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Using the methods of deep-level transmission spectroscopy
(DLTS), the properties of radiation- and thermal-induced defects
which are formed in silicon single crystals under an electron
irradiation of 1 MeV at 450 °C have been investigated. Seven
electron levels in the upper half and two levels in the lower half of
the energy gap in Si have been revealed. Their energy and kinetics
characteristics have been determined. It is found that secondary
radiation-induced defects (RDs) are capable to migrate over large
distances. An essential acceleration of the generation of oxygen
thermal donors when exposed to the electron irradiation has been
shown. The results obtained are interpreted by the radiation-
enhanced diffusion of oxygen impurity atoms and the formation
of various oxygen-vacancy complexes.

After four decades of investigations, the RDs in
Si crystals do not lose scientific and technological
interests [1, 2]. While the effects of irradiation
were mainly studied earlier at low and ambient
temperatures, the point of investigational attention
shifted more recently towards the radiation-induced
defect formation at elevated temperatures [3—7]. Beyond
academic interest, it stems from the practical need
in such radiation-induced defects which are stable
at elevated temperatures. Their applications to the
control over the electrical characteristics of Si and
Si-based devices greatly enhance the efficiency of the
radiation technologies, in particular, of those used
in the production of power devices operating at
temperatures above 100 °C. Of special interest are
the effects of irradiation in the temperature interval
300—500 °C, where the intense formation of oxygen-
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including thermal donors (OTDs) takes place. The
application of the radiation-induced stimulation of the
oxygen diffusion [8] to the OTD generation can provide
new information about the mechanism of oxygen low-
temperature diffusion enhancement in Si. The proper
understanding of the mechanism is basically important
in seeking the methods for the thermal stability
enhancement of silicon-based devices.

Recently an original method of “hot” irradiation has
been used to investigate the influence of the electron
irradiation at 450 °C on the specific conductivity
behavior of Czochralski-grown n-Si [8]. The peculiarity
of this experimental technique consists in that the
powerful beam of 1 MeV electrons is used to heat a
specimen of silicium of several millimeters in width up
to 450 °C. Due to thermal conductivity, the specimen
is heated uniformly. But the capture of electrons and
generation of electron-induced vacancies occurs in the
surface layer of a width up to 1.5 mm. The application
of surface methods for material investigation (e.g.,
the 4-probe method for conductivity measurement or
capacitance methods) makes it possible to consider
the irradiated (front) crystal surface as a specimen
where radiation- and thermal-induced defects appear
simultaneously, while the crystal surface not exposed
to the electron beam (back) as a test specimen where
only thermal defects are generated without radiation
influence. In this case, the maximal identity is attained
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Fig. 1. DLTS spectra of the front and back sides of specimen 11-1

in the temperature interval 78—300 K. 1 MeV electron irradiation
at 450 °C

for thermal regimes as well as for impurity and growth
defect compositions.The results in [9] indicate that
the electron irradiation is capable to enhance greatly
the OTD generation and to create RDs of p-type.
Afterwards, for specimens investigated in [9] by the
4-probe method, the method of DLTS was applied.
Previous results for the temperature interval 78—300 K
were published in [10]. It was shown that, at 450 °C,
a wider RD spectrum is created in n-Si than that
at ambient temperature. The aim of this work is to
investigate the influence of the electron irradiation at
450 °C on the spectrum and numerical parameters of
deep levels appearing in n-Si in more detail by using the
DLTS method.

The “hot irradiation” procedure used in experiments
was described in detail in [9, 10]. After the relevant
chemical decontamination of the surfaces of the
thermoradiated specimens 3 mm in thickness, Schottky
barriers of gold 2 mm in diameter formed on their
front and back sides. Eutectic alloys InGa and InHg
were used for providing Ohmic junctions. Temperature
dependences of the relaxation rate of the barrier
capacity AC/C were measured for specimens made up
of various materials and after various durations of the
thermoradiation treatment. The energy of deep level
ionization was determined by the Arrhenius method.
The free electron concentration was derived from the
slope of the dependences 1/C? on the voltage U at a
frequency of 1 MHz.

The initial specimen parameters are depicted in
Table 1. Carbon impurity concentration is less than
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Fig. 2. Temperature dependences of the capacity for the front (a)
and back (b) sides of specimen 11-1. 1 MeV electron irradiation at
450 °C

5-10' e¢m~! for all specimens. In Table 1, the initial
concentrations of the oxygen impurity and of free
electrons before and after the treatment are denoted
by No, ng, and n, respectively, ¢ttt is the duration of
the thermoradiation treatment, ®. is the exposure dose
obtained during the thermoradiation treatment.

