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Abstract. Defect formation in MOS structures irradiated with 18 MeV elec-
trons has been investigated by high frequency capacitance-voltage (HF C/V)
and deep level transient spectroscopy (DLTS) methods. It has been shown that
high-energy electron irradiation decreases the oxide capacity as well as the pos-
itive charge in the oxide and creates surface states at the Si–SiO2 interface of
the samples. The energy and capture cross section of the radiation-induced traps
created by high-energy electron irradiation at the Si–SiO2 interface of the sam-
ples have been determined. The nature of these radiation induced traps has also
been discussed. It has also been demonstrated that oxygen surface density at
Si–SiO2 interface depends on the kind of the oxide as well as the electron dose
irradiation

PACS number: 71.55-i., 71.20, 73.20, 73.40

1 Introduction

The influence of high-energy (11–22 MeV) electron irradiation on the interface
states of the Si–SiO2 system has been investigated in our previous work [1-3].
It has been shown that high-energy electrons create a new spectrum of inter-
face states in the silicon band gap. The parameters of the states located at the
Si–SiO2 interface have been estimated by thermally stimulated current method
[1]. It has been demonstrated that the primary defects induced in n-type silicon
MOS structures by a high-energy electron irradiation are vacancy-oxygen and
vacancy-phosphorus defects [1,4]. The effect of MeV electron irradiation on
p-Si–SiO2 structures and n-Si–SiO2 structures implanted with boron ions has
been also studied by deep level transient spectroscopy measurements [2-3]. The
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formation and annealing of radiation induced defects in silicon transistors with
4 MeV electrons have been studied by F. P. Korshunov et. al. [5].

In this paper we report the results of a new experiment, in which n-type Si–SiO2

samples with oxide thickness of 49 nm are irradiated with 18 MeV electrons for
different duration. The samples are measured by HF C/V and DLTS methods
after each dose irradiation. It will be shown that the density of the interface
states at the Si–SiO2 interface induced by the high-energy electrons increases
with radiation dose increasing. The main parameters of the electron-induced
interface traps are determined. The oxide capacity and the positive charge in the
oxide of the samples decrease with electron irradiation dose increasing.

2 Experimental Details

The samples studied in the present paper are fabricated on n-type 〈100〉 oriented
silicon wafers of 5.4 Ωcm resistivity. Following a standard cleaning procedures,
thermal oxidation in dry oxygen is performed at 1000◦C to produce 49 nm ox-
ide. After finishing the oxidation the samples are cooled with a rate 1◦/s in a
nitrogen ambient. The oxide thickness is measured by the ellipsometry method.
Then Al gate electrodes are photolitographycally defined. The back side of the
silicon wafers is coated with a thin layer of Al (12 nm) to serve as an ohmic
contact. After backside metallization, post-metallization annealing of the sam-
ples in forming gas at 400◦C for 10 min is performed. Then the irradiation with
18 MeV electrons is completed from the gate side of the wafers. The distance
between the Microtron window and the sample is 150 mm. The samples are
bombarded with electrons for 15, 30 or 60 s and the average current of the elec-
tron beam at the samples is about 9 μA. The energy (18 MeV) is high enough
for the electrons to penetrate through the whole samples. No bias is applied
to the devices during the irradiation. Some of the samples are left to be used
as a reference in the comparison of the electrical properties of the initial MOS
structures with those of the structures exposed to the electron irradiation. These
series are used for investigation of the electro-physical parameter dependence
on the electron dose irradiation.

High frequency C/V and DLTS characteristics of the MOS structures are mea-
sured in order to determine the parameters of the radiation defects induced by
high-energy electron irradiation. The oxide capacity and the oxide charge are de-
fined by C/V characteristics of MOS structures. Different trap centers induced in
silicon band gap by high-energy electron irradiation have been identified from
the DLTS characteristics. The radiation traps number is directly evident from
the peaks number of DLTS spectrum. The energy positions in silicon band gap
and capture cross section of each of the traps corresponding to these peaks are
evaluated.
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3 Results and Discussion

