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Effects of irradiation with 0.9MeV electrons as well as 8 and 15MeV protons on moderately doped n-Si grown by

the floating zone (FZ) technique and n-SiC (4H) grown by chemical vapor deposition are studied in a comparative

way. It has been established that the dominant radiation-produced defects with involvement of V group impurities

differ dramatically in electron- and proton-irradiated n-Si (FZ), in spite of the opinion on their similarity widespread

in literature. This dissimilarity in defect structures is attributed to a marked difference in distributions of primary

radiation defects for the both kinds of irradiation. In contrast, DLTS spectra taken on electron- and proton-irradiated

n-SiC (4H) appear to be similar. However, there are very much pronounced differences in the formation rates of

radiation-produced defects. Despite a larger production rate of Frenkel pairs in SiC as compared to that in Si, the

removal rates of charge carriers in n-SiC (4H) were found to be considerably smaller than those in n-Si (FZ) for

the both electron and proton irradiation. Comparison between defect production rates in the both materials under

electron and proton irradiation is drawn.

1. Introduction

Irradiations of semiconductors with fast electrons at sev-

eral MeV allow one to get a deeper insight into the nature

of intrinsic defects and their interactions with impurities. In

this respect, silicon provides an excellent example; see for

instance review paper [1]. Irradiation of Si with protons at

MeV energies has also be used in defect studies, since it

is widely believed that the both ways of defect production

are very similar, mostly being distinct in their production

rates [2,3]. Actually, this is true for proton irradiation at

light doses over a range of 5 · 1011 ≤ 8 ≤ 5 · 1012 cm−2.

From the other side, there is a pronounced difference

in distributions of primary radiation defects produced at

random by fast electrons and in cascades by protons.

The difference is expected to become important at heavier

doses of proton irradiation. However, this dose range

has been scantily investigated, except for some optical

and positron annihilation experiments on proton-irradiated

Si [4,5]. It is clear that the first material to be used in such

comparative studies of electrically active defects should be

n-Si, because our knowledge of radiation-produced effects

and defects in electron-irradiated materials can provide a

reliable basis for revealing any distinction between two kinds

of irradiation. Together with silicon, it could be reasonable

to take a look at n-SiC, too, because of its prospects for

semiconductor electronics [6]. Progress of the chemical-

vapor deposition (CVD) technique for this material [7]
has substantially improved high-voltage power and high-

temperature characteristics of SiC devices, which can

successfully replace similar silicon-based devices. Interest in
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SiC has been expressed for the development of detectors for

high-energy nuclear particle detectors capable of prolonged

operation in accelerators such as the Large Hadron Collider

(LHC, CERN, Switzerland) [8]. Replacement of Si-based

devices, in particular detectors, with SiC-based devices

requires direct comparative studies on radiation defect

production in the both materials. Use of published data

for such a comparison is complicated by the fact that the

materials studied and irradiation conditions chosen differ

greatly in various experiments[9].
There is another point of keen interest while comparing

radiation defect production processes in n-Si and n-SiC
with similar concentrations of charge carriers. According

to recent papers [10,11], the minimum threshold electron

energies at which radiation defects are produced in SiC

lie between 240 to 250 keV and 90 to 100 keV on the

silicon and carbon sublattices, respectively. It means that

the threshold energy for atomic displacement on the silicon

sublattice in SiC is coincident well with the known values

for silicon itself [12]. In other words, the threshold energies

for atomic displacement of Si atoms in the both materials

turned out to be close, Eth = 24 to 25 eV.

This paper consists of two parts. In the first part electrical

properties of n-Si and n-SiC (4H) irradiated with electron

irradiation at Ee = 0.9MeV will be touched on. It is well

known that fast electrons at this energy can knock out

regular atoms from crystal lattice sites. The average energy

imparted to a primary knocked-on atom is about 50 eV.

Under these conditions, only point defects, first of all

isolated Frenkel pairs, are generated for the most part,

with negligibly small formation rates of complex defects,

such as divacancies. Isolated Frenkel pairs differ in the

distance between their components, i. e. between a self-
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interstitial and its parent vacancy. Frenkel pairs, for which

the probability of separation into isolated self-interstitials

and vacancies upon annealing is markedly lower than the

probability of their mutual recombination, commonly named

”close” Frenkel pairs.

In the second part of this paper, the same materials are

compared on being irradiated with heavier particles, protons

at Ep = 8 and 15MeV. In this case, the production of

primary radiation defects becomes far more complicated.

Radiation defects appear both as a result of direct interac-

tions of impinging protons with lattice atoms as well as in

cascades of atomic collisions triggered by high-energy recoil

host atoms. It is apparent that under proton irradiation the

energies of recoil atoms vary greatly, from several eV to

hundreds keV. Energy distributions of recoil atoms can be

assessed by numerical simulations.

