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Bistability of different thermal donor (TD) species in oxygen-doped germanium has been observed in
far-infrared and EPR spectra. The phenomenon has been used to establish the correspondence of the
spectra found in the two experiments, resulting in the identification of the EPR spectrum of the species
TD2 to TDS. The spectra reveal C,, symmetry for TD2 and TD5 and C;, symmetry for TD3 and TD4.
The results are explained in terms of neutral double donors with S =1. In addition, the spectrum of
singly ionized TD species has been observed with use of compensated samples. The spectrum, which is
assigned to a superpositon of TD3 and TD4, reveals trigonal symmetry and the data can be fitted assum-

ing S =1.

I. INTRODUCTION

Heat treatment of oxygen-doped germanium in the
temperature range 300—450°C generates thermal donors
(TD’s), which are in many respects similar to the well-
known TD’s in silicon. In both semiconductors the TD’s
have been identified as a hierarchy of heliumlike double
donors with only slightly different ground-state energies;
the different members in the hierarchy can be resolved by
infrared (IR) absorption spectroscopy. In germanium the
ladder of observed TD ground states ranges from 14.3 to
18.1 meV below E for the neutral charge state TD° and
from 31.0 to 40.5 meV below E for the singly ionized
charge state TD; the corresponding series in the far-IR
spectrum have been labeled A to I, etc., in order of de-
creasing binding energy.! 3

For the past few years it has been known that the early
TD species in germanium display bistable properties
similarly to TD’s in silicon. It was found by the Hall
effect*® and by far-IR and deep-level transient spectros-
copy (DLTS) experiments® that the defects may occur in
two configurations: the first configuration, which is
metastable, gives rise .to the familiar shallow double
donor states; the second configuration forms a negative U
system with a deep neutral state. TD members that show
bistable behavior in a particular sample (a property that
depends on the Fermi-level position), can be made to
show up in the far-IR spectrum or to disappear, by an ap-
propriate choice of cooling or heating conditions. The
detailed investigation of the phenomenon by Clauws and
Vennik®’ made it possible to unravel the overlapping
spectral series belonging to different TD members and to
correlate TD members observed in IR with individual
TD members characterized electrically,*> resulting in the
assignment of the spectrum of the TD members TDI1 to
TDS.

In a recent paper, Callens et al.® reported the
discovery in oxygen-doped germanium of an EPR spec-
trum with C,, symmetry (called there spectrum 1), which
was attributed to neutral shallow TD’s with S =1. Other
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spectra (spectra 2 and 3) with trigonal symmetry were
also observed, but their correlation with TD’s was less
certain. More recently, Bekman et al.® succeeded in
correlating the EPR spectrum 1 with the far-IR series F,
making use of the 100% bistability of that particular
donor, as revealed in a far-IR witness sample. Bekman
et al. also presented a spin Hamiltonian, which allowed
them to reproduce the splitting of the C,, pattern of
spectrum 1. The observation of a bistable TD in EPR,
together with the high anisotropy of the g tensor in ger-
manium, opened favorable perspectives for assigning
separate EPR spectra to individual TD members.

In the present paper we report the observation of four
different paramagnetic centers in germanium samples
with high TD concentration. The percentage bistability
displayed by each of the spectra will be used as a helpful
tool for the mutual distinction and for the correlation
with TD members identified in far-IR witness samples.
In addition to the EPR spectra belonging to the neutral
charge state, an EPR spectrum of singly ionized TD’s in
compensated germanium will be presented.

II. EXPERIMENT

The samples were selected from two kinds of oxygen-
doped germanium crystals, with an interstitial oxygen
concentration [O;]=5X10'® and 2 X 10'” atoms/cm?, re-
spectively. Samples were measured as grown or were an-
nealed at 350 °C for TD formation; before the anneal a 5-
min pretreatment at 900°C followed by a room-
temperature quench was given (oxygen dispersion). In
similar “oxygen-only” samples the free-electron density
of n=10" to 10'® cm™? is mainly determined by the
thermal donor concentration, the shallow dopants (phos-
phorus) amounting to only a few times 10'? atoms/cm?.
Compensated samples were prepared by diffusion of
copper from an evaporated layer; the diffusion took place
at 650°C during 1 h and was followed by a room-
temperature quench and a TD-formation anneal.