We have chosen the C/V measurements because the significant changes of the
C/V curves after electron irradiation are observed. Figure 1 shows typical C/V
curves obtained on initial (curve 1) and electron irradiated Si–SiO2 structures
for 15, 60 s (curves 2 and 3) respectively. As can be seen from this figure, high-
energy electron irradiation seriously distorts C/V curves of the irradiated MOS
samples. After 7200 s irradiation of the samples the C/V characteristics are not
measurable. It is obvious that 18 MeV electron irradiation decreases the oxide
capacity, positive charge in the oxide as well as the slope of the C/V curves
of MOS structure. Our experiment shows that the oxide capacity of the initial
MOS sample is equal to the value of Cox = 132.68 pF. The oxide capacity of
the samples decreases to Cox = 129.77 pF after 15 s irradiation and it decreases
respectively to Cox = 113.89 pF after 60 s irradiation. The decrease of the ox-
ide capacitance can be caused by three reasons. The first possible reason – the
induced defects in the oxide by electron irradiation – can change the value of the
dielectric constant of the oxide. The second reason is an increase of the oxide
thickness and the third reason is a combination of both of them. To check the
reason we use ellipsometry technique to measure the oxide thickness of the sam-
ples before and after each electron irradiation. Our measurements show that the
oxide thickness of the samples increases. The oxide thickness is 49 nm before
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Figure 1. Typical C/V curves obtained on initial (curve 1) and electron irradiated Si–SiO2

structures for 15 and 60 s (curves 2 and 3), respectively.
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irradiation. After irradiation with electrons for 15 or 60 s the oxide thickness
increases up to 53 or 64 nm, respectively. We suggest that the oxide thickness
increase (in a result of high-energy electron irradiation) may be connected with
radiation-stimulated oxidation of the samples.

The C/V curve shift to the positive states of the voltage (curve 2) means that
after 15 s electron irradiation the positive charge in the oxide of the initial MOS
sample decreases. The positive charge in the bulk oxide can be estimated by the
flat-band voltage shift ΔVfb after irradiation. But the true value of the radiation-
induced charge in the oxide should be calculated from the midgap voltage ΔVmg

shift because the charged states at the Si–SiO2 interface also cause the C/V curve
to shift additionally at Vfb. Assuming that all interface states above Ei are of
acceptor type and all below Ei are donor type we can obtain the fixed oxide
charge directly from the high frequency C/V curve without using interface state
information. The shift in the midgap voltage ΔVmg is solely due to the change
in the fixed oxide charge ΔQox, which is given by the expression

ΔQox = CoxΔVmg/q,

where ΔVmg can be determined in the same way as ΔVfb, Cox is the oxide
capacity, and q is the electron charge.

Before irradiation the C/V curve of the initial MOS structure shifts regard the
corresponding theoretical C/V curve (without interface states and without charge
in the oxide) and ΔVmg is equal to 3 V. After 15 s irradiation, this shift decreases,
and ΔVmg is equal to 1.75 V (curve 2). After 60 s irradiation the C/V curve
shifts more to the positive states of the voltage and ΔVmg is equal to 1.3 V
(as can be seen from Figure 1, curve 3). Secondary electrons resulting from
the interaction between the high-energy electrons (higher than 11 MeV) and the
Si–SiO2 structure could be a reason for decreasing of the positive charge in the
oxide after irradiation [6].

After electron irradiation the C/V curves are distorted which means that the elec-
tron irradiation increases the Si–SiO2 interface state density. Comparing the C/V
curve of the initial sample (curve 1) with those of the irradiated MOS samples
(curves 2 and 3) shows that the slope of the C/V curves decreases. It is obvious
that curve 1 is steeper than the curves (2 and 3). This means that a set of electri-
cally active centers at the Si–SiO2 interface is formed as a result of high-energy
electron irradiation additionally.

This fact is also confirmed by the DLTS measurements. Before electron irra-
diation no DLTS spectrum is observed. Formation of DLTS spectra is observed
after 15 s electron irradiation of MOS samples. The detailed interface state infor-
mation is taken namely from these DLTS measurements. Figure 2 shows typical
DLTS spectra of the electron irradiated MOS samples after 15 s (curve 1) and
after 60 s irradiation (curve 2). A little dose electron irradiation (curve 1) creates
new DLTS spectrum with four peaks. These four peaks could be associated with
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Figure 2. Typical DLTS spectra of the electron irradiated MOS samples after 15 s (curve
1) and 60 s irradiation (curve 2).

four types of the radiation induced traps in the upper half of the silicon band gap
(as silicon wafers are n-type). These radiation induced traps are located close to
the Si–SiO2 interface and they strongly depend on the oxide property. The elec-
tron irradiation dose increase leads to the reconstruction of the DLTS spectrum:
the first peak disappears, the second one weakly decreases, the areas covered
by the third and by the fourth peaks increase (weakly and strongly respectively)
and a new peak located at the end of the DLTS spectrum appeares. The energy
position and capture cross section of these traps corresponding to the peaks are
determined from the measurements. The behaviour of DLTS spectra shows that
the shallowest level (Ec−0.18 eV) corresponding to the simplest kind of defects
disappears. The concentration of the second kind of defects (Ec−0.24 eV) de-
creases. The concentration of the last two kinds of defects (Ec−0.26 eV) and
Ec−0.30 eV) increases and a new kind of defects corresponding to the deeper
traps in silicon band gap (Ec−0, 40 eV) appears after 60 s of irradiation. The ac-
tiavation energy as well as the cross section for the electron capture of the traps
created by electron irradiation have been calculated from DLTS characteristics.