While studying electrical properties of irradiated n-Si and
n-SiC, it is also important to identify the defects responsible

for changes in charge carrier concentration. In this respect,

it would be instructive to establish whether the model of

radiation defect formation suggested in [13,14] for oxygen-
lean n-Si grown by the floating zone technique (FZ) and

subjected to fast electron irradiation at room temperature,

remains valid in the case of proton irradiation, too. This

model is based on the predominant formation of electrically

active E-centers, the complexes formed by trapping mobile

vacancies at V group impurity atoms, in n-Si with low

concentration of residual oxygen, a few 1016 cm−3 [13,14].1

These complexes are deep acceptors at ET ≈ Ec − 0.4 eV.

In this way, the formation of E-centers exerts two effects:

a pronounced loss of shallow donor states together with

compensation of electron conductivity by the acceptor levels

of E-centers.

As to irradiated n-SiC (4H), the concentration of charge

carriers in this material is known to drop upon irradiation

because of the usual compensation of shallow donors due

to production of deep acceptor centers [16,17].

2. Experimental

Silicon samples were cut from n-Si wafers. The n-Si
crystal grown by the floating zone technique was doped

with phosphorus in concentrations of (6−8) · 1015 cm−3.

The residual concentration of oxygen did not exceed

5 · 1016 cm−3. The thickness of samples for irradiation

were of 400 to 900 µm, taking into account the energy

bombarding particles.

The n-SiC (4H) epitaxial layers 50µm thick were grown

in a commercial horizontal hot-wall CVD-system at the

Leibniz Institute for Crystal Growth, Berlin, Germany.

Commercial SiC (4H) wafers were used as substrates. The

1 A possible competitor to V group impurities in the formation of

impurity–vacancy complexes is the oxygen forming oxygen-vacancy pairs,

called the A-center. However, its role in moderately doped n-Si (FZ)
is insignificant, taking into account that at comparable concentrations

of P and O the cross-section of A-center formation is by two orders of

magnitude smaller than that of E-centers [15].

electron concentration due to uncompensated donors in

these layers, n = ND − NA, did not exceed 2 · 1015 cm−3.

Schottky diode structures were fabricated on the grown SiC

layers.

Irradiations of the n-Si (FZ) and n-SiC (4H) with 8MeV

and 15MeV protons were performed at a MGTs-20 cy-

clotron at room temperature. The stopping range of 8MeV

protons is 500µm in Si and 350µm in SiC, whereas

this range for 15MeV protons increases up to ∼ 1500µm

and ∼ 1000µm in Si and SiC, respectively. The sample

thickness was chosen to be shorter than the stopping range

of the protons used, which eliminated the formation of

hydrogen- related complexes. The stopping range of 8MeV

protons in n-Si only slightly exceeded the thickness of thin

samples investigated and the defect distribution across the

sample thickness is expected to be nonuniform. For the

other proton-irradiated samples under consideration, this

nonuniformity became insignificant. The current density of

the incident proton beam was from 10 to 100 nA/cm2.

The irradiation with 0.9MeV electrons was carried out

with the help of a resonant transformer accelerator on a

target cooled with a water stream. The pulse repetition

frequency was 490Hz and the pulse duration was 330µs.

The stopping range of 0.9MeV electrons is ∼ 1.5mm in

Si and ∼ 1.0mm in SiC. The average current density of

the electron beam was 0.5 to 5.0µA/cm2. The distribution

of defects introduced by electron irradiation is believed

to be uniform throughout the sample volume because the

thickness of the Si and SiC samples being irradiated was

substantially shorter than the stopping range of the fast

electrons.

The concentration of primary radiation defects, i.e.

Frenkel pairs, was calculated by the McKinley–Feshbach
equation [18] in the case of fast electron irradiation, and

by simulating the slowing-down of protons with the aid of

the TRIM software [19] in the case of proton irradiation.

The charge carrier concentrations in n-Si (FZ) samples

prior to and after irradiation were determined using Hall ef-

fect measurements in the Van der Pauw geometry. Electrical

measurements were taken over a wide temperature interval

of 25 to 300K. In contrast to n-Si, the application of ohmic

contacts to weakly doped n-SiC (4H) presents great diffi-

culties. Because of this, concentrations of uncompensated

donors were measured with the help of the capacitance–
voltage technique. Such C−V characteristics at frequencies

f = 1 kHz and 100 kHz were taken at T = 300 and 77K,

respectively. Additionally, deep-level transient spectroscopy

(DLTS) was employed to determine the energy states

associated with radiation defects.

