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University of California
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ABSTRACT

Several unknown, hydrogenic acceptors and donors were recently
discovered in ultra-pure germanium by photoelectric spectroscopy.
These centers arc not created by elemental impurities. Comj -ative
analysis of a large number of crystals grown under various c: ditions
lead to the conclusion that copper, a fast dif.u,ing multivai t
acceptor, together with lithium and/or hydrogen, is responsibi for
several of the unknown centers. This is the first time that hydrogen
has been recognized as playing the role of a donor pairing with an
acceptor. Hall effect measurements complementing the photoelectric
spectroscopy results lead to a tentative assignment of tk¢ following

energy levels:

*
+ 25.0 meV , E, + 275 meV

*
(Cu, Li) complexes: E, + 20.5 meV , Ev v

Vv

* *
(Cu, H} complexes: E, + 17.0 meV , E, + 17.5 meV , E

v + 175 meVy

v v

*hydrogenic acceptor

Experiments which may help determine the structure of the complexes are

proposed.
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INTRODUCTION

Photoelectric spectroscopy has greatly facilitated the analysis
and understanding of the behavior of shallow centers in ultra-pure
germanium (Bykova et al, 1975, Haller and Hansen, 1974). The sensi-
tivity and energy resolution of this tcechnique have made possible
the detection and identification of all elemental shallow acceptors
and donors down to concentrations of < 107 cm'3 (Haller ct_al, 1975).
Besides the well understood elemental centers, a large number of un-
known, hydrogenic series of lines, belongir g to unknown acceptors and
donors, have been discovered (Haller, 1977 this volume)}. At the pre-
sent time, very little is known about the precise nature of these
centers. Some correlations can be found betweer various unknown cen-
ters and clectrically inactive impurities, ~uch as hydrogen. We have
tried to turn the purely analytical approach into a more synthetic one
by intentionally creating complexes between impurities.

This approach has been extensively used in the past for the study
of pairing of impurities (e.g. Morin and Reiss, 1956). It is conven-
ient to introduce one of the impurities during crystal growth and the
other via diffusion from the surface. Since pairing is a purely Cou-
lombic effect, complexes are usually formed between acceptors and
donors. For these reasons, the pairing of lithium with multivalent
acceptors has been widely studied. The most recent work was done by Lo
Vechio (1972), who used Hall effect and iR absorption techniques. The
poor energy resolution and sensitivity made the use of large impurity
concentrations necessary, and a high percentage of pairing was re-
quired to produce measurable changes. We have used a similar concept,
but with photoelectric spectroscopy as the analytical tool. For this
preliminary work, we concentrated on the most convenient candidates,
copper and lithium. Both are fast diffusing impurities and have high
solubilities at temperatures in the range of a few hundred degrees
centigrade. Copper is important because it is an effective trapping
center. Such centers reduce the charge collection efficiency in large
volume Ge radiation detectors and are, therefore, strongly detrimental

to detector performance.
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EXPERIMINTAL AND RESULTS

The formation of complexes was studied in high-purity Ge crystals
grown in hydroren and nitrogen atmospheres. All crystals used werc
p-type with NA-ND i -3
area slices by diffusion under a protective atmosphere (Argon) from
an clectroplated surface layer. Diffusion temperaturcs hetwcen 400 -
500°C and times sufficiently long to assure homogencity were chosen.
After the diffusion, square samples (7 x 7 mmz) were cut, lapped and
polish etched, then In or InGa-cutectic contacts were applied.  The
samples were then investigated, using low-temperature Van der Pauw
lall-effect method and photoelectric spectroscopy. Nitrogen-grown

crystals exhibited only the wel! known E,, + 44 meV and Ey * 330 meV

cnergy levels of substitutional copper ix the plet of free hole con-
centration versus 1/T. No unknown shallow levels were discovered with
spectroscopy. Hydrogen-grown crystals however, cxhibited a wealth of
new acceptors. Hall-effect measurements revealed a level (or levels)
around EV + 175 meV. Figure 1 shows a spectrum of such a sample. Two
closely spaced hydrogenic series due to acceptors at E, = 17.0 meV and
E, + 17.5 meV appear. When a thin sample is heated at tempecratures over
500°C for prolonged time (> 100 hours) all the new acceptors disappear.
These results strongly suggest that the hydrogen dissolved in the crys-
13 1014 -3

tal at concentrations of about 10 cm is actively involved in
the formation of these acceptors. When lithium is added to Ge samples
containing copper, more energy levels appear. Figure 2 shows spectra
of the sample used in Figure 1, but after a limited amount of lithium
was diffused into it. Two hydrogenic series, belonging to acceptors

at Ev + 20.5 meV and by
are still visible. If the hvdrogen is diffused out of the sample be-

+ 25.0 meV, are present. The (Cu, H) Ievels

fore lithium is added, the lower acceptor ut EV + 20.5 meV is not ob-
served when the sample is measured. Since this is only a preliminary
set of results, we will not attempi to assign thc observed energy lcvels
to specific complexes. The recent development of techniques which are

sensitive and have reasonable resolution for deep levels, such as hcep

< 10°" cm ~. Copper was introduced into 2 mm thick, full
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Level Transient Spectroscopy (DLTS), (Lang, 1974, Miller et al, 1975
1977), may complement photoelectric spectroscopy in the analysis of

multivalent complexes.

DISCUSSION

Until recently, hydrogen was assumed to be a neutrial, inert impurity
in germunium. Its diffusion coefficient and solubility have been studied
at high temperatures by Frank and Thomas (1960). Near the melting point
of Ge the solubility is a few x 1014 cm_s. During crystal growth a large
fraction of the hydrogen gets trapped in the crystal. Studies of disloca-

tion free Ge have revealed an acceptor at E, + B0 meV which was assigned

to the divacancy-hydrogen complex (Haller gz_gl, 1977) . By analogy, it is
ot surprising that hydrogen forms complexes with multivalent impurities
which produce sites in the crystal which are strongly disturbed and clec-
tron deficient. These local disturbances can be lesscned by attaching hy-
drogen atoms which share their electron. In this simple qualitative model,
hydrogen is seen as a donor, partially or fully compensating multivalent
acceptors. The reduction of the number of energy levels of a specific
multivalent acceptor and the reduced ground state energies of the remain-
ing levels are a direct consequence of the model. A more subtle point is
the larger reduction of ground state energies in hydrogen related complexcs
than in Li-related ones. Theory predicts precisely such a behavior.
(Baldereschi, 1976). A better understanding of impurity complexes will
require more studies on other multivalent acceptors, such as Zn, Be, Hg,
Ni, Ag, etc. Most of these elements have been shown to pair with lithium.
Details of the microscopic structure of complexes (i.e. molecules),
may be recorded by experiments with uniaxial stress or magnetic fields.
It is possible that the symmetry and energies of the ground states of com-
plexes could be affected by the microscopic structurc. Since excited states
are strongly delocalized, they can reveal very little about the structure

of the complexes.
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Photoelectric spectrum of the hydroeen-grown Ge-sample
342 - 1.7 (Cu). Sample size: 7 x 7 x 1.5 - The

hydrogenic series belong to acceptors at Hv + 17.0 mev
and Ev + 17.5 meV which are due to complexes between Cu

and H.

Photoelectric spectrum of the same sample ns in Fig. 1, but

with a limited amount of lithium added. The hydrogenic

(Cu, Li)l series is created by an acceptor at Hv + 20.5 meV

and is believed to be duc to a complex involving Cu, H and Li,

The hydrogenic (Cu,Li)2 series is due to an acceptor at

Ev + 25.0 meV and only involves Cu and Li.
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