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Annealing of electron-induced defects in n-type germanium
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n-type, 10" and 2 10" cm—* doped germanium has been irradiated with ~ 1-MeV elec-
trons at liquid-helium and room temperatures. With the use of transient-capacitance spec-
troscopy, six electron traps and one hole trap were observed following irradiation at 4 K.
Their energy levels have been determined to be at E.—40, 120, 120, 260, 390, and 530 meV,
and at E,+250 meV. The isochronal annealing behavior of these traps, in addition to that
of the four electron traps and of the four hole traps produced by room-temperature irradia-
tion, has been studied in detail. Comparison of our results with previously published ones
indicates that (i) the divacancy anneals around 150°C and the E center around 100°C, (ii)
the two levels at E.— 120 meV are associated with the germanium interstitial or complexes
involving a germanium interstitial, and (iii) there appears to be a vacancy level in the range
100—200 meV from the conduction band, which anneals at ~ 100 K.

I. INTRODUCTION

Because it has not yet been possible to identify de-
fects in germanium using electron paramagnetic res-
onance, attempts to identify defects in this material
have involved indirect methods. In the case of
irradiation-induced defects, one approach has been
to correlate the defect introduction and annealing
rates with the nature and concentration of the im-
purities present in the material. For instance, a de-
fect which anneals around 100°C has been tentative-
ly identified as the E center (vacancy-doping impuri-
ty complex) because its introduction rate increases
with the concentration of the dopant impurity' and
because its precise annealing temperature varies
slightly with the nature of this impurity.? Previous-
ly, these rates could only be obtained from conduc-
tivity measurements, the concentration of a defect
being monitored by the free-carrier recovery in the
various annealing stages. Unfortunately, the results
of such annealing studies are often unclear or
confusing when several defects anneal in the same
temperature range. As it will be shown in this pa-
per, this is the case for four electron traps and four
hole traps which anneal in the temperature range
100—200°C. It is thus necessary to use a more pre-
cise spectroscopic technique, i.e., one based on the
analysis of a capacitance transient, which allows a
direct measurement of the introduction and anneal-
ing rates of each defect separately.

In this paper, we describe the annealing behavior
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of the traps which were observed following electron
irradiation at liquid-helium and room temperatures
using deep-level transient spectroscopy (DLTS).
The characteristics of five majority carrier traps (la-
beled E, to Es) and four minority carrier traps (la-
beled H, to H,) produced by room-temperature irra-
diation have already been described.’~> Their intro-
duction rates as a function of the energy of irradia-
tion have been determined previously.#® This paper
is thus restricted to the description of their anneal-
ing behavior. We also describe the annealing
behavior of the traps which are observed following
irradiation at 4.2 K. The energy levels of most of
these traps, which we label M;—M are also given
here.

The results presented here confirm that the de-
fects which are stable at room temperature are not
primary defects but complexes resulting from the as-
sociation of primary defects with themselves (diva-
cancy) and of impurities with primary defects (va-
cancies and interstitials) which are unstable in the
range 60—200 K.

II. EXPERIMENTAL DETAILS

Two kinds of n-type material were used in this
study. Commercial p*n diodes of material A4,
103 cm—3 doped, were used for annealing studies
following room-temperature irradiation. This same
material and material B with higher dopant concen-
tration (2X 10'® cm ™3, Sb doped) were used for an-
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nealing studies following irradiation at 4 K. Diodes
made from material B were fabricated by Ga dif-
fusion (16 h at 830°C). The electrical contacts were
made by Ni evaporation, followed by electrolytic
deposition of gold and a 300°C heat treatment. Ap-
parently, such treatment does not induce defects
which are observable with the DLTS technique.

The samples were irradiated with 0.5-, 1-, 1.5-,
and 2-MeV electrons at fluences ranging from 10'3
to 10" cm~2. The electron beam was scanned on a
surface larger than the area of the sample in order to
insure the uniformity of the dose. Irradiations at
liquid-helium temperature were done as described in
Ref. 8. Annealing in the range 4—300 K was per-
formed in situ while annealing above room tempera-
ture was done in a furnace at 10~° Torr pressure.
The capacitance transients were measured using ei-
therma double boxcar® or a two-phase lock-in detec-
tor.

