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We studied n-silicon samples obtained by the floating-zone method
and irradiated by 2-MeV electrons with a majority-carrier concen-
tration of 6x10'3 cm~3. It is shown that, in irradiated n-Si sam-
ples, divacancies are annealed by means of two mechanisms: their
conversion to other complexes (V20 or PV>) or dissociation into
separate monovacancies.

1. Introduction

The most extensively studied multivacancy complexes
in silicon are divacancies (DV, V3). They can be formed
by two mechanisms: 1) if an incident particle transfers
the energy sufficient for a shift of two neighboring sil-
icon atoms to a crystal, then a DV can be formed as
a primary defect; 2) if the electron energy is equal to
1.5 eV, then the rate of DV introduction amounts to
5% of the rate of vacancy formation. It is worth not-
ing that the measurements were performed at a tem-
perature of the crystals equal to 20 K. The following
heating of the crystals resulted in the vanishing of the
isolated vacancy spectrum and the growth of the DV
number in the crystals with low oxygen concentration.
In the given case (i.e. at low radiation energies), the
diffusion mechanism of DV formation prevails over the
cascade one [1, 2|]. As is known, the irradiation of
silicon crystals by high-energy particles gives rise to
the generation of amorphous inclusions in them. The
molecular-dynamics simulation shows [3] that these in-
clusions can also serve as effective sources of point struc-
tural defects and, in particular, divacancies due to their
higher stability as compared to the inclusions them-
selves.

Due to the calculations performed in [4], the struc-
tures and energy characteristics of the simple and split
divacancies in silicon are currently known. The energies
of their formation are estimated as 4.63 and 5.90 €V,
respectively. In any case, the DV binding energy ap-
proximates 2 eV.
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DVs exist in various charge states [5]: V5, V3, V,,
and V5. In particular, it was established in [6] that the
main radiation-induced defect in phosphorus-doped n-
Si (along with E-centers, i.e. V + P pairs) is a doubly
charged negative divacancy. Divacancies can exist in sil-
icon in several states that differ in the induced lattice
distortion. It was shown [7] that the DV electron lev-
els measured experimentally at common temperatures
do not appear due to these states; instead, they cor-
respond to some state averaged over the atomic mo-
tion (electron levels at certain distortions can be mea-
sured only at very low temperatures, at which the di-
vacancy in one of them is “frozen out”). The form
of the silicon lattice distortion induced by a doubly
charged negative divacancy was proposed in [8]. Accord-
ing to theoretical researches [9], the presence of a neu-
tral divacancy at room temperature gives rise to such
a distortion in a silicon lattice that the system oscil-
lates between two states weakly differing in energy (by
~10 meV).

The possible charge states of divacancies in silicon
were studied theoretically in [10]. These investigations
yielded the energies of their formation, as well as the
binding and ionization energies. The study of their
atomic and electron structures results in the conclusion
[11] that the charge states of a divacancy cause a larger
distortion. Such characteristics as the atomic configura-
tion, the energies of formation and electron transitions,
and the binding energy for these charge states were cal-
culated in [12] (see also [13]). It was established that the
ground-state configuration depends on the charge state
of a divacancy.

As is known [4, 5], divacancies in silicon are annealed
due to their diffusion in the lattice until they are cap-
tured by a trap. Moreover, they can diffuse in the lat-
tice over large distances without dissociation, because
the activation energy of divacancy diffusion is approx-
imately equal to 1.25 eV, while the energy of its dis-
sociation is close to 2 eV. Divacancies effectively in-
teract with impurity I atoms with the formation of
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V5 + 1 complexes. For example, the effective formation
of 15,0, V504, HV;, SnVs, SnaVs, GeVs, and other com-
plexes takes place [5, 14, 15].

Our investigations demonstrated that the annealing
of DVs in boron-doped p-Si crystals irradiated by 8-MeV
electrons takes place by means of their conversion into
BV, complexes [16-18]. This complex was already cal-
culated theoretically [19]. According to these calcula-
tions, the binding energy between a divacancy and a
boron atom at a site appeared close to 0.2 eV. As for
the electron levels of the BV, complex, they must lie
close to the corresponding levels of a free divacancy. It
was noted that this complex and the mechanism of di-
vacancy annealing with the formation of BV; will play
a very important role only in silicon heavily doped with
boron.