Samples for EPR experiments had typical dimensions
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of 10X1.5X 1.5 mm® with the largest dimension in a
(110) direction, for rotation of the magnetic field in the
corresponding (110) plane. In one case the longest di-
mension was approximately along a {111 direction.

The far-IR spectra were recorded using a Fourier-
transform spectrometer equipped with a liquid-He-cooled
Ge:Ga bolometer. Band-gap light to illuminate the sam-
ple during cooling or measurement was provided by a
tungsten source and a monochromator set at 1.6-um
wavelength.

The EPR spectra were recorded using a Bruker
ESP300 X-band spectrometer. equipped with an Oxford
ESR-10 flow cryostat. The magnetic field was modulated
at 100 kHz with a peak-to-peak amplitude of 10™4 T. All
spectra were normalized to 9.47 GHz. The best detection
conditions for the spectra discussed below were low tem-
perature (T'=~2 K) and high microwave power (20 mW).

III. NEUTRAL THERMAL DONORS

A. Far-IR results

In this section a summary is given of the far-IR investi-
gations of bistable thermal donors in germanium, to
which the EPR results will be compared; more details
may be found in the papers by Clauws and Vennik.%’
The lines are designated in agreement with the labels in-
troduced in Refs. 3 and 6.

The 100% bistability of a thermal donor is detected as
follows: when the sample has been slowly cooled in the
dark from room temperature to the measurement temper-
ature of T=~8 K the series is absent from the spectrum,
while after slowly cooling under illumination with band-
gap light the series is present; an alternative to illumina-
tion is quenching to low temperature, which yields com-
parable results. The additional absorption is metastable;
it disappears when the sample temperature has been
raised to 180-200 K.

Figure 1 summarizes the three cases of bistability that
up to now have been investigated with far-IR spectrosco-
py, using samples with different TD content. The spec-
tral range reproduced has been restricted to the 1s—2p,
transitions, which is the most useful range for the present
purpose (the lines in this range are well separated from
the complicated range of the ls—np, lines, which
suffers from spectral congestion, concentration broaden-
ing, and excessive absorption in samples with high TD
density). The line positions relevant to the present paper
are summarized in Table I.

Figure 1(a) represents the case of 100% bistability of
(D,E,F'), which are the ‘earliest” series (i.e., corre-
sponding with the deepest ground states) observed in
samples with low TD density. The series F,G,H remain
unchanged (see Ref. 6 for a detailed discussion of this
case).

In Fig. 1(b) the TD concentration is higher, resulting in
stronger absorption. The series D,E,F’' are no longer
present; on the other hand, new absorption (I) begins to
appear at the lower wave-number side. It is now the
series F that displays 100% bistability, while the series
with shallower ground state remain unchanged. Figure
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1, spectrum (b), represents the far-IR reference that was
used by Bekman et al.’ to correlate the bistable EPR
spectrum 1 with the far-IR series F.

Figure 1(c) shows the spectra of a sample with the
highest TD concentration investigated up to now; it is of
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FIG. 1. Observation of bistable behavior in the far-IR ab-
sorption spectrum of neutral thermal donors in germanium;
1s—2p, transitions; measurement temperature, 7=7 K; the
line positions are given in Table I. (a) [O;]=5X10'
atoms/cm’; as-grown sample; 7(300 K)=2X10" cm™3; (1)
slowly cooled in the dark; (2) cooled with band-gap light on. (b)
[0;1=2X 10" atoms/cm?; oxygen dispersion at 900 °C followed
by TD formation at 350°C, 22 min; 7(300 K)=3 X 10'* cm™3; (1)
slowly cooled in the dark; (2) cooled with band-gap light on. (c)
[0;]1=2X 107 atoms/cm?; as-grown sample; n(300 K)=1X 10
cm™3; (1) slowly cooled in the dark; (2) quenched to 77 K within
a few seconds.
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TABLE 1. Identification of far-IR thermal donor series in germanium by the position of 1s—2p,

