
damage. The dpa in our work is lower than 1 × 10−3. At this
low dpa level, it can be assumed that the influence from
subsequent ions on the formed defects can be neglected. And
for H+ and He+ irradiation, there is no interaction between
cascades generated by two primary knock-on atoms because of
the large mean free path of them. Besides, in our work, the
effect from electron stopping power Se can be neglected since it
is much lower than the threshold mentioned in previous
studies (1.4 keV/nm).44,45 This condition is suitable for the
applications mentioned in the first paragraph. For example,
according to our results, the irradiation used in previous work4

leads to a Si vacancy concentration of 2 × 1017−2 × 1018 cm−3

before annealing. This value is useful guidance for future work
to optimize radiation parameters in order to efficiently produce
color centers. Moreover, molecular dynamics simulation can
give the proportion of different kinds of defects,46,47 and our
results can help to accurately predict the concentration of
other kinds of defects. Therefore, our results have extensive
application value, such as degradation in p-type SiC related to
C vacancies.
In conclusion, we accurately measure the stable irradiation-

induced Si vacancy generation rates η in heavily doped SiC
NWs through I−V tests, which theoretically eliminates the

Table 2. Nuclear Stopping Power (Sn), Electron Stopping
Power (Se), Generation Rate of Total Stable Si Vacancies by
Experiments (η expt) and Simulations using SRIM (η
SRIM)

irradiation
Sn

(keV/cm)
Se

(MeV/cm)
η expt
(cm−1)

η SRIM
(cm−1)

3 MeV H+ 171.63 292 332 1097
1 MeV H+ 444.57 616 1012 1648
2.8 MeV He+ 2614.79 3040 5610 9603

Figure 4. Generation rate with respect to Sn obtained from this work, previous studies (2 and 8 MeV H+),15,26 and SRIM simulation. The red line is
plotted as eq 3, and the purple line is the linear function fitting of SRIM simulation results. The inset shows an enlarged view of the low Sn part.
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influence from the material shape and initial carrier
concentration. We further investigate the relation between η
and the nuclear stopping power in the SiC material. We prove
that the relation is linearity at dpa lower than 1 × 10−3, and a
quantitative description of η with respect to the nuclear
stopping power is given as η (cm−1) = 2.15 × 10−3 × Sn (eV/
cm). This result is about 1/2 of that simulated with the SRIM
code. Overall, our work provides a feasible way to get the
generation rate of a certain irradiation-induced defect by
electric measurements, and the correlation obtained is
practically useful in various applications.

3. METHODS
3.1. Electrode Fabrication. Electrodes of SiC NWs were

fabricated following a routine process:2 SiC NWs were
dissolved and sonicated in isopropyl alcohol, to a concen-
tration of 10 μg/mL, and the solution was dropcast on the
highly doped n+ Si (0.002−0.004 Ω·cm) substrate with a
deposited SiO2 layer (285 nm), which is prepatterned for the
alignment marks by a standard photolithography process. The
source and drain electrodes were defined by electron-beam
lithography (EBL). Prior to the metal deposition (Ti/Au =
20:280 nm) by electron-beam evaporation, the native oxide of
SiC NWs was removed by being dipped in hydrofluoric acid
(HF, 5%) for 5 s. Immediately after the lift-off process, an
oxygen plasma-etching step was performed to remove the
remaining poly(methyl methacrylate).
3.2. Ion Radiation and Electric Measurements. Ion

beams were focused to a circle area with a diameter of ∼1 cm
at normal incidence, and samples were irradiated uniformly.
The fluence rate was fixed as 2.65 × 1011 cm−2/s, and the
accumulated fluences were up to 3.19 × 1015, 4.96 × 1015, and
4.5 × 1015 cm−2 for 1 MeV H+, 3 MeV H+, and 2.8 MeV He+,
respectively. The I−V curves were measured in situ using a
Keithley 4200A-SCS semiconductor analyzer.
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