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The electronic properties and thermal stability of centers incorporating a vacancy and a group-V-impurity
atom (P, As, Sb, or Bi) in Ge crystals have been investigated. The vacancy-group-V-impurity atom pairs(E
centers) have been induced by irradiation with60Co g rays and studied by means of capacitance transient
techniques with the use of Au-Ge Schottky barriers. It is argued that theE centers in Ge have three charge
states: double negative, single negative and neutral, and introduce two energy levels into the gap. There are
pronounced changes in the activation energies of charge carrier emission for the particular states with the
changes in the type of impurity atoms. The emission of an electron from the doubly negatively charged state
of the centers is accompanied by a large change in entropysDSd, so, the free energy of the electron ionization,
DGs−−/−d=DHs−−/−d−TDSs−−/−d, changes significantly with temperature. Consequently, the position of the
second acceptor level of theE centershEs−−/−d=Ec−DGs−−/−dj is temperature dependent. In Ge crystals
having shallow donor concentrations in the range 1013–1015 cm−3 at equilibrium conditions half-occupancy of
the doubly negatively charged state of the vacancy-group-V-impurity atom pairs occurs when the Fermi level
is at Ec−s0.18–0.22d eV. Changes in the entropy of ionization and the energy of electron emission for the
double negative state of theE centers follow the Meyer-Neldel rule. It has been shown that the directly
measured capture cross sections of electrons at the singly negatively chargedE centers are temperature depen-
dent and can be described by the multiphonon-assisted capture model. The first acceptor level of theE centers
is in the lower part of the band gap. The formation of one vacancy–group-V-impurity atom complex results in
the removal of at least two electrons from the conduction band inn-type Ge. It is thought that theE centers are
responsible for the fast free carrier removal andn→p conversion of the conductivity type in oxygen-lean Ge
crystals upon electron- org-irradiation at room temperature. The thermal stability of theE centers in Ge has
been found to increase with an increase in the size of donor atoms.
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I. INTRODUCTION

The properties of intrinsic defects(vacancies and self-
interstitials) and their interactions with impurity atoms are
poorly understood in crystalline germanium compared to sili-
con. The recent interest in SiGe alloys and heterostructures
and the possibility of using Ge in ultrafast complementary
metal-oxide-semiconductor devices has brought renewed at-
tention to the need to study the electronic and thermal prop-
erties of defects in Ge crystals.1,2

According to recent theoretical calculations, the structure
and electronic properties of the vacancy in Ge are similar to
those of the vacancy in Si: the vacancy in Ge being predicted
to exist in five charge states(11), (1), (0), (2), and
(22).3,4 However, the magnitudes and energies of Jahn-
Teller distortions were found to be smaller for the vacancy in
Ge compared to Si. Comparison with the results for silicon

showed that the vacancy formation energies in germanium
(about 2 eV) are significantly smaller than those in silicon
(about 3.5 eV), for all charge states, which makes the va-
cancy much more important for diffusion in Ge than in Si.3

Indeed there is strong evidence that the diffusion of all shal-
low donor dopants(P, As, Sb, and Bi) in Ge crystals is va-
cancy mediated.5 So, the knowledge of details of interactions
of Ge vacancies is extremely important for understanding
implant defect removal and the diffusion of shallow donor
dopants in crystalline Ge and Ge-rich SiGe alloys.

The electronic properties and structure of complexes in-
corporating a vacancy and a group-V-impurity atom(P, As,
Sb, or Bi) in Ge crystals are not well understood[see Ref. 6
as a recent survey of deep level transient spectroscopy
(DLTS) studies on radiation-induced defects in Sb-doped Ge
crystals, and references therein, and Ref. 7 as a review of
early results on radiation-induced defects in Ge obtained by
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electrical measurements]. The vacancy-group-V-impurity
atom pairs in Ge will be referred thereafter asE centers in
analogy with similar centers in silicon.8