lines.
Series D E F’ F G H I J
1s—2p, 99.2 96.5 92.7 93.1 90.2 87.2 80.0 74
(em™}) 91.7 88.7 86.8 77
84.3

this kind of sample that EPR results are reported in Sec.
IIIB. In order to ensure a perfect mutual correspon-
dence of spectra, the metastable configuration was pro-
duced in identical circumstances as those for the EPR ex-
periments, i.e., by quenching instead of illumination. In
Fig. 1(c) the spectrum is dominated by strong contribu-
tions of G, H, and I. A small contribution of F displays
100% bistability. The lines G also depend on the cooling
rate: an increase of about 40% is obtained by quenching.
The lines of H, I, and J remain unchanged.

Litvinov, Palchik, and Urenev*® have analyzed their
differential Hall-effect data of oxygen-doped germanium
in terms of the bistability of the three “earliest” thermal
donor species TD1, TD2, and TD3; they obtained values
for the energy of the (0/+ +) occupancy level and of the
deep (0/+) level of the three species. The far-IR results
demonstrate that the bistable series (D, E, F’), F and G be-
long to different TD species (which also are different from
the species giving rise to the series H, I, and J), and it was
also shown in Ref. 6 that the “earliest” (D,E,F’) series
most probably belong to the same TD species. It is there-
fore straightforward to assign (D, E,F’), F, and G to TD1,
TD2, and TD3, respectively. The latter assumption has
been substantiated by Clauws and Vennik in two ways.’
First, the Fermi-level dependence of the bistability in the
three cases shown in Fig. 1 was demonstrated to be in
agreement with the position of the three (0/+ +) occu-
pancy levels obtained by Litvinov, Palchik, and Ureneyv.
Second, the parameters of the activated time constant of
the shallow-to-deep configurational transformation were
determined for (D, E, F’) and F; these were shown to prac-
tically coincide with the parameters determined in Refs.
4 and 5 for TD1 and TD2, respectively.

The consequent assignment of the far-IR series to the
sequence of TD species numbered 1 to 6 is summarized in
the first two columns of Table II. For TD4 to TD6 the

TABLE II. Assignment of spectra of neutral thermal donors
in germanium to numbered members in the hierarchy, from the
correlation of electrical, far-IR, and EPR data. The assignment
of the electron paramagnetic resonances is also illustrated in
Fig. 2.

Far-IR EPR
TD1 D,E,F’
TD2 F C,, (spectrum 1)
TD3 G C,, (spectrum 2,3)
TD4 H C,, (spectrum 2,3)
TDS5 I C,, (new spectrum)
TD6 J

assignment was made taking account of the sequential ap-
pearance of H, I, and J and of the observation that at
least H and I belong to different TD species, regarding
their different relative contribution at different stages of
TD formation. In the following section the correlation of
TD species observed in far-IR and EPR results will be in-
vestigated.

B. EPR results

The investigation of EPR spectrum 1 by Callens ez al.®
and by Bekman et al.® was made using samples corre-
sponding with the case of Fig. 1(b). Bekman et al. ob-
served 100% bistability of spectrum 1, upon cooling with
illumination compared to cooling in the dark; this al-
lowed them to assign spectrum 1 to donor series F. In
those samples, small traces of EPR spectra 2 and 3 were
also observed, which remained unchanged; it was there-
fore suggested in Ref. 9 that EPR spectra 2 and 3 possi-
bly correspond to the far-IR series G and H, although the
evidence was considered insufficient.