3. Results and discussion

3.1. Electron Irradiation of n-Si (FZ)

Fast electron irradiation at MeV energies, the scattering

cross-section is nearly independent of energy and can be
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Table 1. Average and maximum energies of primary knocked-on

Si atoms (PKA) under irradiation with fast electrons at various

energies. The threshold energy of atomic displacement in Si is

taken at Eth = 25 eV

Ec ,MeV 〈EPKA〉, eV Emax, eV ν = 〈EPKA〉/2Eth

0.5 37 58 1.0

0.9 51 130 1.0

2 76 460 1.5

2.5 86 666 1.7

4 105 1530 2.1

8 135 5496 2.7

estimated by a simplified McKinley-Feshbach equation [18]:

σd =
2πZ2e4

EthMc2
, (1)

where c is the speed of light; e is the elementary charge;

M and Z are the mass and nuclear charge of a host atom

in the target, and Eth is the threshold energy for atomic

displacement. For silicon, Eth was taken to be 25 eV, the

value most frequently used in analyses and calculations in

the literature [20]. For silicon carbide, comparatively new

values of 24 eV and 18 eV were taken on the silicon and

carbon sublattices, respectively [10,11].
At these threshold energies, the cross-sections of radiation

defect production are 40 barns for silicon and ∼ 23 barns

for carbon. The production rate of Frenkel pairs ηFP
is calculated as a product of the cross-section by the

concentration of host atoms in the target. Accordingly, the

production rate ηFP in SiC was obtained as the sum of the

partial rates ηFP for silicon and carbon atoms. Then, the

production rate ηFP is ∼ 2 cm−1 for both Si host atoms in

Si as well as Si atoms on the silicon sublattice in SiC. On the

carbon sublattice in SiC, ηFP is equal to ∼ 1 cm−1. It should

be noted that the total production rate of Frenkel pairs in

SiC on the both sublattices being ∼ 3 cm−1 exceeds the

production rate ηFP in Si. This is primarily due to the higher

concentration of lattice atoms in such a binary compound

like SiC, as compared to monoatomic Si.

Let us estimate the average energy received by primary

knocked-on atoms (PKA), say, Si atoms, upon a collision

with a relativistic electron. As in the case of bombardment

with atomic particles, the number of host atoms primarily

kicked out by a relativistic electron from their lattice sites is

distributed approximately by the inverse-square energy law.

In this case, the average energy received by the knocked-

on atoms upon a collision with a relativistic electron can be

calculated by the equation, derived for the elastic Rutherford

scattering [21]:

〈EPKA〉 =
EthEmax

(Emax − Eth)
ln

(

Emax

Eth

)

(2)

where

Emax =
2E(E + 2mc2)

Mc2
. (3)

Here, m is the electron mass. Table 1 lists the average and

maximum energies of recoil silicon atoms in relation to the

energy of bombarding electrons. The same table presents

the numbers ν of atomic displacements produced by recoil

atoms (called the multiplication factor), estimated using the

classical Kinchin–Pease equation [22]:

ν =
〈EPKA〉

2Eth

. (4)

It must be noted that equation (4) is deduced in the

belief that the dependence of probability W for atomic

displacement of an atom from a crystal lattice site on the

received energy E has the form of a step function: W = 0

at E < Eth and W = 1 at E ≥ Eth.

It can be seen in Table 1 that for fast electrons at

0.9MeV the multiplication factor equals 1. However, when

comparing the results of this study with published data

obtained at fast electron energies exceeding 2MeV, we take

the multiplication factor into account.

Electrical measurements on n-Si samples over a wide

temperature range as indicated above made it possible

to define temperature dependences of the charge carrier

concentration, n(1/T ). Fig. 1 shows such n(1/T ) curves

for the initial and electron-irradiated n-Si (FZ). These

curves display a saturation plateau near room temperature,

decreasing with increasing irradiation dose. This enables

one to determine the rate of charge carrier removal from the

conduction band, ηc . In the present study, it was found to be

ηc ≈ −0.23 cm−1. Taking into account that each E-center

removes two electrons from the conduction band the pro-

duction rate of free vacancies appears to be about 0.1 cm−1,

which is in good agreement with the published data [14]
earlier obtained on the A-center production in oxygen-rich

n-Si. Together with this, the contribution of divacancies

to the conductivity compensation in irradiated n-Si can be

disregarded, because their formation rate during 0.9MeV

Figure 1. Temperature dependences of the charge carrier

concentration in the n-Si : P (FZ) before (curve 1) and after

irradiation with 0.9MeV electrons (curves 2–4). Dose 8, cm−2 :