III. IRRADIATION AT LIQUID-HELIUM
TEMPERATURE

The DLTS spectrum of material 4 irradiated with
1-MeV electrons at 4.2 K shows five electron traps
which we labeled M,, M3, M,, and E, and one hole
trap H, (see Fig. 1). The peak labeled M, in Fig. 1
was present before irradiation and its concentration
is not modified by the irradiation. The hole trap H,
often masks the electron trap M, when the dose of
irradiation is too small, i.e., when the M, concentra-
tion is low. The concentrations of the electron traps
following two irradiations with 4X10" and
7.2 10" cm~2 are given in Table L.

Similar spectra are obtained in material B. In this
case, 1.5-MeV electrons were used with fluences
ranging from 4% 10" to 6X 10" cm~2 The only
difference between the spectra of the two materials
is the existence of two new traps, labeled M, (which
probably masks M,) and M, (see Fig. 1). Trap M,
is not seen in material A presumably because some
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FIG. 1. DLTS spectra obtained in material 4 following
irradiation at 4 K with 4 10" (solid line) and 7.2 X 10'*
(dashed line) 1-MeV electrons/cm?. The dotted lines indi-
cate the additional two peaks which are observed in ma-
terial B following 2 10"* 1.5-MeV-electrons/cm? irradia-
tion. The conditions of observation are the following:
emission rate 22.2 s~!, reverse bias 3 V, pulse amplitude
2.8 V, and pulse width 250 us.

annealing had occurred at a temperature lower than
the temperature at which it could be observed (ow-
ing to the chosen emission rate). The concentrations
of the electron traps obtained for these irradiations
are also given in Table 1.

The energy levels associated with traps M, to M,
E,, and H, have been determined by studying the
variation of their emission rates with temperature.
The data given in Figs. 2—4 were used to determine
the energy levels. These levels are at E, —40, 120,
120, 260, 390, and 530 meV and E,+250 meV for
traps M, to Mg, E,, and H,, respectively. Since
trap M, anneals at nearly the same temperature at
which it is observed (this may be the reason that M,
was not observed in material A4), it was not possible
to determine its energy level exactly; however, it ap-
pears to be between 100 and 200 meV below the con-
duction band. Table I indicates the introduction

TABLE I. Concentrations (cm~>) and introduction rates v of the traps observed in the two
materials following two doses of irradiation at 1 MeV (material 4) and 1.5 MeV (material B).

Material A (108 cm™3) B (2Xx 10" cm~3), Sb doped
Fluence (cm~?  4x10* 72x10%* v, (cm™) 4Xx10%¥ 6Xx10"”%  vp (em™)
M, 4% 10° 6x10° 9% 10~¢ 410" 5% 10" 1x10-3
M, 6x10° 1.2x10°  1.6x10~5 1.3x108® 15%x10® 3.5x10~3
M, 3% 10 4.1%x1073
M 1.8 10" 2.1x10° 40x10-3 610" 1083 1.5%x 103
E, 1.2x10"  23x10" 3.1x10~* 12x10"% 19x10% 3x102
M, 3x 10" 5%1073
Mg 3x 10" 5% 10" 8x10~*
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FIG. 2. Variation of the emission rate (corrected for
the temperature dependence of the carrier velocity and of
the density states in the band) vs temperature for the M,
M;, and M traps.

rates v, and vy (cm™'), for materials 4 and B,
respectively, of all the observed traps and shows that
vg /v ~10% This result is in agreement with early
conductivity measurements, which indicated that
the lower the doping level the smaller the introduc-
tion rate.!"'1?
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FIG. 3. Variation of the emission rate (corrected for
the temperature dependence of the carrier velocity and of
the density states in the band) vs temperature for the Mg
trap.
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FIG. 4. Variation of the emission rate (corrected for
the temperature dependence of the carrier velocity and of
the density states in the band) vs temperature for the M,
E,, and H, traps.