It has been argued in a recent article that the Sb-vacancy
pair in Ge has three charge states: double negative, single
negative, and neutral.9 Consequently, the pair introduces two
energy levels into the band gap. The free energy of electron
ionization for the second acceptor level of the complex has
been found to be DGs−−/−d=DHs−−/−d−TDSs−−/−d
=0.294−4.2kT seVd, where DHs−−/−d is the enthalpy of
ionization, DSs−−/−d is the entropy of ionization, andk is
Boltzman’s constant. Because of the rather largeDSs−−/−d
value the position of the second acceptor level of theE cen-
ter hEs−−/−d=Ec−DGs−−/−dj is temperature dependent. In
Sb-doped Ge crystals withNSb=1013–1015 cm−3 at equilib-
rium conditions half occupancy of the doubly negatively
charged state of the Sb-V complex occurs when the Fermi
level is at aboutEc−0.21 eV. The first acceptor level of the
E center is in the lower part of the band gap. The activation
energy of hole emission from theEs−/0d level has been de-
termined as 0.31 eV. The formation of one Sb-V defect re-
sults in the removal of two charge carriers in lightly Sb-
doped Ge at room temperature. It has been proposed that this
is one of the main reasons for the fast free carrier removal
and n→p conversion in Ge:Sb upon electron- or
g-irradiation at room temperature.9 The Sb-V complex has
been found to anneal out in the temperature range
140–180 °C upon 30-min isochronal annealing.9

In the present paper results of a comprehensive deep level
transient spectroscopy study of electronic properties of domi-
nant radiation-induced defects in oxygen-lean Ge crystals
doped with different group-V-impurity atoms(P, As, Sb, and
Bi) are given. It has been found that in these Ge crystals the
vacancy-group-V-impurity atom complexes are the dominant
radiation-induced defects and possess similar electronic
properties. There are some differences, however, in the val-
ues of enthalpy and entropy of defect ionization and in ther-
mal stability for E centers incorporating different impurity
atoms.

II. EXPERIMENTAL DETAILS

Samples for this study were prepared fromn-type oxygen-
lean Ge crystals doped with P, As, Sb, and Bi. Concentra-
tions of shallow donors were in the ranges1–2d
31014 cm−3 in the samples. Concentrations of defects with
deep levels were found to be less than 531010 cm−3 in as-
grown materials.

Schottky diodes for capacitance measurements were fab-
ricated by thermal evaporation of Au on surfaces etched in a
1HF+10HNO3 acid mixture. Current-voltagesI-Vd and
capacitance-voltagesC-Vd measurements at different tem-
peratures were carried out in order to check the quality of
Au-Ge Schottky barriers and to determine concentration of
noncompensated shallow donors. Deep electronic levels
were characterized with conventional DLTS and Laplace
DLTS techniques.10 Hole traps were studied with the appli-
cation of injection pulses(i.e., forward bias pulses). It has
been shown in a recent study that the barrier height for the

Au-Ge Schottky diodes is close to or exceeds the band gap
value.9 Such a high barrier results in the appearance of an
inversion layer with a high concentration of holes near the
semiconductor surface. Application of forward bias to such
Au-Ge diodes results in a flux of holes from the inversion
layer to semiconductor bulk, thus explaining the possibility
of recharging of hole traps in the lower part of the band gap
of n-type Ge samples with Au Schottky barriers.9

The samples were irradiated withg rays from a60Co
source. The irradiation temperature was about 10 °C. Doses
of irradiation were in the range ofs1–4d31016 cm−2. Varia-
tions in the concentration of group-V-impurity atoms were
taken into account and the doses were chosen so that the
concentrations of radiation-induced defects were in the range
of 3–5 % of the shallow donor concentration. Such concen-
tration ratio of deep-to-shallow defects enables careful
Laplace DLTS measurements to be done.10 Isochronal an-
nealing of the irradiated samples has been carried out in the
temperature range 80–300 °C with increments of 20 °C.