1 — 0, 2 — 1016 , 3 — 2 · 1016, 4 — 3 · 1016 .
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electron irradiation is at least an order-of-magnitude lower

than the formation rate of E- and A-centers [23].
At the same time, analysis of n(1/T ) curves using

the relevant equations of charge balance in nondegenerate

semiconductors under thermal equilibrium [24] makes it

possible to separately determine the total concentration

of shallow donor states of phosphorus impurity atoms,

Nd , as well as the total concentration of compensating

acceptors, Na , in initial and irradiated materials. This

is possible because the exponential part of these n(1/T )
curves at cryogenic temperatures defines the compensation

ratio K = Na/Nd , whereas a saturation plateau of a n(1/T )
curve around room temperature provides another relation

nsat = Nd − Na .

In this way, it was demonstrated that a decrease in the

charge carrier concentration upon irradiation of moderately

doped n-Si (FZ) with 0.9MeV electrons is well described

in the framework of the model with a predominant

role of E-centers [13,14]. In actual fact, the data in

Fig. 1 used to determine the removal rate of shallow

donor states and the production rate of compensating

acceptors, ηSD ≈ −0.12 cm−1 and ηa ≈ +0.11 cm−1, re-

spectively, point clearly to a 1 : 1 correspondence between

them, which is true for the production of E-centers [23].
The removal rate of shallow donor states in n-Si (FZ)

due to the E-center formation, ηSD, at early stages of fast

electron irradiation can serve as a measure of the production

rate of loosely bound Frenkel pairs with widely separated

components. Such Frenkel pairs are dissociated into isolated

vacancies and self-interstitials at room temperature. As

a result, the mobile vacancies are trapped at phosphorus

impurity atoms, giving rise to the appearance of E-centers,

whereas the mobile self-interstitials form interstitial-type

complexes being electrically neutral in n-Si. Therefore, judg-
ing from the E-center formation rate one can estimate the

production rate of isolated vacancies at ηFP = 0.12 cm−1.

In other words, the fraction of separated Frenkel pairs could

be about 6% taking into consideration that the production

of primary radiation defects in Si during electron irradiation

at 0.9MeV is calculated to be ηFP = 2 cm−1. This lends con-

siderable support to some conservative estimates of [25,26].
The fraction indicated above is thought to be underestimated

because of the unknown contribution of mutual annihilation

processes of mobile vacancies and self- interstitials as well

as their trapping at internal sinks. However, this can be

assessed based on the data obtained for heavily doped n-
Si. For heavily doped n-Si with n ≈ 1019 cm−3, in which

the average distance between V group impurity atoms is

only 30 Å and the trapping of vacancies at V group impurity

atoms can be greatly enhanced, the removal rate of charge

carriers ηc under irradiation with 1MeV electrons turned

out to be 1.1 cm−1 [27]. Therefore, the fraction f FP of

separated primary defects is equal to 25%, in the belief

that the nature of dominating complexes remains the same.

Therefore, in moderately doped material about 20% of

vacancies liberated from Frenkel pairs can disappear due

to mutual annihilation with self-interstitials and trapping at

sinks. On the other hand, the fraction f FP in heavily doped

n-Si increases to 60%, as the energy of fast electrons is

raised to 2.5MeV [28]. Such an increase in the fraction

of separated primary defects under irradiation gives clear

evidence that even modest changes in the average energy of

primary knocked-on atoms strongly affects the distribution

of Frenkel pairs over the distance between their constituent

defects, thus enhancing separation into isolated vacancies

and self-interstitials.

3.2. Electron Irradiation of n-SiC (4H)

To determine the removal rate of charge carriers ηe ,

from the conduction band of n-SiC (4H) under electron

irradiation, the capacitance-voltage dependences were re-

plotted as a function of the inverse capacitance (1/C) on

the square root of the sum (U + Vc). Here U is the bias

voltage and Vc = 1.5V was taken for the contact potential

difference. In these coordinates, the dependences are linear

with a slope determined by the space charge density of

uncompensated donors Nd − Na . Fig. 2 shows the resulting

dependences of (Nd − Na) on the dose of fast electrons for

two samples. A linear decay with the increasing electron

dose is clearly observed. The slope of these dependences

can be used to assess the removal rate of charge carriers,

being ηc ≤ 0.1cm−1. The rate ηe obtained for n-SiC (4H)
is nearly one half of that for n-Si (FZ) under the same

irradiation conditions.

Spectra of deep levels introduced by radiation defects was

studied by taking DLTS measurements on the samples prior

to and after electron irradiation at a dose of 2.5 · 1015 cm−2.