The carrier removal at 4 K, measured from the
capacitance-voltage characteristics before and after
irradiation, is of the order of ~10'2 cm~! in materi-
al A. For instance, 1.8 10~% cm ™~ carriers disap-
peared following irradiation with 4 X 10'* electrons
cm~2, When compared to the sum of the introduc-
tion rates of all the traps ~1072 cm™!, this value
implies that ~90% of the created defects were not
observed. Part of these defects are believed to be the
vacancies and interstitials which remain paired and
which recombine at 65 K.!!=!* Indeed, we observed
that 35% of the carriers were recovered after an-
nealing at 65 K. Presumably, the measured concen-
tration for the M, trap, which anneals at about 100
K (the temperature at which it is observed) is not
the initial concentration but the concentration after
some annealing has already occurred. After further
annealing, the carrier concentration recovers again:
~10% after 120 K annealing and an additional
~10% after annealing at 310 K. Thus, a total car-
rier recovery of ~55% occurs upon annealing at
room temperature. The detailed annealing behavior
of all the traps observed is shown in Fig. 5. Materi-
als A and B show similar behavior. Typically, M,
anneals around 100 K, M, around 160 K, and M,
and M in the range of 160—220 K.

IV. IRRADIATION AT
ROOM TEMPERATURE

Room-temperature irradiation results in the intro-
duction of five electron traps (E;—Es) and four hole
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FIG. 5. Variation with isochronal annealing tempera-
ture of the concentration of the various traps observed
following irradiation at 4 K: (a) in material 4 (1 MeV)
and (b) in material B (1.5 MeV).

traps (H,—H,) whose relative introduction rates
vary with the energy of irradiation (see Fig. 6). The
electrical characteristics of these traps, as well as the
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FIG. 6. DLTS spectra showing the electrons and hole
traps observed following room-temperature irradiation.
The solid lines correspond to irradiation with low-energy
electrons (typically 0.5 MeV) and the dashed lines to irra-
diation with high-energy electrons (typically 2 MeV).
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FIG. 7. Unannealed fraction of traps H,, H3, and H,
vs isochronal annealing temperature for 1- or 2-MeV irra-
diations.

measurements of their introduction rates, have been
reported elsewhere,%® so we present only their an-
nealing behavior here.

Trap E;, which anneals at room temperature, i.e.,
just at the temperature it is created, has not yet been
studied. The isochronal annealing behavior of the
H,,H;,H, traps, the H, trap, the E| and E, traps,
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FIG. 8. Unannealed fraction of traps H, vs isochronal
annealing temperature. The solid line corresponds to irra-
diation with low-energy electrons (1 MeV), the dashed line
to irradiation with high-energy electrons (2 MeV).
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FIG. 9. Unannealed fraction of traps E, and E; vs
isochronal annealing temperature for 1- or 2-MeV irradia-
tions.

and the E, and Es traps, is shown in Figs. 7, 8, 9,
and 10, respectively. Note that the annealing
behavior of E,4, Es, and H, (Figs. 8 and 10), which
as we shall see in Sec. V are related to the divacancy,
depends on the energy of irradiation, i.e., on the rel-
ative concentrations of vacancies and divacancies.
The annealing behavior of the traps shown in Figs. 7
and 9 is independent of the energy of irradiation.

V. DISCUSSION

The vacancy-interstitial pairs produced by the ir-
radiation at 4 K are believed to be stable up to 65 K
in doped n-type germanium for the following
reasons: In heavily doped material the defect intro-
duction rate is comparable to the theoretical one'
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FIG. 10. Unannealed fraction of traps E4 and Es vs
isochronal annealing temperature. The solid line corre-
sponds to a low-energy irradiation and the dashed line to
a high-energy irradiation.

and nearly 100% of the defects disappear at 65 K
(Ref. 11); moreover, the annealing Kkinetics are
characteristic of pair recombination.'”” In lightly
doped material, a decrease of the defect introduction
rate is observed which can only be explained by the
mobility of the interstitial introduced by the irradia-
tion (as is true in silicon) resulting in partial recom-
bination of the pairs.'""!3 As discussed in detail in
Ref. 15, this behavior of the interstitial can be un-
derstood in terms of an ionization-induced mobility:
Hole trapping induces the jump of the interstitial
from one site to a neighboring one. Thus, the lower
the n-doping concentration, the higher the intersti-
tial mobility. From the effect of light, which shifts
the 65-K annealing stage to lower temperatures,'? it
can be deduced that recombination of the vacancy-
interstitial pairs at 65 K occurs through the intersti-
tial mobility.