III. EXPERIMENTAL RESULTS

A. Majority carrier traps in g-irradiated Ge samples doped
with P, As, Sb, and Bi

Figure 1 shows conventional DLTS spectra for Ge crystals
doped with different group-V elements after irradiation with
g rays. For the sake of comparison, a DLTS spectrum of a
gamma-irradiated oxygen-rich Ge sample is also shown. It
should be mentioned that no deep level defects with concen-
trations higher than 531010 cm−3 have been detected in as-
grown samples. Irradiation resulted in the appearance of a
number of peaks related to deep level traps in the DLTS
spectra. In all the spectra there are a few minor peaks and
one dominant peak, the maximum of which occurs at differ-
ent temperatures for different impurity atoms. The produc-
tion rates of radiation-induced defectsshd associated with

FIG. 1. DLTS spectra for gamma-irradiated oxygen-lean Ge
crystals doped with(1) P, (2) As, (3) Sb, and(4) Bi. Spectrum 5 was
recorded on ag-irradiated oxygen-rich Ge sample. The spectra have
been vertically displaced for clarity. Measurement settings were
en=80 s−1, bias −5→−0.5 V, and pulse duration 1 ms.
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the dominant DLTS peaks have been found to be very similar
fh=s1–2d310−4 cm−1g in materials doped with various
group-V impurities. In Sb-doped Ge crystals, the dominant
peak with maximum at about 192 K has been identified re-
cently as related to the second acceptor state of the Sb-V
complex.9 The DLTS spectrum for irradiated Bi-doped
sample(spectrum 4) consists of a dominant peak and a rather
strong low-temperature shoulder. Temperature of the peak
maximum for the shoulder coincides with that for the domi-
nant radiation-induced trap in oxygen-rich Ge crystals(spec-
trum 5). The latter trap has been recently identified as related
to the vacancy-oxygensVOd center.11,12

Figure 2 shows Laplace DLTS spectra for theg-irradiated
Ge crystals. The spectra were taken at temperatures close to
the temperatures of maxima of the dominant peaks in the
conventional DLTS results shown in Fig. 1. The LDLTS
spectra look similar and consist of one sharp dominant peak.
Only for the As-doped sample there is an additional minor
peak in the close vicinity of the dominant one. These results
indicate monoexponential transients related to single well-
defined energy levels.

The rate of thermal emission of electrons from a deep trap
can be written as13

ensTd = snsTdkvnsTdlNcsTdexpf− DGsTd/kTg, s1d

wheresnsTd is the electron-capture cross section,kvnsTdl is
the average thermal velocity of electrons,NcsTd is the effec-
tive density of states in the conduction band, andDGsTd is
the Gibbs free-energy change for ionization of the state
DGsTd=EcsTd−EtsTd, whereEtsTd is the energy level of the
deep state. The Gibbs free energy is related to the changes in
enthalpysDHd and entropysDSd by

DGsTd = DH − TDS. s2d

For deep-level defects with multiphonon-assisted capture
process,14 snsTd can be presented by

snsTd = sn0 expf− DEns/kTg, s3d

whereDEns is the energy barrier for capture andsn0 is the
capture cross section at 1/T=0. Substitution of Eqs.(2) and
(3) into Eq. (1) results in

ensTd = sn0kvnsTdlNcsTdexpfDS/kgexpf− sDH + DEnsd/kTg.

s4d

As thekvnlNc product has a temperature dependence onT2 it
is customary in deep level transient spectroscopy to analyze
the so-calledT2-corrected emission rates in accordance with
the equation

ensTd/T2 = Ane exps− DEne/kTd, s5d

which is based on the Eq.(4). A plot of the en/T2 values
versus 1/kT or 1/T (the Arrhenius plot) enables a straight-
forward determination of two parameterssn03expsDS/kTd
andDEne=DH+DEns, which characterize a deep level trap.