The main parameters of the deep levels determined in this

study are listed in Table 2. Most of the levels are similar to

the centers also observed in [29,30]. Based on the total

concentration of radiation defects listed in Table 2 their

effective production rate close to ∼ 0.13 cm−1. Of course,

DLTS measurements at higher temperatures might have

revealed additional radiation- induced deep levels.

Figure 2. Dose dependences of the uncompensated donor

concentration (Nd − Na) for the 2 n-SiC (4H) samples subjected

to irradiation with 0.9MeV electrons.
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Table 2. Energy levels, electron capture cross-sections, and

concentrations of deep centers in the n-SiC (4H) samples

before and after irradiation with 0.9MeV electrons at a dose

of 2.5 · 1015 cm−2. The rate of deep center production is

η = N/8, cm−1

Deep centers E, eV N, cm−3 σn, cm
2 η, cm−1

E0,before 0.16 7.0 · 1012 9.0 · 10−16

irradiation

E1 0.24 1.0 · 1013 9.0 · 10−16 0.004

E2 0.30 4.0 · 1013 2.0 · 10−16 0.016

E3 0.38 7.5 · 1013 1.7 · 10−15 0.03

E4 0.45 3.0 · 1013 2.0 · 10−15 0.012

E5 0.52 8.0 · 1013 5.0 · 10−16 0.032

E6, before 0.62 2.3 · 1013 1.0 · 10−15

irradiation

E6 0.62 5.5 · 1013 3.0 · 10−15 0.022

E7 0.75 4.0 · 1013 1.3 · 10−14 0.016

Again, the effective production rate of deep levels in

the irradiated n-SiC (4H) can serve as a rough measure

of the production rate of Frenkel pairs separated into

isolated components. The production rate of such Frenkel

pairs estimated at 0.1 cm−1 is approximately 3% relative

to the calculated production rate of all Frenkel pairs in

SiC irradiated with 0.9MeV electrons, being ηFP ∼ 3 cm−1.

Generally speaking, this value can be considered as a

lower limit taking into account possible contributions of

mutual annihilation and trapping of mobile intrinsic defects,

similarly to the case of moderately doped n-Si (FZ).
Interestingly, this fraction f FP for n-SiC (4H) turned out

to be only a half of that found for the electron-irradiated

n-Si (FZ). As the energy of fast electrons is raised to 6 [17]
and 8.2MeV [29,30], the fraction f FP of separated primary

defects in n-SiC goes up to 25% [29,30]. Such an increase

of f FP in SiC under electron irradiation can be interpreted

in a way similar to the irradiated n-Si (FZ); see above.

3.3. Proton Irradiation of n-Si (FZ)

Fig. 3 displays the temperature dependences of the charge

carrier concentration, n(1/T ), for the n-Si (FZ) prior to and

after irradiation with 15MeV protons. The n(1/T ) curves

feature saturation plateaus lowering with the increasing

irradiation dose which makes it possible to determine the

removal rate of charge carriers from the conduction band

under proton irradiation. Under our conditions, the removal

rates ηe were found to be 120 and 190 cm−1 for 15

and 8MeV proton irradiation, respectively.

It should be noted that the removal rates of charge

carriers ηe are also indicated in earlier radiation experiments

on n-type silicon lightly irradiated with protons at doses

8 ≪ 1013 cm−2 [31]. However, changes in the concentration

of shallow donor states due to defect interactions in

irradiated materials were not investigated at that time. This

was done in the present work making use of analysis of

n(1/T ) curves for separate estimates of Nd and Na in initial

and proton-irradiated materials. Similar to the case of fast

electron irradiation, it was found that the concentration of

charge carriers in the proton-irradiated n-Si (FZ) drops in

the course of proton irradiation due to two processes: (i)
a decrease in the concentration of shallow donor states

of phosphorus impurity atoms and (ii) an increase in the

concentration of radiation-produced acceptors. Contrary

to the case of fast electron irradiation of n-Si (FZ), the

loss of shallow donor states turned out to be much larger

than the increase in the acceptor concentration. For these

processes at the beginning of irradiation with protons at

Ep = 15MeV, we found that the removal rate of shallow

donor states was ηSD ≈ −80 cm−1, whereas the production

rate of compensating acceptors was ηa ≈ +40 cm−1. It

can be seen that the removal rate of charge carriers

|ηe| = |ηSD| + ηa ≈ 120 cm−1 is the sum of two unequal

terms. It means that the model of compensation of

shallow donors by deep acceptor states due to E-centers

and divacancies, adopted earlier in literature [32,33] must

be replaced by another model with a modified reaction

path leading to effective ”deactivation” of shallow donors

in proton-irradiated n-Si (FZ). It should be recalled that for

the same material irradiated with fast electrons the model of

E-center formation was shown to be absolutely adequate for

describing the observed radiation degradation of electrical

parameters; see above. It is thought that the observed

difference of the defect formation in proton- vs electron-

irradiated materials is associated with the probability of

successive capture of vacancies by V group impurity atoms:

in the case of fast electron irradiation mobile vacancies are

produced uniformly in the bulk, whereas in the case of

proton irradiation they are primarily produced in cascades.

