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As a result of bombardment of silicon single crystals by electrons with energy
exceeding a certain threshold, structural disturbances arise. It is known (1)
that primary defects (a vacancy, an interstitial atom) are unstable at room
temperature, and the observed centers (for example, by their influence on the
recombination characteristics of the material) are secondary formations—associ-
ations of primary defects either with impurity atoms or with one another. In
the present work an attempt will be made to consider some possible mechanisms
of formation of secondary defects in silicon and the dependence of the efficiency
of introducing associations on the electron energy.

The concentration of isolated defects introduced by electron irradiation is calcu-
lated in the usual way (72). The differential cross section for the interaction of
a relativistic electron (kinetic energy E = (m —my)c?) with an atom (mass M,
charge number Z), when energy in the range from T to T 4 dT is transferred
to the atom, is equal to (>4)

do = AB 1—5(54—04);;—#045 TT} Tt (1)
In this expression
L e\ 1— 82 77
A= (moé) I T4
e and my are the charge and rest mass of the electron;
2
B% = Z—Q = fé(’€+_|_1)22)7 where £ = meZ;
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c is the speed of light,

_ 2my

T = WmOCQC(:(g + 2)

m

is the maximum energy that an electron can transfer to an atom (74). According
to the model of Kinchin and Pease (75), an atom having energy T can produce
9(T) displacements:

0, 0<T<E,,
9(T) =41, Ey <T <2E,, (2)
T/2E, 2E,<T<T,,

where E; is the threshold energy for displacement of an atom from a lattice
site to an interstitial position. The form of g(T") adopted by us is, for all values
of T, close in magnitude to g(T') proposed by other authors (+7), and permits
the integration to be carried out to the end. The concentration of isolated
displacements in a thin specimen ("2)

ng = nyo.g(1T)®, (3)

where ng is the number of atoms per unit volume of the solid; o, is the integral
displacement cross section, ® is the integral flux of fast electrons, and

049(T) = [E e (52)ar.

It may be assumed that, independently of the detailed mechanism of formation
of associations of isolated displacements with impurity atoms, their concentra-
tion is proportional to n,.

Let us consider possible pathways for the formation of another class of complex
defects, which consist of two primary defects; we shall call them bound pairs.
It may be assumed that, for small n,, formation of a complex defect from two
single defects introduced as a result of the collision of two different electrons with
lattice atoms is unlikely, since the mean distance between them is sufficiently
large. In this case one should take into account the interaction g(T') of vacancies
and ¢'(T) of interstitial atoms formed as a result of a single collision of an
electron with an atom. A bound pair may be formed from two homogeneous
(divacancy, two interstitial atoms) or two heterogeneous (a complex consisting
of a vacancy and an interstitial atom) structural disturbances; this process may
proceed in different ways. For homogeneous disturbances, one of the possible
paths is the association of each of the g disturbances with any of the (g — 1)
neighbors, which gives g(g —1)/2 ways of forming a bound pair; another path is
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the association of each only with its nearest neighbor, which gives, as is easily
shown, (g—1) ways of forming a pair (7). An intermediate path is undoubtedly
also possible, but we shall consider only these limiting cases. For bound pairs
consisting of heterogeneous disturbances, these two possibilities also exist, and
as a result one obtains g2 and (2g— 1) ways of forming a pair, respectively. Thus
the concentration n, of the enumerated types of complex defects is expressed as

ne ~ngo.f(g)®, (4)
where
9(T) (a),
9(g—1)/2 (b),
flgg=49@—1 (c), (5)
9? (d),
(29—1)  (e);
— T do
ull6) = [ a0 (G )t ©)

Let us introduce the following notation:

y="T,/2Eq,
P, = Bly — B(B+ a)In2 + 2a8/y(vV2 — 1],
Py =Bl(y—1) = B(B + o) Iny + 208(\/y — 1)), (7)
Py = By[lny — B(B+ a)(1 —1/y) + 2251 = 1//y)],

Py =By’ [(1-1/y) = 388+ a)(1 = 1/y*) + JaB(1 — 1/y*?)].
In this notation, after integrating (6) we obtain
glg—1) _ A

oq=A(P, + B), 0.9 = A(P + P), Udeg(Pz;_st)v

o4(g—1) = A(P; — Py), 0.9 = A(P, + P,), (8)
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04(29—1) = A(P, 4+ 2P; — P,).

Table 1 gives the values of P, + P, for silicon (Z = 14, A = 28) at various
energies of fast electrons—from 0.5 to 40 MeV; the value of E,; was taken equal
to 12.9 eV (8).

The values we have calculated for the quantity o,f(g) reflect the energy depen-
dence of the concentration of defects of a given kind introduced by irradiation
of the specimen with a unit integral electron flux (Fig. 1). It is obvious that
the energy dependence of the functions (8) reflects the energy-

[Figure 1]

Fig. 1. Energy dependence of 1g[o,f(g)/A] for various mechanisms of bound-
pair formation. The numbering of the curves corresponds to the numbering of
f(g) in expression (5).

--energy dependence of the concentration not only of bound pairs, but also of
associations of these pairs with an impurity atom (such as, for example, the K-
center—a complex consisting of a vacancy, an interstitial atom, and an impurity
atom (?)). Indeed, the probability of formation of an association of a bound pair
with an impurity atom is proportional to the product n, and to the impurity
concentration, which is independent of irradiation.

We have compared the calculations presented above with experimental data
available in the literature on the efficiency of radiation damage to the lifetime
in silicon. Under irradiation of silicon, defects of various types apparently form;
nevertheless, it may be assumed that in many cases one type of center is decisive
(for example, the A-center in n-silicon with a high oxygen content). Comparison
of the energy dependences of the damage coefficients of n- and p-silicon with
the curves in Fig. 1 reveals close agreement with the energy dependences of 0,9
and o,(g — 1), respectively (see, for example, (19)).

Table 1
_ y=
g f 1_ 2.776 g X
E (MeV) {g(g n 2)] (g+2) P, P, Py P,
0.5 0.462 2.26 0.878 0.327 0.451 0.654
0.75 0.236 3.94 0.860 0.468 0.761 1.421
1.0 0.146 6.04 0.851 0.549 1.040 2.355
1.5 0.0737 11.28 0.830 0.652 1.431 4.61
2.0 0.0450 18.0 0.810 0.686 1.760 7.53
3.0 0.0221 35.84 0.806 0.736 2.260 15.19
5.0 0.00875 89.4 0.7967 0.7696 2.960 38.51
7.0 0.00468 166.2 0.7900 0.7800 3.435 71.0
10.0 0.00236 328.3 0.78705 0.78338 3.950 140.8
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Ly 07769 x
E (MeV) {g T 2)] (9+2) P, P, P, P,
15.0 0.001083 716 0.78354  0.78423 457 307
20.0  0.000619 1252 0.78177  0.78375 5.00 537
30.0  0.000281 2770 0.78030  0.78220 5.62 1187
40.0  0.000159 4880  0.77894  0.78122 6.06 2095

In conclusion, the authors consider it a pleasant duty to express their gratitude
to M. S. Sominskii and A. P. Landsman for their attention and constant interest
in the work, and to A. A. Izmailov for help in the calculations.
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