For the present investigation the samples were either
slowly cooled in the dark or quenched by insertion of the
sample holder in the cold helium exchange gas of the cry-
ostat. For samples of the type corresponding to Fig. 1(b),
bistability of spectrum 1 was observed, confirming the as-
signment of Bekman et al..
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FIG. 2. Observation of bistable behavior in the EPR spec-
trum of neutral thermal donors in germanium; the sample data
are the same as for the far-IR reference spectrum of Fig. 1(c),
T=4.5 K. (a) Sample quenched to 70 K within a few seconds.
(b) Sample slowly cooled in the dark (3 K/min). The two spec-
tra have been drawn on the same scale.
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The results for the case corresponding to Fig. 1(c) is
shown in Fig. 2, for the magnetic field parallel to the
(111) direction (in this orientation, spectra with different
symmetry appear well separated; the angular dependence
of TD spectra with C,, and C;, symmetry has been given
in Ref. 8). Four different spectra are observed, the main
resonances of which have been labeled TD2 to TDS5 for
reasons that will be explained later (the lines in the low-
field range of Fig. 2 are due to other resonances from the
same spectra, which are more difficult to separate when
several TD species are simultaneously present).

In the quenched sample the spectrum contains reso-
nances observed previously by Callens et al.,? together
with new lines. The two doublets labeled TD2 and TDS5
in Fig. 2 are due to centers with C,, symmetry. The
inner doublet (labeled TD2) belongs to spectrum 1, which
was discussed in detail in Refs. 8 and 9. The outer dou-
blet (labeled TDS5) consists of previously unobserved lines;
it belongs to a new spectrum with the same angular varia-
tion as spectrum 1 (TD2), but with a different splitting of
the C,, branches. The resonances in the high-field part
of the spectrum, labeled TD3 and TD4, are due to
centers with trigonal symmetry (C;,), which were al-
ready described by Callens et al.® [Callens et al. desig-
nated the latter resonances as spectrum 2 and spectrum 3,
spectrum 2 corresponding to the two lines at lower field
and spectrum 3 with those at higher field; the following
results demonstrate that fact the two outer lines belong to
the same center (TD3) and the two inner lines belong to
another center (TD4), both with trigonal symmetry.]

In the slowly cooled sample the lines of spectrum 1
(TD2) are missing, while the new C,, spectrum (TDS5)
remains unchanged. As to the C;, resonances, the two
outer lines (TD3) are reduced to 50% of their original
amplitude, while the inner two lines (TD4) remain un-
changed.

The result in Fig. 2 is interpreted as follows: the spec-
trum contains contributions of four distinct centers, two
with a C,, pattern and two with a C;, pattern. Centers
with the same symmetry have comparable g factors; the
splitting of the branches is different, however, allowing
them to be separated. The g factors and the splittings
that characterize the spectra for B||{111) have been
summarized in Table III.

The correlation of the EPR spectra in Fig. 2 with the
far-IR spectra in Fig. 1(c) is straightforward, if one takes
into account the bistability and the relative strength of
the components. The correspondence of spectrum 1

TABLE III. g factors and doublet splittings characterizing
the electron paramagnetic resonances of neutral thermal donors
in germanium for B||{111) (see Fig. 2 for the assignments):
2(111), & value from midpoint of the doublet; A(,y;), splitting of
the doublet at 9.47 GHz.

g Ag (T)
TD2 1.329+0.005 0.0154
TD3 0.846+0.005 0.1357
TD4 0.843+0.005 0.1220
TDS 1.320£0.005 0.0427
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(TD2) with donor series F made by Bekman et al. is
again confirmed, since it is the only species with 100% bi-
stability and since in both kinds of spectra the relative
strength is similar. The outer C3, doublet (TD3) obvious-
ly displays the same behavior as donor series G: in both
cases the bistability amounts to about 50% and the com-
ponents are the strongest in the quenched samples.