In Fig. 1, the DLTS spectra are shown for the front
and back sides of the 11-1 specimen. Here, the spectrum
for the back side is measured at the sensibility ten
times as high as that for the front one. It is of interest
that some peaks are observed on the back side which
are also observed on the front side with much greater
amplitudes. The absence of the Pool—Frenkel effect for
all peaks observed proves their p-type. The fact that
those levels are observed on the back side too, although
in much less concentration than on the front one, means
an essentially greater mobility of the RDs at 450 °C than
that at ambient temperature. In contrast to estimations
based on the data for electron radiation penetrability
and the RD migration length at ambient temperature,
the RDs are observed on the back side of the specimen
as well. The peak amplitude ratios are different for front
and back sides. The peak at 140 K on the back side is
unobservable at all. This means the long-range migration
of the secondary RDs with various speeds rather than

Table 1
Specimen No, no, trr, P, n,
1017 em 2|10 ¢cm~2 | min |10'® cm=2|10'4 cm—3
11-1 9 1.05 120 36 2.55
11-1 9 1.05 120 0 7.63
3-1 2 4.7 10 3 3.7
3-1 2 4.7 10 0 4.7
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Fig. 3. Optically injected DLT'S spectrum of the hole capture sites
for the front side of specimen 11-1. 1 MeV electron irradiation

that of the primary RDs with a further creation of the
secondary complexes.

One should be careful to the absolute values of the
level ionization energy and the electron capture cross-
section for these levels determined by the DLTS method
using the specimens where the deep level concentration
is comparable to that of minor impurities. The crystal
under investigation belongs just to similar samples
which is evidenced by the temperature dependence of
the barrier capacity (see Fig. 2). One can see that
the capacity diminishes to zero near 100 K where the
shallowest level on the spectra in Fig. 1 inverses the
charge. This means the approximate equality between
the concentration of radiation acceptors and the sum of
sulphur impurity and double OTD concentrations. It is
interesting that the total “freezing-out” of the capacity
takes place also on the crystal side oriented back to
the electron beam, although here the RD concentration
(according to Fig.1) is an order of magnitude less than
that on the front side. It can be if the OTD concentration
is also less to the same extent on the back side. This
verifies the conclusion made in [9] that the irradiation
greatly enhances the OTD generation. A discrepancy in
numerical evaluations of the radiation effect obtained in
[9] when analyzing the results of the 4-probe method (4—
6 times) and the DLTS method (10 times) is probably
a result of that the first estimation did not take into
account the partial compensation of the conductivity
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Fig. 4. DLTS spectra of specimen 3-1 in the initial state (starting
material) and after the thermoradiation treatment at 450 °C (front
is irradiated and back is unirradiated
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side of specimen).

on the specimen back sides due to the RD long-range
migration.

As is seen from Table 1, for specimen 11-1, the free
electron concentrations determined from the capacitor-
voltage characteristics of Schottky barriers differ on the
front and back sides only by a factor of three, although
the compensating RD concentrations, as is seen from
Fig.1, have more than tenfold difference. This means
that, on the front side, there were created at least 4 times
more thermal donors than on the back one. This also
confirms the stimulating radiation effect on the thermal
donor generation.

In order to reveal the hole capture sites (donors in
the lower half of the gap), an optical injection was used
in the DLTS method. The result for the front side of
specimen 11-1 is shown in Fig. 3. The charge inversion
of the level near 200 K is clearly seen and probably of
another one near 100 K which evidences for the existence
of the hole capture sites in the investigated layer.

For a more correct determination of the high-
temperature RD parameters, the “hot irradiation”
experiment was repeated providing the small
compensation of conductivity by RDs. With this aim
in view, specimen 3-1 possessing the higher initial
concentration of free electrons was irradiated by minimal
dose at 450 °C during the minimal period (Table 1). Due
to the low content of the oxygen impurity in this crystal,
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Fig. 5. Temperature dependences of the capacity of the Schottky
barrier on the front sides of specimens 11-1 and 3-1. n-type Cz

silicon

the influence of OTDs on the secondary RD generation
was made minimal.

DLTS spectra were measured in a wider range
of temperatures (4.2—300 K) than that in previous
experiments (78—300 K). This allow us to observe three
low-temperature peaks in addition to those described
above. The DLTS spectrum for the side of specimen 3-1
irradiated at 450 °C is shown in Fig. 4. For comparison,
the initial crystal spectrum (without radiation or
thermal treatment) is also shown. All spectra are
recorded under identical experimental conditions. It is
seen that peak N 1 in the irradiated specimen coincides
according to the temperature position with the thermal
donor peak in “oxygen” crystals [11]. At the same time,
on the back side of specimen 3-1, this probably “thermal-
donor-induced” peak is not observed at all, as it should
be for the crystal with such a low oxygen content after
such a short thermal treatment [12].

