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Bound-double-exciton complexes in zinc-doped germanium
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Photoluminescence from zinc-doped germanium is examined at liquid-helium temperatures. Three pairs

of impurity-associated lines, in the set of phonon replicas, have been assigned to be radiations from single

and double excitons bound to zinc, a double acceptor with deep levels. The dissociation energies of the
bound exciton and the bound-double-exciton complex are 5.7 and 3.2 meV, respectively. The
bound-double-exciton complex is very stable because of a closed-hole-shell structure.

The bound-multiexciton complex (BMEC), more than
one exciton attached to a single neutral impurity, has been
observed in Si, Ge, and some other semiconductors. '

Kirczenow proposed a shell model to explain the Zeeman
spectra of BMEC observed in Si. According to this model,
the BMEC has electron and hole shells just as an atomic nu-
cleus has neutron and proton shells. In Si doped with sub-
stitutional donors, for example, the first electron shell can
be filled with two electrons, the first hole shell with four
holes, and so on. A closed-shell structure ensures stability. '

The BMEC in Ge was also interpreted by the shell model. '
After successful investigations of the BMEC in Si and Ge

with shallow impurities, people extended their study to the
bound-exciton system in Si doped with deep impurities,
namely, Si:Be, Si:Cu, etc. In these materials, excitons
bound to isoelectronic traps have been observed. But direct
excitonic association with a neutral non-group-V donor or
non-group-III acceptor has not been confirmed.

The idea of an exciton bound to a double acceptor was
first raised by Hopfield in 1964. It was not until 1978
when we heard of an experimental observation, and that
was for accidentally present unidentified double acceptors in
GaSb. 9 We recently observed "double acceptor bound exci-
tons" in Zn-doped Ge as reported in our previous paper. '

Zinc makes a double acceptor in Ge with ionization energies
of 32.6 and 85.8 meV. However, the new experimental
results presented in this paper drive us to conclude that
some of the observed photoluminescence lines reported
there are due to a BMEC consisting of two excitons bound
to a neutral double acceptor.

The sample crystals used in this experiment were specially
grown by the Toshiba Corporation with an extreme care of
avoiding other impurities than Zn. Two samples, to be
denoted Ge/Zn-1 and Ge/Zn-2, contain 1.2&&10' cm and
2.1x10" cm of Zn, respectively. Specimens having a
common size of 5 x 6x1 mm' were placed in a conventional
optical Dewar. Photoexcitation was made by 0.8-% argon
ion laser (514.5 nm), whose beam was chopped at the fre-
quency of 400 Hz. Dependence of photoluminescence on
the intensity of excitation was examined by inserting neutral
density filters in the optical path. The luminescence was led
to a monochromator (SPEX 1704) and detected by a cooled
(77 K) Ge PIN detector.

Figure 1 shows the spectra obtained at three levels of ex-
citation. Six photoluminescence lines in addition to the
LA-phonon associated free-exciton (FEL~) line are ob-
served. They are three doublet replicas associated with LA,

TA, and zero phonon. Each doublet is denoted by o. and y
with appropriate superscripts. In our previous paper we as-
signed both n and y to photoluminescence from bound ex-
citons (BE's): u from the ground state of BE's while y from
its excited state. ' As we shall see below, dependence on
excitation intensity of o. is different from that of y. This is
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FIG. 1. Photoluminescence spectra at 4.2 K from a zinc-doped
germanium sample, Ge/Zn-l, having a Zn concentration of
1.2x10' cm, at three different levels of excitation (relative rnag-
nifications indicated), Impurity-bound exciton lines always appear
in doublet, a and y, for each phonon replica which we denote by
superscripts. FE" is the LA-phonon associated free-exciton line.
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difficult to explain if both o, and y are photoluminescence
from BE's. The line o. depends more strongly on excitation
intensity than the line y. It thus seems more probable that
y is associated with a recombination in BE s while o, with
that in the BMEC.

The peak intensities of o, and y lines are given for
Ge/Zn-1 in Fig. 2 as a function of excitation intensity. The
photoluminescence intensity IpL depends on excitation in-
tensity IEx as IpL=IEx. The exponent n for o. is 1.60 and
that for y is 0.93. Similar dependence is observed for oth-
er phonon replicas. When the excitation intensity exceeds
300 mW, IpL starts saturating both for o.'and for y . A
similar measurement was made also on Ge/Zn-2. The ex-
ponents for o. and y were found —1.2 and —0.7, respec-
tively. No saturation in IpL was observed.

In general, the exponent n for BE's is somewhat less than
unity. It also depends on the impurity concentration. Thus
the value 0.93 as well as —0.7 is reasonable for the BE's
assignment. On the other hand, the exponent n for the
BMEC is considerably larger than that for BE's as observed
in Si:B and Si:P by Sauer. " The value of n =1.60 as well as—1.2 obtained here strongly suggests that o. comes out of
the BMEC.