Arrhenius plots ofT2-corrected emission rates derived
from LDLTS measurements for the dominant electron traps
in differently doped Ge samples are shown in Fig. 3. The
values of the activation energy for electron emissionsDEned,
the pre-exponential factorsAned, and the so-called apparent
capture cross sectionhsna,sna=sn03expsDS/kdj are given
in Table I. The measured values ofDEne andAne conform to
the Meyer-Neldel rule,15,16according to which lnsAned should
be a linear function ofDEne for similar defects. Figure 4
shows a plot of measured lnsAned values vsDEne for the
dominant radiation-induced electron traps in oxygen-lean Ge
crystals together with those for the second acceptor level of
the vacancy-oxygen complex in Ge.11,12

It was shown that the electron capture cross section of the
singly negatively charged Sb-V complex is temperature de-
pendent and can be described by an equationsn=9.1
310−173exphf−0.083±0.001seVdg /kTj.9 Direct capture
cross section measurements have been carried out for the
dominant electron traps in the irradiated Ge crystals with

FIG. 2. Laplace DLTS spectra forg-irradiated oxygen-lean Ge
crystals doped with(1) P, (2) As, (3) Bi, and (4) Sb. The spectra
were recorded at(1) 160, (2) 165, and(3) 188, and(4) 194 K. The
spectra have been vertically displaced for clarity. Measurement set-
tings were bias −5→−0.5 V and pulse duration 1 ms.

FIG. 3. Arrhenius plots ofT2-corrected emission rates for the
dominant electron traps ing-irradiated oxygen-lean Ge crystals
doped with P, As, Sb, and Bi. Parameters of the traps derived from
the plots are presented in Table I.
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different donor species. The capture cross sections have been
found to be temperature dependent in all the samples. Figure
5 shows temperature dependencies of capture cross sections
for the E centers ing-irradiated Ge samples doped with
P, As, Sb, and Bi. In all the samples the temperature
dependencies of the capture cross section can be attributed
to multiphonon-assisted capture processes, for whichsn
=sn03exps−DEns /kTd.14 The values obtained for the energy
barrier for capturesDEnsd and the capture cross section at
1/T=0 ssn0d are presented in Table I.

From a combined analysis of emission and capture data,13

it is possible to derive the values of enthalpy and entropy
of the defect ionization for all the dominant electron traps
in g-irradiated Ge crystals. The obtainedDH andDS values
are presented in Table I. It should be noted that the values
of entropy of ionization obtained are significantly higher
than those for defects in silicon, where the absolute values
of DS usually do not exceedk. Because of the highDS
values, positions of energy levels of the dominant electron

traps in g-irradiated Ge crystals should be temperature-
dependent(Efn/ sn−1dg=Ec−DGfn/ sn−1dg; DGfn/ sn−1dg
=DHfn/ sn−1dg−TDSfn/ sn−1dg, wheren is the number of
electrons at a defect; andDGfn/ sn−1dg is a change in the
free energy of a crystal accompanying the process of the
defect ionization).17

According to Hall effect measurements, ionization of the
dominant radiation-induced defects occurs in the temperature
range 150–300 K in oxygen-lean donor-dopedsNd

=1013–1015 cm−3d Ge crystals.18,19 These dominant defects
are believed to be theE centers. For the given temperature
range the values of the free energy of electron ionization are
in the range of 0.18–0.22 eV for the radiation-induced elec-
tron traps considered in the present study(Table I). These
values of free energy of electron ionization coincide with
those derived directly from the Hall effect
measurements,7,18–20 indicating that the same electron traps
have been observed by both the Hall-effect and DLTS mea-
surements.

Figure 6 shows changes in normalized values of concen-
tration of the dominant electron traps in the irradiated Ge
crystals upon 30-min isochronal annealing with no potential

TABLE I. Electronic parameters for the dominant radiation-induced electron traps in Ge crystals doped with different donor impurities.
The values of the activation energy for electron emissionsDEned, pre-exponential factorsAned, and apparent capture cross sectionssnad have
been derived from Arrhenius plots ofT2-corrected emission rates determined from Laplace DLTS measurements(Fig. 3). The values of the
activation energy for electron capturesDEsnd and capture cross section extrapolated to 1/T=0 ssn0d have been determined from direct
capture measurements using LDLTS technique(Fig. 5). The values of enthalpysDHd, entropysDSd, and free energysDGd of ionization have
been derived from the combined analysis of the emission and capture data.