For peak N 1, in contrast to the others, a dependence
of the temperature position of the peak maximum on the
firing pulse amplitude is observed. This dependence is
described satisfactory by the theory of the Pool—Frenkel
effect for a double donor. The facts quoted above make
possible to identify peak N 1 as the deepest level of the
double OTD. So, the large amplitude of peak N 1 on the
front side of specimen 3-1, being absent on the back one,
is a direct proof of the OTD generation enhancement
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Fig. 6. Arrhenius dependences for the front side of specimen 3-1.
1 Mev electron irradiation at 450 °C

under irradiation even in Si with low content of the
oxygen impurity.

Concerning peaks at higher temperatures, when
comparing the spectra in Figs. 1 and 4, one may
say the following. As a result of the usage of a
more prolonged interval between filling pulses, the
temperature arrangement of the peak maxima has
changed to some extent, but their number is preserved
in both materials. The peak amplitude ratio is affected
essentially. In comparison with specimen 11-1, this ratio
for specimen 3-1 has changed in favor of the lower-
temperature peaks. Among the possible explanations can
be that the compensation degree by RDs is much greater
in the first experiment. Therefore, in specimen 11-1,
there are not enough free electrons to fill completely
shallower levels which are situated at lower temperatures
in the DLTS spectra. In favor of this viewpoint serves
the comparison of the temperature dependences of the
barrier capacity on the front sides of specimens 11-1 and
3-1 (see Fig. 5). It is seen that, due to the freezing-up of
free electrons onto the deep levels of the compensating
RDs, the capacity in specimen 11-1 has the tenfold
change, while only by 20—30% in specimen 3-1. This
gives reasons to consider as correct the application
of the Arrhenius method for the determination of the
activation energy for the charge inversion of the levels
which are responsible for the DLTS peaks in Fig. 4. In

ISSN 0508-1265. Ukr. J. Phys. 2004. V. 49, N 8



INVESTIGATIONS BY CAPACITANCE METHODS

Fig. 6, the Arrhenius dependences are shown for the
DLTS peaks of specimen 3-1 treated thermoradiationally
at 450 °C. The obtained values for parameters are
quoted in Table 2. Here, the charge inversion energy
Er, the electron capture cross-section o,, and the
concentration of the relevant levels Nt are listed for each
peak.

Basing on those and earlier reported data, the
following interpretations are possible for the origin of
defects which give rise to the relevant levels in the
forbidden gap of Si.

Peak N 1, according to its energy disposition and
sensitivity to an electric field, can be attributed to
another, deeper OTD level. Such an interpretation of
peak N 1 is somewhat contradicted by its relatively
small electron capture cross-section (1 + 3)-1071* cm?.
For OTDs, the value of the order of 107!* cm? is
more typical [11]. Perhaps, the early stages of the OTD
formation (the thermoradiation treatment prolongs 10
min), which are characterized by a small amount of
oxygen atoms in the OTDs, are responsible for such a
small cross-section just due to the small geometric sizes
of the OTD precipitate.

Peak N 2 can also be classified as a thermodonor
level. It has a very large capture cross-section
of 7-107' cm~2. But since it is situated on the
slope of the higher peak N 1, it is rather difficult to
determine accurately its temperature position and hence
the parameters of the relevant level.

All other peaks correspond to the levels of the p-type
which may evidence for their radiation nature. Their
total concentration, according to Table 2, amounts to
approximately 8.3 - 10> cm ™3, and the concentration
of double OTDs to 2.3 - 10'® cm 3. At the same time,
the reduction of the free electron concentration after
the thermoradiation treatment equals 11 - 10'3 c¢cm™3.
This confirms the conclusion made above about the
availability of acceptor levels in the lower half of the
gap.

Peak N 3, being maximal according to the concen-
tration, corresponds to the A-center characteristics (a
VO complex) according to the charge inversion energy

Table 2
Peak number | Er, eV | On, cm? | N, cm™3
1 0.106 2.96 - 10— 14 2.36 - 1013
2 0.100 7.07-10—11 6.94 - 1012
3 0.172 9.64 -10—15 3.57 - 1013
4 0.186 7.10-16 2.7-1013
5 0.239 6.37-10~16 6.88 - 1012
6 0.381 1.04 -10—14 6.08 - 1012
7 0.463 9.89 - 1016 7.46 - 1012
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and electron capture cross-section. Although the
annealing temperature of the A-center is about 300—
350 °C, its existence at 450 °C is possible due to the large
intensity of the irradiation and the migrational nature
of the annealing. The most probable drain mechanism
for the vacancies created by irradiation is evidently
an encounter with the oxygen impurity atoms. In this
case, the appearing complexes VO (peak N 3) are
annealed migrating as a whole to the drain sites, the
most probable of which are also the oxygen atoms. In
the course of the reaction