The inner C;, doublet (TD4) and the new outer C,,
doublet (TD5), which remain unchanged, must be corre-
lated with the donor series H and I, the importance of J
being probably too small to yield a distinct signature in
the EPR spectra. Considering the relative strength of the
spectra, the most obvious assignment is the following:
the C;, spectrum (TD4) to series H and the C,, spectrum
(TD5) to series 1.

The correspondences of the far-IR and EPR spectra
have also been summarized in Table II, from which the
assignment of the EPR spectra to TD2-TD5 follows im-
mediately. This justifies the use of the corresponding res-
onance labels in Fig. 2 and Table III.

IV. SINGLY IONIZED THERMAL DONORS

The singly ionized state TD* can be observed in far-IR
spectroscopy by raising the temperature above about 20
K, where the centers become thermally ionized; lists of
series labels and line positions have been published by
Clauws and Vennik.>® Thermal ionization, with a corre-
sponding increase of the sample conductivity, is, howev-
er, unfavorable for EPR experiments. As an alternative
the samples may be compensated, which was accom-
plished in the present case by diffusing copper into the
oxygen-doped germanium; this was followed by a thermal
donor formation anneal until partial compensation was
established (substitutional copper is a triple acceptor in
germanium'©).

A. Far-IR results

Following quenching, the series F°, G° and H° are ob-
served. This absorption disappears after slow cooling,
and the lines of F*, G, and H™, appear instead, as
shown in the far-IR reference spectrum of Fig. 3, where
again the 1s—2p, range has been reproduced (the latter
lines coincide with the range of the 1s—np, transitions
of the neutral donors; this range becomes optically trans-
parent when the concentration of neutral donors is
small). Spectra recorded under continuous band-gap
pumping, which practically eliminates the compensation
and allows one to ‘“count” the full amount of shallow
donors, reveals that the different result of slow cooling
and quenching is mainly a consequence of the bistability
of TD2 (series F). The smaller total density of shallow
donors in the slowly cooled sample results in a higher
compensation degree, sufficient to convert most centers
into the TD ™ state.

B. EPR results

The spectrum of the quenched sample is quite compli-
cated and is dominated by resonances from TD2, with
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FIG. 3. Far-IR spectrum of thermal donors in an oxygen-
doped germanium sample that was compensated by copper
diffusion; TD formation at 360°C, 15 min; n(300 K)=1.7X 10"
cm ™3 1s—2p, transitions; measurement temperature, T~7 K.
The sample was slowly cooled in the dark (3 K/min).

contributions of TD3 and TD4 in agreement with the
far-IR reference. After slowly cooling, most lines disap-
pear and a simple spectrum with single lines remains.
The angular variation of the latter spectrum is displayed
in Fig. 4. The pattern is typical of centers with C;, sym-
metry in the diamond lattice and the data can be fitted
with a simple g tensor, assuming S =1. The principal g
values are

g,=0.854%0.005, g, =1.921+0.005,

with g, corresponding to the (111) direction. Compar-
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FIG. 4. Angular dependence of the EPR spectrum of thermal
donors in the same oxygen-doped and compensated sample as in
Fig. 3. The sample was slowly cooled in the dark (3 K/min).
T =4.1 K, microwave power 5 mW, the rotation axis shows a
small offset from the (111) direction. The solid lines represent
a computer fitting with an axial g tensor with axis ||[{111).
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ison with the far-IR reference indicates that the spectrum
must be due to singly ionized thermal donors.