In n-Si crystals with the oxygen concentration Ng =
2 x 10'% ¢cm—3, divacancies are annealed by means of
their conversion to V20 complexes [20] (the possibility
of identification of the products of the DV annealing with
V50 in silicon specially oxidized up to Ng ~ 10'7 cm™3
was discussed in [21]). In samples with the oxygen con-
centration No ~ 5 x 10'® cm™3, divacancies are an-
nealed due to their dissociation into separate monova-
cancies, which results in the negative annealing of A-
centers. The observed effect (dissociation of a certain
part of divacancies) was explained in [20] as a result of
the low concentration of oxygen atoms (No ~ 5 x 101°
cm~3) and, respectively, the small number of A-centers
formed under irradiation as compared to the number of
DVs. The authors of work [22] also ascribed the neg-
ative annealing of A-centers in the range 230-300 °C
in the process of isochronous annealing (IA) to the DV
dissociation. It is worth noting that the negative an-
nealing of A-centers can be observed in the cases where
the dominant mechanism of DV annealing is the forma-
tion of VoO complexes. The matter is that the indi-
cated complexes are, in turn, annealed by means of the
dissociation into A-centers (i.e. V+O-complexes) and
monovacancies: 120 — A + V [23, 24]. The mi-
gration energy of a divacancy before it gets to a trap
represented by interstitial oxygen is estimated as 1.3 eV
[23], whereas the process of interaction of a divacancy
with oxygen is characterized by the activation energy
equal to 2.02 + 0.12 eV [24] and runs under the anneal-
ing in the temperature interval 275-355 °C. After that,
the generated A-centers can migrate to interstitial oxy-
gen atoms, by forming V' Oy complexes or (in the case of
a long-term annealing) VOH and VOH, complexes with
hydrogen atoms that can move, in turn, in the silicon
lattice.
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The aim of this work is to establish the annealing
mechanism (conversion or dissociation) of divacancies in
n-Si crystals irradiated at various temperatures.

2. Experimental Technique

We studied n-silicon samples grown by the floating-zone
method with the majority-carrier concentration equal to
6x 10" cm™3. The oxygen concentration determined by
the infrared absorption amounted to ~ 2 x 10'6 cm™3,
whereas the density of growth dislocations obtained from
etching pits did not exceed 4 x 10* cm™2. The samples
were cut off in the form of slugs 1x3x10 mm in size with
the largest face (111). One part of the studied samples
was irradiated by 2-MeV electron pulses. The electron
flux density ¢ = 5 x 10'?2 em~2-s7!. The samples were
irradiated at temperatures of 300 K and 473 K.

The second part of the samples was irradiated by pro-
tons with an energy of 25 MeV. The irradiation was per-
formed in the pulsed mode. The pulse duration and the
repetition rate were equal to 25 us and 0.25 Hz, respec-
tively. The proton flux density amounted to 1.5x10'!
particles/cm? per pulse. The proton irradiation was per-
formed at 300 K.

All the samples were irradiated along the direction
normal to the largest face. The irradiation dose was
chosen in such a way that the concentration of major-
ity carriers captured by radiation-induced defects (RID)
at 77 K did not exceed the concentration of the dop-
ing agent — phosphorus (Np). In order to identify the
defects appearing due to irradiation, we determined the
ionization energy and the thermal stability of these cen-
ters.

The isochronous annealing of the studied samples was
carried out in the temperature range 80-600 °C at a
step of 10 °C. The time of keeping at a fixed temper-
ature amounted to 10 min. After each TA cycle, the
majority carrier concentration was measured using the
Hall method between 77 and 300 K.

The ohmic contacts for measurements were created by
rubbing aluminum into the surface of the studied sam-
ples.