As a result of a non-uniform spatial distribution of vacancies

in the latter case the formation of multi-vacancy complexes

may be enhanced. We believe that the most probable

Figure 3. Temperature dependences of the charge carrier

concentration in the n-Si : P (FZ) before (curve 1) and after

irradiation with 15MeV protons (curves 2). Dose 8, cm−2 :

1 — 0, 2 — 4 · 1013 .
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candidate in proton- irradiated n-Si (FZ) can be a complex

containing a phosphorus atom tied to two vacancies [PVV ]
or [VPV ]. What is more, this complex should be a deep

donor, not seen in the n-type material by our electri-

cal measurements when the Fermi level is shifted from

Ec − 0.21 eV to Ec − 0.28 eV due to proton irradiation.

It should be noted that DLTS measurements revealed

deep donor centers at ∼ Ec − 0.30 eV in proton-irradiated

n-Si [34]. Earlier it was believed that similar complexes may

be formed in electron-irradiated n-Si, too [35].

3.4. Proton Irradiation of n-SiC (4H)

C−V and DLTS measurements on proton-irradiated n-SiC
(4H) samples were similar to those carried out in the

case of electron irradiation. The temperature in DLTS

experiments did not exceed 560K (Fig. 4), which was

sufficient for detecting levels with depths down to 1.1 eV

Figure 4. DLTS spectrum for the n-SiC (4H) irradiated

with 8MeV protons at a dose 8 of 6 · 1011 cm−2 .

Figure 5. Dose dependences of the charge carrier concen-

tration for the two n-SiC (4H) samples subjected to irradiation

with 15MeV protons.

Table 3. Energy levels, electron capture cross-sections, and

concentrations of deep centers in the n-SiC (4H) samples after

irradiation with 15MeV protons at a dose of 6 · 1011 cm−2 .

Ee , eV σn, cm
2 N, cm−3

E1 0.39 0.9 · 10−16 8 · 1012

E2 0.62 1.7 · 10−15 3.5 · 1013

E3 0.72 3 · 10−15 1.6 · 1013

E4 1.08 5.6 · 10−13 1.1 · 1013

from the conduction band. The DLTS spectra of samples

irradiated with 8MeV and 15MeV protons turned out to be

identical. As an example, Table 3 lists some important pa-

rameters of dominant deep centers in the samples irradiated

with 15MeV protons. A comparison of deep defects in the

proton- and electron-irradiated n-SiC (4H) given in Tables 2

and 3 has revealed the presence of two similar radiation-

produced centers at Ec − 0.39 eV and Ec − 0.62 eV, labeled

EH1 and Z1/Z2 centers [29,30], respectively. Other deep

centers are characteristic for one kind of irradiation only.

From our capacitance-voltage measurements one can assess

the charge carrier removal rates in n-SiC (4H) ηe ≈ 110

and 45 cm−1 at proton energies of 8 and 15MeV, respec-

tively (see Fig. 5). The fact that the removal rate becomes

lower with the increasing proton energy is primarily due

to a substantial decrease in the cross-section of primary

defect production by more energetic protons. It was noted

that lowering the measurement temperature to 77K leads

to a pronounced increase in ηe . This correlation with the

data of [12] confirms that the main process responsible for

the removal of charge carriers in proton-irradiated n-SiC
(4H) is the introduction of compensating acceptors [17,36],
rather than

”
deactivation“ of donor impurity atoms due to

interactions with mobile intrinsic defects, like vacancies and

self-interstitials [16,37].
To determine the general pattern of radiation defect

formation in both semiconductors, we numerically simu-

lated the scattering of 8 and 15MeV protons by using

the TRIM software [19]. By way of illustration, Table 4

gives the number of vacancies produced on each sublattice

by the protons and recoil atoms, separately in primary

and secondary collisions. In the latter case, silicon and

carbon atoms can be dislodged from their lattice sites by

recoil atoms of any nature (equally by Si and C). The last

column allows one to calculate the total number of vacancies

produced by one proton in SiC films 50µ thick.

As is seen in this table, the total numbers of vacancies

are 2.69 and 1.46 at proton energies of 8 and 15MeV,

respectively. It should be noted that the analysis is based

on the statistics of twenty thousand protons incident onto

the film. The data in Table 4 are in good agreement with

Rutherford scattering laws.

