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It is customarily assumed that at low temperatures and under interband
photoexcitation of the carriers, the acceptors and donors that produce shallow
levels become neutralized and do not take a significant part in the recombina-
tion [1, 2]. It 1is shown in the present paper that this point of view should
be revised: neutral shallow impurities can, under certain conditions, determine
completely the lifetime of the free carriers. In this case the recombination
is due to the capture of either an electron by a neutral donor (formation of D~
center) with subsequent capture of a hole by an attracting center, or of a hole
by a neutral acceptor (A+ center) with the subsequent capture of an electron.
Although the 1dea of the formation of D~ (At) centers was advanced earlier [3],
possible recombination via these centers was rejected without justification [4].

We have investigated the recombination processes using silicon doped with
boron with Ny = 10 - 5 x 10'* em™?, and with compensation £10%, under inter-

band photoexcitation of the carriers in the temperature interval T = 1.7 - 4.2°K
and under cyclotron-resonance conditions, making it possible to investigate
separately the electron and hole lifetimes L and Tp [5]

It was observed that in Si samples with Np + N, < 102 em™3, the values of

T, and T, vary 1ittle with the temperature (T ~ T to T%/2) and are practically

independent of the photoexcitation intensity. In samples doped with boron,
with Ny 2 10'* em™®, a strong temperature de-

Tarrel,un, Ty reloun. pendence occurs for both T and 1_, namely,
d: ! Tt 7 for electrons it can be T ~ T to T®, and for
- 2 [
8st asf 2 T, v T® to T’. Figures la and 1lb show plots
i - of 1. (T) and t_(T) for a Si:B sample with N, =
a2t k] a2} n D B
1.5 x 10'* em™*. Ny = 1.2 x 103 em~® under
i 4 I different illumination levels (the photoexcita-
E g tion level increases from 1 to 3). Such plots
wr Lod's are typical of doped samples. Thils reveals

clearly the influence of the photoexecitation
level on the carrier lifetime.

Nl
-l
~f
E 4

7 2yernX g

o
o w}

The foregoing data cannot be explained
Fi 1 within the framework of the known recombina-
8- tion mechanisms. Estimates show that the
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obtained dependences of the lifetime on the tem-
perature and on the photoexcitation level, at
the used impurity concentrations are not con-
nected with inter-impurity recombination [6] and
are not determined by the capture of electrons
by the neutral boron [2]. The low concentration
of the free carriers (5109 em~3®) excludes inter-
band radiative, exciton, and Auger recombination.
The experimental data point to the presence of a
shallow recombination level due to boron, and
are explained by the proposed mechanism of re-
combination via AY centers (see Fig. 2). At
high temperatures, when the concentration of the
At centers is small because of the intense re-
emission of the captured holes, the recombina-
tlon procedes via deep centers [7]. With de-
creasing temperature and increasing photoex01ta—
tion level, the concentration of the At centers
increases and the boron begins to exert .a notice-
able influence on the recombination process. A
calculation carried out on the basis of the pro-
posed model gives for Tn and Tp dependences on

the temperature and on the illumination level
that are close to the experimental ones, if the

Fig. 2. S - deep level, A
- level of At center, l -
interband excitation of
carriers, 2, 3 - capture
of electrons and holes by
deep centers, 4, 5 - cap-
ture of holes by neutral
boron and their re-emis-
sion, 6 - capture of elec-
trons by A% centers.

coefficient of capture of the hole by the neutral acceptor is set equal to ap =

1077 emPsec?

a; =5 x 107°
boron is ei = 5 meV.

, the coefficient of capture of an electron by an A
cm®sec™?!, and the binding energy of the hole with the neutral

center is

Analogous experiments were performed by us on n-Ge, p-Ge, and n-Si. The
influence of the considered recombination mechanism in these materials comes

into play at lower temperatures than in Si:B.

This agrees with the fact that

these substances are characterized by lower values of € as measured by us

directly in [8].
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As is well known [1, 2],
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6, 382 - 385 (20 September 1971)
the "single-Q" state of chromium, characterized