The variation of the majority carrier concentration at
300 K was determined from the curves N = f(103/T),
where IV is the electron concentration, and T is the abso-
lute temperature. The ionization energies of the defect
levels E; were determined under the assumption that
er = FE;, where ef is the Fermi level energy. In the case
of n-Si crystals, we applied the formula

g
N = NoFy ) (,7;) ,
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where N¢ is the effective state density in the valence
band, Fy/; is the Fermi-Dirac integral, and k is the
Boltzmann constant. The corresponding regions of the
dependences N = f(103/T) were chosen with regard for
the degree of depletion of a certain level. In strongly
compensated samples, the energy F; of different RIDs
was determined from the slope of the dependences of the
majority carrier concentration on the reciprocal temper-
ature. The concentrations of various RIDs after each TA
cycle were calculated with the help of the step depen-
dences N = f(10%/T) and N = f(Taun) in the temper-
ature ranges 77-300 K and 80-600 °C, respectively. As
an example, Fig. 1 shows the electron concentration N
as a function of the reciprocal temperature before the
irradiation (curve 1), after the electron irradiation with
the dose ® = 1.5 x 10* cm~2 at 300 K (curve 2) and
the isochronous annealing at 100 °C (curve 3), 150 °C
(curve 4), and 300 °C (curve 5). The concentration of A-
centers N4 was determined with the help of curves 2-5
in Fig. 1: N4 = N3g9 — N77. The concentration of FE-
centers Ng was measured from the variation of N at 300
K after the isochronous annealing in the interval 80-150
°C. As is known [1], the formation of E-centers in n-Si
crystals with low oxygen content results in the removal
of two electrons from the conduction band; therefore,
Ng = AN/2 (see curves 2 and /). It is known [2] that
the energy level corresponding to doubly charged nega-
tive divacancies in the forbidden band is E.-(0.21+-0.23)
eV. Consequently, the divacancy carries one electron at
300 K, that is why the divacancy concentration Ny, can
be determined based on the change of N at 300 K after
the isochronous annealing in the interval of annealing
temperatures 150-300 °C, Ny, = AN (see curves 4 and
5). The further increase of Ty, also can provide infor-
mation on the annealing kinetics of A-centers and more
thermostable RIDs (not given in the figure). Nzoo de-
notes the electron concentration at T=300 K and N7 —
at 77 K. The measurement error of these quantities did
not exceed 10%.

3. Investigation Results and Their Discussion

As one can see from Fig. 2 (curve 1), the concentra-
tion of A-centers in mn-Si crystals irradiated at 300 K
grows in the process of isochronous annealing in the
range Tonn, =80-150 °C, which is explained by the in-
teraction of the vacancies released after the decay of E-
centers with impurity oxygen atoms. Immediately after
the irradiation, N4 /Ny, = 1, where N4 and Ny, are the
concentrations of A-centers and V-centers, respectively.
After the annealing at Tyn, =150 °C, N4 /Ny, = 2, which
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Fig. 1. Temperature dependences of the electron concentration in
n-Si crystals before irradiation (1), after electron irradiation at 300
K (® = 1,5x10™ cm™2) (2), after annealing at Tann = 100 °C
(3), 150 °C (4), and 300 °C (5)

2

is caused by an increase of N4 due to the dissociation
of E-centers. Under these conditions, the concentration
of A-centers does not grow in the process of decay of
divacancies in the interval 250-300 °C.

In order to get rid of the influence of E-centers, the
studied samples were irradiated at a temperature of
200 °C. In the process of isochronous annealing, the con-
centrations of A-centers and divacancies in these crystals
do not change up to T,ny = 250 °C, which is related to
the absence of F-centers in the bulk of the crystal, that
are completely annealed at T,,, = 150 °C and respec-
tively cannot be generated at T,,, = 200 °C (Fig. 3).
Under the radiation-induced increase of the crystal tem-
perature from room one to 200 °C, the change of the
efficiency 7 of introducing various RIDs in identical sam-
ples is mainly determined by three factors: the irradia-
tion temperature, the concentration of nonequilibrium
vacancies, and their charge state. The increase of T},
results in the reduction of 7; the vacancies released at
Ty = 200 °C due to the formation of F-centers give
rise to the increase of 7; the vacancy recharging with in-
crease in Ti, leads to a growth of n as well. At 200 °C,
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Fig. 2. Concentrations of A-centers (1) and divacancies (2) as
functions of the IA temperature in n-Si samples irradiated by 2-
MeV electrons. Tann = 300 K, & = 1.5x10% ¢cm—2