To explain the observed difference of DLTS spectra

obtained upon electron and proton irradiation of n-SiC
(4H), it is necessary to consider the amount of energy
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Table 4. Number of vacancies produced per one proton in
”
thin“ SiC films 50 µm in thickness due to primary and secondary collisions

Proton
Vacancies produced due Vacancies produced due Total number

energy, MeV
Sublattice to primary collisions to secondary collisions of vacancies

with a proton with recoil atoms on the sublattice

8 Si 0.69 1.10 1.79

C 0.18 0.72 0.90

15 Si 0.37 0.61 0.98

C 0.09 0.39 0.48

Table 5. Total energy imparted by protons to silicon atoms in SiC films due to primary collisions. The cases of the imparted energies

below and above 130 eV are distinguished

Proton energy

Low-energy range High-energy Average energy in high-energy

range, ≤ 130 eV range, > 130 eV range per one Si atom

Total energy transferred to the Si atoms

8MeV 15.97 keV 67.24 keV 0.84 keV

in 320 events in 80 events

15MeV 16.59 keV 75.15 keV 1.0 keV

in 325 events in 75 events

imparted to recoil atoms. For this purpose we plotted

some histograms of the energy received by silicon and

carbon atoms in collisions with protons, based on our TRIM

calculations. The majority of scattering events are associated

with transfer of small portions of energy. Let us discuss

the energy spectrum of recoil silicon atoms upon scattering

of 15MeV protons on the Si sublattice (see Fig. 6). Here

one takes into account only collisions associated with the

vacancy production when the energy transferred exceed the

threshold energy for atomic displacement. The total number

of collisions was 400, which, in our opinion, is sufficient for

revealing the general pattern. The scale in Fig. 6 is limited

to a recoil energy of 300 eV for covering the energy range

typical for electron irradiation at 0.9MeV. Actually, in the

latter case their characteristic energies are Eav = 51 eV and

Emax = 130 eV (see Table 1). The events with large energy

portions transferred, up to tens eV, fall outside the range in

Fig. 6. Such events are discussed below.

Let us consider two energy ranges of recoil atoms, less

than 130 eV and greater than 130 eV, by convention labeled

a
”
low-energy“ and

”
high-energy“ range, respectively (see

second and third columns in Table 5). Reasoning from

Table 5 one can arrive to an important conclusion regarding

the comparison of events in which MeV electrons and

protons are scattered on Si atoms. For simplicity, let us

assign an average energy of 1.0 keV to all the collisions

in which an energy exceeding 130 eV is transferred to Si

atoms. In doing so, the real histogram for 400 events

of scattering is replaced by two components, the first one

including 325 events when the average energy of knocked-

on atoms is 51 eV and another one including 75 events

when the average energy of knocked-on atoms is 1 keV; see

the upper inset in Fig. 6. The first component appears to

be similar in its effectiveness to MeV electrons, whereas

the second component is characteristic for MeV protons

only. Our calculations demonstrated that a Si atom at an

energy of 1.0 keV creates 13.32 vacancies. These vacancies

are produced in a microscopically small volume covered

by a 1 keV recoil Si atom. As a rough estimate, this volume

can be defined as R3 where R = 24 Å, which is the stopping

range of such atoms. The appearance of regions with

high concentration of primary radiation defects in proton-

irradiated material differs greatly from the situation under

Figure 6. Low-energy part of the histogram of primary knocked-

on Si atoms during irradiation of SiC with 15MeV protons,

obtained by calculations using the TRIM software [19]. By way of

illustration, the upper inset shows an effective substitution for the

real histogram of scattering of 15MeV protons on the Si sublattice

in SiC (see in text).
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Table 6. Production rates of primary radiation defects (ηFP) and

removal rates of charge carriers (ηe) in the n-Si (FZ) and n-SiC
(4H) under irradiation with protons and fast electrons. The ηFP
rates are calculated for the samples studied, with dSi = 400 µm

and dSiC = 50 µm in thickness. The ηe rates are measured.

Irradiation n-Si(FZ) n-SiC (4H)

0.9MeV electrons ηFP, cm
−1 2.0 3.0

ηe, cm
−1 0.23 0.1

8MeV protons ηFP, cm
−1 500 540

ηe, cm
−1 190 110

15MeV ηFP, cm
−1 190 290

ηe, cm
−1 120 45

fast electron irradiation when they are produced randomly

in the bulk; see also above. Table 6 shows the calculated

production rates of Frenkel pairs ηFP compared to the

removal rates of charge carriers ηe experimentally measured

in electron- and proton- irradiated n-Si (FZ) and n-SiC (4H).