These parameters allow to determine the nature of each kind of defects created
by high-energy electrons. Table 1 shows the radiation induced trap parameters.

The shallow level Ec−0.18 eV has been attributed to a vacancy trapped by an
interstitial oxygen atom or “A” center. The density of these defects decreases
with dose increasing of the electron irradiation and it is not observed after 60 s
irradiation (curve 2). The concentration of the second kind of defects (Ec −
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Table 1. Parameters of the radiation defects induced by 18 MeV electrons

Capture cross section Energy (eV)
Sn (cm2) Ec−0.18 Ec−0.24 Ec−0.26 Ec−0.30 Ec−0.40
After 15 s irradiation 7.8 × 10−12 1.8 × 10−13 2.3 × 10−13 4.4 × 10−15 —
After 60 s irradiation — 1.3 × 10−15 4.8 × 10−12 5.9 × 10−14 8.7 × 10−12

0.24 eV) decreases also. The levels Ec−0.24 eV, and Ec−0.26 eV probably
are correlated with double acceptor levels of divacancies [5-7]. The third kind of
defects corresponding to the Ec−0.30 eV level is still not completely understood,
but it can be correlated with higher-order defects [8-10]. The additional high-
energy electron irradiation generates new trapping center located deeper on the
energy scale in the Si forbidden gap. The activation energy of this last kind
of defects introduced by higher dose electron irradiation is estimated as Ec−
0.40 eV. This electron trapping center is determined as a lattice vacancy trapped
at a substitutional phosphorus atom or phosphorus-vacancy pair (P-V), in other
words “E” center.

The intensive decreasing of trap density of the vacancy-oxygen complexes pos-
sibly is due to the secondary electrons. These secondary electrons could play a
role in the disappearing of the first peak of DLTS spectrum (curve 1). On the
other hand, higher dose electron irradiation is expected to create defects, which
are responsible for the new (last) peak observed in DLTS spectrum (of curve 2).
This spectrum also shows that after 60 s electron irradiation the density of all
levels (expect the Ec−0.18 eV and Ec−0.24 eV) increases with electron irradi-
ation dose increasing. The intensive increasing of trap density of the complexes
corresponding to the deeper levels in silicon band gap is due to the bigger pos-
sibility of interstitial atoms and vacancies creation with radiation dose increase
[11]. The dominant density of the defects created by higher dose electron irra-
diation is the density of vacancy-phosphorus (E-center) complexes. This level is
associated with defects connected with doped phosphorus impurities (n-type Si).
Moreover, as Si–SiO2 interface itself is a source of defects and the process of ra-
diation induced defect formation as a result of bigger dose electron irradiation is
most active for the vacancy-phosphorus complexes. In this case (n-type Si) the
behavior of the defect formation after high-energy electron irradiation is to a cer-
tain extent opposite to that of the defect formation in p-type Si where the deepest
trap in Si band disappears after 15 s irradiation and four new shallower levels are
formed [3]. It can be noted that the behavior of interface states introduced by
high-energy electron irradiation at Si–SiO2 interface of MOS structures depends
not only on the radiation dose but it also depends on the type of silicon wafer of
the irradiated sample.

Such an effect may be connected with oxide film additional growth under high-
energy electron flow. This fact is in good agreement with the results of the work
[12]. Taking into account that irradiation was performed in the vacuum one may
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suppose that oxygen atoms which are necessary for silicon oxidation diffuse
from silicon substrate [13].

4 Conclusions

It summary, our results show that the high-energy electron irradiation creates
several types of radiation induced interface states at the Si–SiO2interface of
MOS structures. The oxide capacity and the positive charge in the oxide of
the MOS samples decrease with electron irradiation dose increasing. It has
been shown that when n-type MOS structures are irradiated with low dose elec-
trons, the mainly created defects at the Si–SiO2 interface are associated with
vacancy-oxygen (A-center). When electron irradiation dose increases vacancy-
phosphorus (E-center) complexes are mostly formed.
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