the studied samples with an electron concentration of
6 x 10'3 cm™3 start manifesting intrinsic conductivity
[25]. It is known [26] that, in the intrinsic conductivity
region, vacancies exist in the neutral state, and, there-
fore, divacancies are generated not only as primary RIDs
but also due to the diffusion mechanism, which increases
nv,-

The combined effect of these three factors on the
process of defect formation in n-Si samples irradiated
at 200 °C results in the twofold decrease of the ratio
N4 /Nv,: Na/Ny, =1 (Fig. 3, curves I and 2).

In the samples irradiated at 300 K, N4 = 0.9 x 103
cm 3. In the process of isochronous annealing, N4 grows
up to Ny ~ 2.2 x 10'® em =3 (Fig. 2, curve 1), which
is caused by the dissociation of FE-centers, as was al-
ready mentioned above. In the crystals irradiated at
200 °C, E-centers are not generated, and neutral va-
cancies released at T,,, = 200 °C due to the formation
of E-centers cause a rise of both N4 and Ny, (Fig. 3,
curves I and 2). That is why the ratio N4/Ny, almost
does not change and remains the same as it was be-
fore the irradiation at T},,=300 K. The further increase
of the annealing temperature results in a reduction of
the DV concentration and the growth of the number
of A-centers. Analyzing the experimental curves, one
can see that the isochronous annealing results in the
formation of one A-center due to the decay of two di-
vacancies. That is, ANy, /AN, = 2, where ANy, is
the concentration of decayed divacancies and AN4 is
the concentration of A-centers formed at the DV decay.
After the decay of divacancies with the concentration
Ny, ~ 2 x 10'® cm™3, there appear A-centers with the
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Fig. 3. Concentrations of A-centers (1) and divacancies (2) as
functions of the IA temperature in n-Si samples irradiated by 2-
MeV electrons. Tann = 200 °C, & = 1.5x10'4 cm—2

concentration Ny ~ 1 x 10'® cm~2 (Fig. 3, curves I
and 2).

The decay of a divacancy results in the formation of
two vacancies, whereas the generation of one A-center re-
quires only one of them. Therefore A-centers are formed
with the use of 25% of annealed divacancies. The rest
of them are evidently annealed by means of their con-
version to other defects, for example V50. The V50
complex is formed in several stages. First, one of two
vacancies in the complex located close to the Si—O-
Si bond forms an A-center according to the reaction
O+V — A-center. After that, the second vacancy is
added: A(V+)+4+V — 150. V50 complexes correspond
to the energy level Ec—(0.5+0.05) eV and are annealed
at Tonn=620 K similarly to A-centers. The effective-
ness of introducing these centers depends on the oxy-
gen concentration [2]. It is possible that the annealing
of divacancies takes place by means of their conversion
to “phosphorus + V57 (PV;) complexes. As is known,
the latter are formed in n-Si crystals in the process of
long-term irradiation or isochronous annealing of irradi-
ated samples. PV, complexes bring the acceptor level
FEyv+0.34 €V to the lower half of the forbidden band and
are annealed in the range T,,, = 400-500 °C [27, 28].

In the samples irradiated at room temperature, there
is no negative annealing on the curve Ny (T,,y,) in the
range Tonn = 250-300 °C in the region of DV decay,
which is probably due to the large value of the ratio
NA/NV2 ~ 2.

At such a relation between the concentrations of A-
centers and DVs, the dissociation of one fourth of diva-
cancies cannot considerably affect the concentration of
A-centers.
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As was already noted, in boron-doped p-Si crystals,
DVs are completely annealed due to their conversion to
BV5 complexes.