Material
DEne,
eV

Ane,
s−1 K−2

sna,
cm2

DEsn,
eV

sn0,
cm2

DH,
eV

DS,
k

DG at
220 K,

eV

Ge:P 0.293 9.63106 2.7310−15 0.07 3.8310−16 0.225 1.95 0.19

Ge:As 0.310 1.13107 2.9310−15 0.065 1.6310−16 0.245 2.9 0.19

Ge:Sb 0.377 2.13107 5.9310−15 0.083 9.2310−17 0.295 4.2 0.215

Ge:Bi 0.349 1.53107 4.2310−15 0.085 1.6310−16 0.265 3.3 0.20

FIG. 4. Dependence of the preexponential factorsAned vs the
activation energy for electron emissionsDEned for T2-corrected
emission rates for the dominant radiation-induced electron traps in
oxygen-lean Ge crystals doped with P, As, Sb, and Bi. TheAne

value for the double acceptor level of the vacancy-oxygen complex
is also shown. The solid line is the linear approximation of the
obtained data.

FIG. 5. Arrhenius plots of capture cross sections for the domi-
nant electron traps ing-irradiated oxygen-lean Ge crystals doped
with P, As, Sb, and Bi. Parameters of the traps derived from the
plots are presented in Table I.
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applied across the layer being annealed. The temperatures at
which the traps anneal out differ in differently doped crys-
tals. An increase in the trap concentration in Bi-doped
samples upon annealing in the temperature range
120–160 °C occurs together with the annealing stage of the
vacancy-oxygen complexessVOd,11,12 whose energy level
has been identified as responsible for a low-temperature
shoulder of the dominant peak in irradiated Bi-doped
samples(spectrum 4 in Fig. 1). This increase is therefore
attributed to the vacancies liberated from unstableVO com-
plexes and then captured by Bi. TheVO complexes in small
concentrations,ø5% of the concentration of dominant
radiation-induced traps, have been detected also in P- and
As-doped Ge samples. In these samples theVO complexes
and the dominant radiation-induced traps disappeared in the
same temperature range upon isochronal annealing.

It should be mentioned that a similar trend in the anneal-
ing behavior(an increase of thermal stability with increasing
atom size of the dopant) was observed for the vacancy-
group-V impurity atom pairs in Si.21,22 However, it is worth
noting that contrary to the Si case,23 annealing out of the
dominant radiation-induced electron trap in Sb-doped Ge
crystals was found to be retarded under the application of
reverse bias.6 It was argued that such an effect in Ge could
be explained assuming that the dominant electron trap is re-
lated to the second acceptor level of the Sb-V pair.6

B. Minority carrier traps in g-irradiated Ge samples doped
with P, As, Sb, and Bi

Figure 7 shows DLTS spectra recorded with the applica-
tion of forward bias minority carrier injection pulses on
g-ray-irradiated Ge samples. No deep level traps with con-
centration higher than 531010 cm−3 have been observed in
the lower part of the gap in as-grown samples. Irradiation
resulted in the appearance in the “injection” DLTS spectra of
a dominant peak and a few minor peaks for all the samples.
The production rates of dominant hole traps due to irradia-
tion have been found to be similar inn-Ge with different

dopants and close to the production rates of dominant elec-
tron trapsfh=s1–2d310−4 cm−1g. In Sb-doped Ge crystals,
the dominant peak with maximum at about 143 K has been
identified recently as related to the first acceptor state of the
Sb-V complex.9 The dominant radiation-induced hole trap in
oxygen-rich Ge crystals(spectrum 5) is related to the
vacancy-oxygen complex.11,12 The high-temperature shoul-
der of the dominant trap in the DLTS spectrum for irradiated
Bi-doped sample(spectrum 4) has been assigned to theVO
complex as the electronic characteristics and annealing be-
havior of this shoulder coincide with those for theVO in
irradiated oxygen-rich Ge crystals.