V. DISCUSSION

The correspondence of the far-IR and EPR spectra of
the neutral thermal donors, as summarized in Table II,
seems to be well established from the preceding. The as-
signment to species in the TD hierarchy, i.e., to
TD2-TDS5, relies, however, on the correct assignment of
(D,E,F') to TD1. As explained earlier, the series
(D,E,F') are the ‘“‘earliest” that have been detected in
“oxygen-only” samples with small or moderate oxygen
doping, and they always appear together with similar rel-
ative amplitude, irrespective whether the concentration is
10 or 10'* TD/cm?.® This suggests that the series are
intimately related and that they probably belong to the
same TD species, which also would be the first member in
the hierarchy. The correspondence of (D,E,F’) to TD1
characterized by Litvinov, Palchik, and Urenev®? is fur-
ther substantiated by (i) the maximum concentration of
the species of about 10'* defects/cm?, (ii) the straightfor-
ward explanation of bistability from the Fermi-level posi-
tion with respect to the TD1 (0/+ +) occupancy level,
and (iii) the identical parameters of the activated time
constant describing the annealing of the metastable
state.” Attempts to observe EPR spectra in samples con-
taining TD1 have so far been unsuccessful, probably be-
cause the TD concentration is below the detection limit
in samples of the dimensions presently used.

The EPR spectrum of the ionized TD’s with trigonal
symmetry (Fig. 4) is considered to correspond primarily
to TD3™, since GV is the strongest series in the far-IR
reference spectrum. As will be discussed below, the un-
split C,, pattern in Fig. 4 is essentially determined by the
g factors of the conduction-band valleys, and one may
therefore predict that resonances from TD4" (H* in the
far-IR reference) will practically coincide with those from
TD3 1, provided the symmetry is the same as in the neu-
tral charge state. We may therefore conclude that the
observed spectrum very probably consists of a superposi-
tion of TD3" and TD4". Resonances from TD2™, ex-
pected to display a C,, pattern, are probably too weak to
be detected in the slowly cooled sample.

Regarding the high density of copper impurities in the
compensated sample, we should also consider the possi-
bility that copper may be involved in the center responsi-
ble for the EPR spectrum of Fig. 4. Copper is known to
form a number of complexes with other impurities (see,
e.g., Haller and co-workers!'"12); moreover, Fuller noticed
an influence of copper on the TD formation rate in ger-
manium.”® It follows, however, from our earlier investi-
gations® that, among the far-IR series discovered so far,
only A%, BT, and C* show a possible correlation with
copper; the series D to J are observed regardless of
copper doping. In the far-IR reference spectrum of Fig.
3, only lines from F*, G*, and H* are present, so that
copper involvement in the EPR spectrum of Fig. 4 seems
rather unlikely. For a more systematic investigation of
singly ionized TD centers, the use of oxygen-doped ger-
manium crystals compensated by various acceptors
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would be preferable.

The g factors of the spectra can be straightforwardly
derived from the g factors of the conduction-band valleys
of germanium, as expected for shallow donor centers.
The ground-state wave function of an effective-mass
donor in germanium can be described as'*

4

¥V, =3 a0, (1

=1

with the ®{/ representing single-valley 1s wave functions;
j=1,2,3, and 4 indicates the corresponding conduction-
band valleys with axes in the [111], [T11], [111], and
[T11] directions, respectively. The tensor & of each
valley is characterized by g, and g,;'>~% the g tensor of
the state described by (1) is then given by '°

g:z (aj )2§>(j) . 2)
J

Donors with T, symmetry have equal a; and a scalar
g =8o=(g,+2g,)/3; in this case, values for g, and g,
can be obtained from experiments under uniaxial stress.
Experimental and theoretical g values for shallow donors
in germanium are summarized in Table IV.

Centers with C,, symmetry in the diamond lattice,
with the twofold axis along the (100) directions and
with {110} mirror planes, give rise to an EPR spectrum
with the typical pattern of spectrum 1 (see Fig. 1 in the
paper of Callens et al ;¥ the g tensor that was obtained
represents an average, neglecting the doublet splitting of
the resonances). If we take the center with the twofold
axis ||[001] and mirror planes o,=(110), o, =(110) as
the standard orientation among the six equivalent ones,
the experimental g tensor of spectrum 1 (TD2%), with
g[001]=1.575, g[110]=1.917, g[110]=1.190, is in
agreement with an effective-mass donor state constructed
from two valleys:

¥, =(1/V2)(@V+a?) 3)

with valleys j =1 and 2 having their axis in the o, mirror
plane. The single-valley g values reproducing the experi-
mental data for TD2°, with the ground state given by (3),
have been included in Table IV; the excellent agreement
with the data for other shallow donors is obvious. The

TABLE IV. One-valley g values of shallow donors in ger-
manium.

g0 g g Reference
p 1.563 0.83 1.93 15
As 1.570 0.87 1.92 15
Sb 1.561 0.842 1.917 16
Bi 1.567 15
Li-O 0.859 1.904 17,18
Theory 0.98 2.07 19
Theory 0.87 2.08 20
TD2° 0.849 1.917 8
TD3%, TD4° 0.85 1.90 8
TD3",TD4" 0.854 1.921 This work
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same picture as for TD2° applies to TD5°, which has a
similar angular variation and almost identical “average”
g factors.

The ground-state composition given by (3) may be
brought about by a local C,, strain introduced by the de-
fect; a strain with this symmetry is described by a strain
tensor €,, =¢€,,,€,,,€,,. According to the deformation-
potential theory,?! among the components above only €xy
is effective in inducing a relative shift of the conduction-
band valleys in germanium. With €,, <O, the valleys
Jj=1,2 are lowered with respect to the valleys j =3,4; a
similar strain is compressive in the o, plane and tensile
or less compressive in the o, plane; the effect on the val-
leys is similar as for a uniaxial stress along [110].!%%2
Ham?? states that the energy change of an effective-mass
donor state is obtained by averaging over the strain dis-
tribution weighted with the probability distribution of the
electronic wave function; for a local strain, the effect is
accordingly the largest for the 1s states. It is easily
shown that the ls states belonging to the valleys j =1,2
become decoupled from the 1s states belonging to the val-
leys j = 3,4 when the effect of the local C,, strain exceeds
the valley-orbit energies. The ground-state composition
of TD2° and TDS5° given by (3), which is necessary to ex-
plain the experimental g factors, is accordingly in agree-
ment with a local C,, strain that is compressive in the o,
(110) plane of the defect. It may be remembered that the
ground state of the TD’s in silicon is equally constructed
from only two valleys, which are directed along the two-
fold axis of the defect;**?° the strong €,, component of
the local strain explaining this valley selection has, how-
ever, no effect on the valleys in germanium.

The angular variation of the EPR spectrum of TD3°
and TD4% and of the (TD3",TD4%) spectrum in Fig. 4,
is typical of axial centers with axes in the (111) direc-
tions. The “average” g factors g, and g, of TD3° and
TD4% as well as the values of (TD3%, TD4™") given in
Sec. IV B are in excellent agreement with the g factors of
the conduction-band valleys (Table IV). Taking the de-
fect with the axis ||[[111] as the standard orientation, this
means that the 1s ground state of the center belongs to
the valley j =1 only. An obvious mechanism for a simi-
lar valley selection is a local C;, strain, which is compres-
sive in the direction of the [111] axis; this kind of strain
is known to lower the valley j =1 with respect to the oth-
er three valleys.!* Decoupling of the 1s state belonging to
j =1 from the states belonging to j =2,3,4 is again ob-
tained when the strain is sufficiently strong to overcome
valley-orbit effects.

An EPR spectrum with a similar angular variation and
almost the same g factors as the center in Fig. 4, was
found earlier for the Li-O donor in germanium by Haller
and Falicov!”'!8 (Table IV); the spectrum was assigned to
single-valley, (111) oriented defects. The far-IR spec-
trum of Li-O, however, was interpreted in terms of the
tunneling of the defect among the four equivalent orien-
tations in real space. The single-valley nature of the EPR
spectrum was explained by the tunneling frequency being
much smaller than the EPR frequency, so that the defect
appears located in one real-space orientation during a res-
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onance event.!! Both Li-O and TD3" (and TD4™") are
one-electron donors described by S =1; the almost iden-
tical EPR spectrum merely indicates that the valley com-
position of the ground state is very similar in both cases
(neglecting effects from tunneling). The selection of one
valley may for both defects be due to a compression of
the neighboring lattice, in the direction of the [111] axis
of the defect; the (111) strain was also suggested by
Ham?? for the Li-O and the O-H defect in germanium.