The specific character of the DV annealing in irradi-
ated n-Si crystals (annealing through two mechanisms)
allows one to assume that the binding energy between
the components of V; in p-Si crystals exceeds that in
n-Si crystals with prevailing negative DVs. It is possible
that the concentration of sinks and the effectiveness of
capture of divacancies by the former without the decay
of those diffusing in the crystal is higher in p-Si samples
as compared to n-Si crystals.

As one can see from curve 2 of Fig. 4, the concen-
trations of A-centers in n-Si samples irradiated with 25-
MeV protons (® = 2.7x10'? cm™2) and those irradiated
with 2.2-MeV electrons change in different ways. Due to
the decay of E-centers, the concentration of A-centers
does not change. The peculiarities of the isochronous
annealing of A-centers can be explained by the existence
of disordered regions (DR) in silicon crystals irradiated
with high-energy protons. DRs represent effective sinks
for vacancies migrating in the crystal after the dissocia-
tion of E-centers and decrease their participation in the
additional formation of A-centers [29].

At the high-energy irradiation of n-Si crystals, di-
vacancies are formed due to both cascade and diffu-
sion mechanisms [30]. That is why their total num-
ber in the case of high-energy irradiation is larger than
under low-energy one. In spite of this fact, the con-
centration of isolated electrically active divacancies in
crystals irradiated by high-energy particles is some-
what lower than in the samples irradiated by low-energy
electrons (see Figs. 4 and 2, curves 8 and 2, respec-
tively). It is due to the fact that the majority of
divacancies under the high-energy irradiation is spent
for the formation of DR cores and other vacancy asso-
ciates [31].

DVs manifest no electrical activity in the DR core.
As one can see from Fig. 4, the concentrations of A-
centers and isolated divacancies (curves 2 and 3, re-
spectively) are related as Na/Ny, =~ 2.5, that is why
no negative annealing of A-centers is observed in the
region of the DV decay. As concerns DRs, they are
completely annealed at 570 °C under high irradiation
dozes, at which DRs overlap, and fragments of their de-
cay cannot participate in the additional formation of A-
centers [32]. On the contrary, being effective sinks for
mono- and divacancies, they decrease the participation
of DVs and products of their decay — monovacancies — in
the additional formation of VoO and A-centers, respec-
tively.
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Fig. 4. Concentrations of E-centers (1), A-centers (2), and di-
vacancies (8) as functions of the IA temperature in n-Si samples
irradiated by 25-MeV protons at Ti,, = 300 K. &, = 2.7x10'2
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4. Conclusions

The performed researches allow one to assume that the
majority of divacancies in irradiated n-Si crystals are an-
nealed by means of their conversion to other complexes.
In n-Si, they can convert to DRs of the 1,0 or PV; type.

A small part (25%) of divacancies is annealed via an-
other mechanism — due to their dissociation into separate
monovacancies, which results, in our case, in the nega-
tive annealing of A-centers.
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JIBA KAHAJIM BLIOTIAJIY JUBAKAHCII
B OIIPOMIHEHUX KPUCTAJIAX KPEMHIIO n-TUITY

T.A. Iazasa, H.T. Botcanasa, H. 1. Maticypadse, /1.3. Xouonrasa,
JI.C. Yzapmiweini

Pezmowme

JocmizkeHo 3pa3Ku KPEMHII0 N-TUILY IIPOBIAHOCTI, IO OfeprKaHi
METOJIOM 30HHOI IVIaBKH, 3 KOHI[EHTPAIIIE€I0 OCHOBHUX HOCIIB CTpY-
My 6-1013 cMm—3, ompominennx esekTpoHaMu 3 emeprieo 2 MeB.
ITokazano, mo B ompoMmiHeHHX 3pa3kKax KpeMHio n-Si guBaxamcil
Bi/IIAJIIOIOTHCA 110 JBOX KaHaJlaxX: [IJITXOM 1X KOHBEPCIT B iHII KOM-
nnekcu (V2O un PVa) Ta guconianiero Ha OKpeMi MOHOBAKAaHCII.
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