As the temperature was raised above 4.2 K, luminescence
from the FE increased drastically by dissociation from
bound states, as shown in Fig. 3. The ratio in intensity of
the line y to that of the line o, increased as the temperature

became higher. This can also be explained favorably by our
model, since the proportion of the BMEC becomes higher at
lo~er temperatures. '

For the more heavily doped sample Ge/Zn-2, lumines-
cence from the FE is not seen because of the complete cap-
ture by impurities. This is also shown in Fig. 3. The inten-
sity of the line o. from Ge/Zn-2 is almost the same as that
from Ge/Zn-l, whereas the intensity of the line y from
Ge/Zn-2 is stronger than that from Ge/Zn-1. These experi-
mental results are similar to Sauer's on the BMEC in Si:B
and Si:P."

The linewidth of y is always broader than that of o, for
every phonon replica, indicating that y consists of more
than one line. In fact, a splitting of —0.8 meV was ob-
served at 2 K in an extremely low excitation (10 mW) mea-
surement. Since our independent magneto-optical absorp-
tion experiment by an optically pumped far-infrared laser
shows a splitting of —0.2 meV in the states of BE's, ' we
are inclined to admit a splitting also on the part of the neu-
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FIG. 2. Luminescence intensities of the zero-phonon replica lines
o.o and yo vs excitation intensity, observed at 4.2 K from the same
sample Ge/Zn-1 as cited in Fig, 1. The obtained slopes n = 1.60 and
n =0.93 strongly indicate that o. arises from bound-double-exciton
complexes and y from bound-single-exciton centers.
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FIG. 3. Photoluminescence from (a) Ge/Zn-1 (N~ —N~ = 1.2
x10" cm ) at 7 K, (b) Ge/Zn-2 (N~ —ND =2.1x10 cm 3)
at 4.2 K, and (c) Ge/Zn-1 at 4.2 K. The free-exciton line is
stronger at 7 K than at 4.2 K, indicating thermal dissociation of ex-
citons from impurities. The bound-double-exciton line (o.) is more
intensive than the bound-exciton line (y) at 4.2 K for Ge/Zn-1.
The free-exciton line has not been observed in Ge/Zn-2, and inten-
sity of the bound-exciton line is relatively strong.
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tral double-acceptor ground state in order to account for the
0.8-meV splitting of y at low temperature, though there ex-
ists a separate infrared work that denies such a splitting. '

For the bound-double-exciton complex, one can expect
two states corresponding to the total angular momenta J= 0
and J=1. It is highly probable that these states are degen-
erate or almost degenerate, since only one sharp line n has
been observed in all cases.

The relative intensity of a to y depends on the kind of
replica. It is seen, e.g. , in Fig. 1 that the intensity of n is
almost the same as that of y in Ge/Zn-1 under 43 mW ex-
citation, whereas intensity of o. is twice as strong as that
of y ". This might be explained as follows: Electrons and
holes in BE's are tightly bound to the impurity center. But
those in the BMEC are less tightly bound, so that the
phonon-independent transition would be less frequent than
in the case of BE's. A similar result was reported by
Thewalt for Si:P.'

Photoluminescence from the BMEC (m = 2) in Ge/Zn is

very strong. For example, n " is four times as strong as
yL" in Ge/Zn-1 under 300 mW excitation (Fig. 1).
Although the BMEC in Si:B is stable, too, and their photo-
luminescence is strong, the intensity ratio of the BMEC
(m =2) to BMEC (m =1) (BE's) is at most 0.8." For a
single acceptor BMEC in Ge, the corresponding ratio is only—0.1." We thus find that the photoluminescence from the
BMEC (m =2) in Ge/Zn is exceptionally strong. Of fur-
ther interest is that photoluminescences from the BMEC
(m =3, 4, . . .) have been unobserved. As the complete
shell around a neutral rare-gas element is inactive in chemi-
cal reactions, so would be the closed-hole shell around Zn,
and a third exciton would have little chance to make the

BMEC (m = 3).
Allowing for our assignments of n and y, we find, from

the obtained positions of the spectral lines, that the dissocia-
tion energy of BE's in Ge/Zn is S.7 meV. This value is
larger than that expected from a simple Haynes's rule which
states that the dissociation energy of BE's is nearly one-
tenth of the ionization energy of the relevant impurity. ' Of
course, Haynes's rule should not outright be extensible to a
double impurity. The dissociation energy of an exciton
from the BMEC (m =2), on the other hand, is 3.2 meV.
Incidentally, this is very nearly one-tenth of the first ioniza-
tion energy.

Any possibility that we are watching luminescence from
isoelectronic trap bound excitons has been excluded by a
time-resolved far-infrared measurement for BE's," absence
of the local-mode phonon structure in spectra, small binding
energies, dependence on excitation intensity, etc. It thus
seems that neither n nor y is due to such isoelectronic trap
BE's as observed in Si:Cu, Si:Be, etc.

In conclusion, double-acceptor-bound excitons and
bound-double-exciton complexes are observed in Zn-doped
Ge. Their binding energies of an exciton are 5.7 and 3.2
rneV, respectively.
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