Consequently, the defects we observe just above
the temperature at which pairs recombine, must be
either the element of the pair which is not yet
mobile, i.e., the vacancy, or complex defects result-
ing from the association of interstitials with impuri-
ties. When the vacancy becomes mobile, complex
defects formed by the association of vacancies with
themselves (divacancies) and with impurities should
also be present.

The first annealing stage following vacancy-
interstitial pair recombination occurs at ~100 K.
At this temperature, Whan'® observed the growth of
ir bands (at 736 and 819 cm™') associated with an
oxygen related defect. She suggested that this defect
is a vacancy-oxygen complex (the 4 center), with its
growth being due to the vacancy mobility at this
temperature. In this view, the traps we observed
above 65 K cannot be attributed to vacancy-
interstitial pairs. Because trap M; anneals at practi-
cally the same temperature as the growth of the oxy-
gen complexes occurs, it could be the vacancy.
Traps M, and M;, which are probably associated
with the same defect since they are always found in
equal concentration and have identical annealing
behavior are very likely to be an interstitial related
defect since they are observed below 100 K. This
conclusion is in agreement with another of Whan’s
observations'®; namely that a partial recovery of the
A center occurs around 200 K because it is induced
by the annealing of an interstitial related defect.

As for trap M, its annealing behavior correlates
with the annealing of the 2.4-um ir absorption band
reported by Stein'” and Morrison and Newman.'®
Stein suggested this band is due to the divacancy.
This cannot be the case, however, because the trap
Ms has a different “signature” (variation of the
emission rate with temperature) than traps E4 or E;
which we have already demonstrated are associated
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with the divacancy.® Traps E,, Es, and H, are be-
lieved to be associated with the divacancy for the
following reason: The variations of their introduc-
tion rates (always found to be equal) induced by
electron irradiation, are characteristic of a threshold
energy which is approximately two times the thresh-
old energy for atomic displacement.*® The anneal-
ing behavior of these three traps is the same con-
firming that they correspond to the same defect.

The identification of E; with the E center
(vacancy-doping impurity complex) can be made on
the following grounds: It has the same annealing
behavior and the same energy level as a defect which
has been identified as the E center (vacancy-doping
impurity complex) because its introduction rate in-
creases with the doping impurity' and its annealing
behavior and energy level position vary slightly with
the nature of this doping impurity.2

Finally, the H, trap has the same annealing
behavior as the 772- and 819-cm ™! ir bands associ-
ated with a defect containing oxygen.'®* The Hj,
H,, and E, traps are also probably associated with a
defect containing oxygen since they exhibit the same
annealing behavior as the 715- and 808-cm~! ab-
sorption bands'® and an EPR spectrum!® associated
with an oxygen complex. It is not possible to decide
if the H, and E, traps are related to interstitial or
vacancy-oxygen complexes since they are observed

only for temperatures higher than the annealing
temperature of the vacancy. However, since the
concentration of H, traps seems to be increased by
vacancy dissociation (in case of low-energy irradia-
tion), this indicates that this defect contains a vacan-
cy in addition to oxygen.

VI. CONCLUSION

The use of a spectroscopic technique has allowed
us to obtain detailed information on the annealing
behavior of the numerous defects introduced by elec-
tron irradiation in n-type germanium. After the
recombination of vacancy-interstitial pairs at about
65 K, the annealing of a trap tentatively identified
as the vacancy was observed at 100 K. Another de-
fect, observed prior to the annealing of the vacancy,
is believed to be a complex which includes a ger-
manium interstitial. The annealing of traps believed
to be complexes of vacancies with oxygen and with
the dopant impurity as well as the divacancy was
also observed.
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