As is seen in Table 6, the production rate of Frenkel pairs

ηFP in n-SiC (4H) exceeds the similar rates in n-Si (FZ)
under both proton and electron irradiation. Under proton

irradiation, the values of ηFP for n-SiC (4H) and n-Si (FZ)
are affected not only by the difference in the scattering

cross-sections (e. g., 2400 barns for Si and 1400 barns for

SiC at a proton energy of Ep = 8MeV) but also by the

numbers of secondary displacements of lattice atoms in

recoil events. Our calculations demonstrated that the

fractions of primary radiation defects produced on the Si

and C sublattices due to direct interactions with protons

at 8MeV are only 40 and 20%, respectively, whereas the

larger fractions, 60% and 80%, correspondingly, are related

to cascades. The average energies imparted to silicon and

carbon atoms in collisions with a 15 MeV proton are

228 and 147 eV, respectively; cf Eth, the relevant threshold

energies for atomic displacement. It should be noted that

in the case of electron irradiation at Ee = 0.9MeV the

average energies are lower by three to four times, 51

and 55 eV, correspondingly. Our calculations showed that

upon irradiation of a 400µm thick silicon sample, arbitrarily

called a
”
thick“ sample, with 8MeV protons the average

calculated rate ηFP is 500 cm−1. At the same time, upon

irradiation of a 50µm thick SiC sample, arbitrarily called

a
”
thin“ sample, with protons at the same energy the

calculated rates ηFP are 360 and 180 cm−1 on the silicon

and carbon sublattices, respectively, giving the total rate

ηFP = 540 cm−1. As the proton energy is raised to 15MeV,

ηFP decreases with an inverse proportion to energy, down to

290 cm−1 for SiC.

Comparison of the calculated and experimental data in

Table 6 indicates that the fraction of primary radiation

defects revealing their presence in irradiated n-Si (FZ) and

n-SiC (4H) via interactions with shallow donors and/or

compensation of shallow donor states by radiation- induced

deep acceptors is only several per cent relative to the total

number of Frenkel pairs produced under both electron and

proton irradiation. Besides, this fraction in irradiated n-
Si (FZ) turned out to be considerably larger than that in

irradiated n-SiC (4H). These results dispel some of the

doubts expressed in studies devoted to ion implantation

of helium and boron into SiC [37–39], where SiC was

claimed to be less resistant to radiation damage than

Si. It should also be noted that the degradation rate of

another important parameter ητ , based on the lifetime of

minority charge carriers governed by the concentration of

recombination centers of radiation origin, is considerably

lower in irradiated n-SiC, as compared to irradiated n-Si[40].

4. Conclusions

A direct comparison of defect production in moderately

doped n-Si (FZ) and n-SiC (4H) under fast electron and

proton irradiation was performed in this work. It was

determined that under irradiation with protons and fast

electrons the removal rates of charge carriers ηe in n-SiC
(4H) are approximately one half of those observed in

irradiated n-Si (FZ). It has been established that the well-

known model of E-center formation in electron-irradiated

n-Si (FZ) appears to be inadequate for understanding the

radiation defect formation in the same material subjected

to proton irradiation. In the latter case, losses of shallow

donor states due to interactions with intrinsic point defects

turned out to be a decisive factor in the removal of charge

carriers, whereas the formation of compensating acceptors

of radiation origin plays a subsidiary role.

The observed difference between radiation defect forma-

tion under fast electron and proton irradiation should be

attributed to a marked difference in vacancy production

conditions. An analysis of histograms of the energy

of recoil atoms under proton irradiation showed that,

together with isolated Frenkel pairs, microscopic regions

with high densities of primary defects (vacancies) make

their appearance. As a result, multi-vacancy complexes

can be formed in these regions. It is suggested that under

these conditions the E-centers can trap additional vacancies,

giving rise to the appearance of group-V atom — two

vacancy complexes with deep donor states. This is in

sharp contrast to the situation under fast electron irradiation,

where primary defects are produced uniformly in the bulk

and the formation of such defects has not been reported.

Comparing the removal rates of charge carriers and the

production rate of primary defects for n-Si (FZ) and n-SiC
(4H), it is possible to roughly estimate the fraction of

separated Frenkel pairs whose isolated constituent defects,

i.e. vacancies and self-interstitials, are taking part in

interactions with shallow donor impurities and/or their usual

compensation. Taking into consideration that the fractions

of Frenkel pairs separated into isolated components under

proton irradiation of the both semiconductor materials ex-

ceed greatly those observed under fast electron irradiation,
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high-energy protons can be used for the formation of local

high- resistivity regions in Si- and SiC-based devices.
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