VO+0 = VO,, (1)

the VO, complex is created, being the next in the
concentration after the A-center on the initial stages
of the irradiation. Peak N 4 corresponds to it. During
the irradiation, those complexes are accumulated only,
because the radiation dose in our experiments is of the
order of 10'% cm~2 and the reactions

VOs+1— 0Oy (2)
and
VO+V —» V202 (3)

are minor. On the contrary, the amplitude of peak N 3
characterizes the equilibrium concentration of the A-
centers in the double reaction

V+0-5VO+0 V0, (4)

and hence does not change during the irradiation if the
intensity of the latter remains constant. The cooling
period of the specimen from 450 to 300 °C, after the
electron beam having been switched off, is no more
than 40 s. Therefore, the V O-complex concentration in
reaction (4) has no time to change essentially, and its
value estimated from Fig. 4 is close to the equilibrium
one during the irradiation. In favor of this point of view
evidences the change of the amplitude ratio for peaks
Nos. 3 and 4 during the irradiation period. As is seen
from Fig. 4, after the short-term irradiation (10 min),
peak N 3 exceeds peak N 4 by amplitude, while the
amplitude ratio changes to opposite after the long-term
treatment (120 min, see Fig. 1). It is characteristic that
peaks Nos. 5, 6 and 7, relatively to the A-center, also
increase. It may be if those peaks correspond to more
involved complexes, which are accumulated and in the
generation of which the A-center takes part. This does
not contradict the data of works [3, 7], where, in Si
irradiated at 400 °C, there were revealed levels close
by energy position. In particular, the level E. —0.36 eV
was attributed to the 1505 complex, while the levels
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E.—0.22eV and E. —0.47 eV to the vacancy complexes
of higher orders. One cannot exclude that some of the
deep levels revealed by us are created by the complexes
VO3 or VO3 which were observed in [13, 14] during
the high-temperature irradiation of Si using the IR
spectroscopy methods.

Thus, the results obtained allow us to make the
following conclusions:

(i) Electron irradiation can essentially enhance the
generation of oxygen thermal donors in Si. Taking into
account that the creation of thermal donors is governed
by the diffusion of oxygen impurity atoms, this result
proves that the oxygen diffusion in Si is stimulated by
the irradiation.

(ii) Oxygen-vacancy complexes at 450 °C are capable
to migrate in Si over the distances which greatly
exceed the migration length of a free vacancy. The
transportation of the oxygen atoms in the content of
such complexes can be one of the mechanisms of the
radiation-enhanced diffusion.

(iii) The A-center remains the dominant secondary
radiation-induced defect in the early stages of the
irradiation at the temperature 450 °C as well. This
evidences for that its annealing occurs by means of the
migration to the drain sites rather than the dissociation.
Therefore, the A-center represents the intermediate
stage in the process of creation of more involved
complexes of the type V,O,.
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JOCJITIKEHHSA €MHICHUMU METOJIAMU n-KPEMHIIO,
OITPOMIHEHOT'O EJIEKTPOHAMMU ITPU 450 °C

B.B. Hetimaw, M.M. Kpacvko, A.M. Kpativuncorut,
A.T. Koaocioxk, B.B.Botimosuy, E.Cimoen, Jotc.-M.Paghi,
K.Kanatia, /owc. Bepcaros, I1. Koz

Pezwowme

MeTrogaMu €MHICHOI CHEKTPOCKOIIT TIMOOKUX PIBHIB [TOCTITKe-
HO BJIACTHBOCTI pagianmifinmx ta TepMmidnmx gedekris, mo yTBO-
PIOIOTBCS B MOHOKpHCTasmigynomy Si mpu 1 MeB enexkrpornOMy
onpominenHi npu 450 °C. BusiBjieHO ciM eJIeKTPOHHUX DIBHIB y
BEpXHiil Ta JBa piBHA y HUXKHIil TOJTOBHHAX 3a00pOHEHOI 30HU Si.
Busnadeno ix eHepreTwdHi Ta KiHETHYHI XapaKTepPUCTUKH. Bcra-
HOBJIEHO, IIJ0 BTOPUHHI pajianiiiai nedexru 3maTHi 10 Mirparmil Ha
Besinki BimcTani. [Toka3zaHo 3HaYHEe MPUCKOPEHHSI MeHepallii KucHe-
BHX TE€PMOJOHOPIB mijg mi€r0 esekTpoHHOro omnpowmimexus. OTpu-
MaHI pe3yJbTATH IHTEPIPETOBAHO DPAJIAIiifHO NIPUCKOPEHO TH-
dy3iero aroMiB gomimku KHCHIO Ta (POPMYBAHHSIM PIi3HHX KHC-
HEeBMiCHUX KOMILIEKCIB.
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