Laplace DLTS measurements with the application of “in-
jection” pulses have been carried out for the dominant hole
traps in all the irradiated Ge sample. Figure 8 shows Arrhen-
ius plots ofT2-corrected emission rates of holes for the domi-

FIG. 6. Changes in normalized concentrations of the dominant
electron traps ing-irradiated oxygen-lean Ge crystals doped with P,
As, Sb, and Bi upon 30-min isochronal annealing.

FIG. 7. “Injection” DLTS spectra forg-irradiated oxygen-lean
Ge crystals doped with(1) P, (2) As, (3) Sb, and(4) Bi. Spectrum 5
was recorded on ag-irradiated oxygen-rich Ge sample. The spectra
have been vertically displaced for clarity. Measurement settings
wereen=80 s−1, bias −3→ +2.0 V, and pulse duration 1 ms.

FIG. 8. Arrhenius plots ofT2-corrected emission rates for the
dominant hole traps ing-irradiated oxygen-lean Ge crystals doped
with P, As, Sb, and Bi. Parameters of the traps derived from the
plots are presented in Table II.
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nant holes traps. The derived values of the activation energy
for the hole emissionsDEped, preexponential factorssAped,
and the apparent capture cross sectionssspad, are given in
Table II. Unfortunately, because of very fast filling of the
traps with holes under application of “injection” pulses and
uncertainties in the absolute value of the hole flux, we could
not determine the values of hole capture cross section and
enthalpy and entropy of ionization for these traps.

It was shown in our previous article that the dominant
electron and hole traps disappeared simultaneously upon iso-
chronal annealing ofg-irradiated Ge:Sb crystals.8 It has been
found in the present study that the annealing behavior of the
dominant hole traps is essentially the same as the annealing
behavior of the dominant electron traps in Ge samples doped
with P, As, and Bi. For example, Fig. 9 shows changes upon
isochronal annealing in magnitudes of DLTS peaks related to
the dominant electron and hole traps in ag-irradiated Ge:Bi
sample. The results of the isochronal annealing study suggest
that the dominant electron and hole traps should be related to
two energy levels of the same defects in irradiated Ge crys-
tals doped with P, As, Sb, and Bi.

IV. DISCUSSION AND CONCLUSION

It has been argued previously that the dominant electron
and hole traps produced in oxygen-lean Sb-doped Ge by ir-
radiation with60Co g rays at room temperature are associ-
ated with the second and first acceptor levels of the Sb-V
pair.9 Results obtained in the present study give further sup-
port to this assignment and show that the properties and in-
troduction rates of vacancy-group-V-impurity atom pairs are
similar for the defects incorporating different atoms(P, As,
Sb, or Bi). It should be pointed out that the Ge crystals,
which were studied in the present work, were high quality
crystals with a low concentrations,531010 cm−3d of deep
level defects in as-grown materials. The group-V impurities
were the impurities with the highest concentration in the Ge
crystals. As group-V impurity atoms are known to be very
effective traps for vacancies in Si and Ge crystals it is rea-
sonable to expect that the introduction of the vacancy-group-
V-impurity complexes dominates upong irradiation of
oxygen-lean Ge at room temperature. Below we consider the
available evidence from the present study and from previous
work relating to the assignment of the dominant radiation-
induced electron and hole traps in oxygen-lean donor-doped
Ge crystals to the acceptor levels of theE centers.

(i) Concentrations of the dominant radiation-induced elec-
tron and hole traps have been found to be nearly identical
after irradiation and at different stages of isochronal anneal-
ing in the same Ge crystals(Ref. 9 and this work). This
suggests an assignment of the traps to two different energy
levels of the same defect.