Callens et al. suggested that the splitting of the C,,
pattern of TD2° (spectrum 1 in Ref. 8) and the deviation
of the branches from the angular variation expected for
S =1 were to be explained as due to centers with § =1.
Later, Bekman et al.® obtained a complete fit of the an-
gular variation, assuming S =1 and including an unusual
B?S? term in the spin Hamiltonian. The present observa-
tions reveal that a similar situation is typical of all four of
the neutral TD species, which display splitted C,, or C;,
patterns. This is in obvious contrast to the simple § =1
angular dependence of (TD31,TD4™") in Fig. 4, which
demonstrates that the phenomenon is typical of the two-
electron states of the neutral donors; this makes the as-
signment of the complicated patterns to S =1 centers
even more acceptable. It remains, however, to be exam-
ined in detail whether the spin Hamiltonian put forward
by Bekman et al. is able to serve as a common model for
all four donor species. The question also remains as to
why neutral thermal donors in germanium give rise to a
state with parallel spins, which is considerably populated
at very low temperature. In heliumlike atoms, the 1s
ground state has S =O0; neutral double donors in
multiple-valley semiconductors will, however, have both
spin-singlet and spin-triplet states in the 1s multiplet, the
number depending on the splitting according to the
donor symmetry. The EPR results seem to indicate that
for TD’s in germanium the situation is favorable for a
low-lying 1ls spin-triplet state. A similar suggestion was
made earlier by Clauws and Vennik® with respect to the
occurrence of the TD series (D, E,F’) in the far-IR spec-
trum.

The different symmetry of the spectra and the different
splittings represent a fortunate situation allowing the sep-
aration of different TD species in germanium by EPR,
offering interesting perspectives for future investigations.
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As to the TD™ spectra, one may expect that resonances
from donor species displaying patterns of the same sym-
metry will not be resolved and that only a shift of the
average position may be detected, similarly to the case of
Si-NL8 (TD ") species.?®?’

A final remark may be made concerning the symmetry
of the spectra in relation to the microscopic structure of
the defects. To the extent that the EPR spectrum reflects
the true site symmetry of the defect, the results indicate
that in germanium the symmetry of thermal donors
changes from C,, to C;, and back as the oxygen ag-
glomeration proceeds, in contrast to silicon where the
C,, symmetry is conserved (see, e.g., Refs. 26 and 27).
Regarding the many similarities of thermal donor proper-
ties in the two semiconductors, the basic model cannot be
too different, however, especially the composition of the
core, which is considered to be determinative for the dou-
ble donor character. From their recent electron-nuclear
double resonance (ENDOR) results, Michel, Niklas, and
Spaeth?” conclude that for at least five TD ™ species in sil-
icon, the donor core contains four oxygen atoms on the
(110) mirror planes. If the donor core would be con-
sidered to have a similar composition in germanium, then
the present result suggests that at least some rearrange-
ment of the core should be envisaged, possibly accom-
panied by the agglomeration of interstitial oxygen atoms
in different directions. With our present knowledge pre-
cise models are too speculative and more evidence must
be awaited, such as the symmetry of the TD1 spectrum
from EPR or information on atomic positions from
ENDOR. The larger extension of the electronic wave
functions of TD’s in germanium as compared to silicon
is, however, unfavorable to the latter technique. With
the present samples, ENDOR may reveal positions of
germanium neighbors or incorporation of impurities oth-
er than oxygen. For the observation of oxygen ENDOR
shells, doping with 7O in the melt or by diffusion will be
necessary.
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