(ii ) Introduction rates and electronic properties of the
dominant radiation-induced electron and hole traps are simi-
lar in Ge crystals doped with different donor impurities
(Refs. 7 and 9, and this work). This suggests the similar
nature of the defects responsible for the traps in differently
doped crystals. There are, however, pronounced changes in
the values of enthalpy and entropy of defect ionization for
the traps in Ge crystals doped with different donor atoms.
The changes can be accounted for by the effect of donor
atoms on the electronic properties of the complexes. As the
changes in parameters of the traps are significant one can
assume that the donor atoms should be incorporated into or
to be in the close vicinity of the complexes.

(iii ) The dominant radiation-induced hole trap exhibited
field-enhanced hole emission in Sb-doped Ge crystals.6 This
suggests the acceptor nature of the dominant hole trap.6

(iv) The annealing behavior of the dominant radiation-
induced electron trap in Sb-doped Ge under the application
of reverse bias can be explained consistently assuming the
double acceptor nature of the trap.6

(v) It is known that electron org irradiation ofn-type Ge
results in fast free electron removal andn→p conversion of
conductivity.7,18 This is consistent with the assignment of the
dominant radiation-induced electron and hole traps to the
acceptor levels of a defect, which results from the reaction of
a vacancy with a shallow donor to produce a double accep-
tor. The formation of such a defect in lightly dopedn-Ge is
accompanied by the removal of two electrons from the con-
duction band at room temperature.

(vi) It is well known that irradiation of Si and Ge crys-
tals with 60Co g rays at room temperature results mostly in

TABLE II. Electronic parameters for the dominant radiation-
induced hole traps in Ge crystals doped with different donor impu-
rities. The values of the activation energy for hole emissionsDEped,
pre-exponential factorsAped, and apparent capture cross section
sspad have been derived from Arrhenius plots ofT2-corrected emis-
sion rates measured by Laplace DLTS technique(Fig. 8).

Material DEpe, eV Ape, s−1 K−2 spa, cm2

Ge:P 0.348 1.13108 9.2310−14

Ge:As 0.334 1.053108 8.75310−14

Ge:Sb 0.307 2.23108 1.8310−13

Ge:Bi 0.305 1.53108 1.25310−13

FIG. 9. DLTS spectra of Bi-doped Ge crystals afterg-irradiation
and subsequent 30 min annealing at temperatures(1, 18) 240 °C,
(2, 28) 260 °C,(3, 38) 280 °C, and(4, 48) 300 °C. Measurements
settings wereen=80 s−1 and pulse duration 1 ms for all the spectra.
Bias sequences weres1–4d−5.0→−0.5 V and s18–48d−3.0→
+2.0 V.
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the introduction of intrinsic point defects, vacancies and self-
interstitials. The introduction rates of complex defects such
as divacancies, etc., are much smaller than those of simple
intrinsic defects.7 It has been argued that the first acceptor
level of the Ge vacancy should be at aboutEv+0.20 eV, and
a donor level of the Ge self-interstitial atEc−0.04 eV.24 If
so, in lightly dopedsNd=1013–1015 cm−3d n-Ge crystals at
room temperature(when the Fermi level is close to the mid-
gap), vacancies should be negatively charged and self-
interstitials are positively charged. Consequently, the mobile
negatively charged vacancies should interact effectively with
positively charged group-V-impurity atoms giving rise to the
vacancy-group-V-impurity atom pair. The interaction of posi-
tively charged interstitials with positively charged donor spe-
cies should not be significant because of Coulomb repulsion.

There is an analogy with the established case of defect
reactions in oxygen-leann-Si crystals lightly irradiated with
60Co g rays at room temperature. It was found that in this
case practically all vacancies react with phosphorus atoms
resulting in the formation of vacancy-phosphorus pairs.25,26

(vii ) The activation energy of the electron emission from
the first acceptor level of the Sb-V pair was found to increase
significantly in Si-rich SiGe alloys with increasing Ge con-
tent (from about 0.41 eV in pure Si to about 0.51 in
Si0.75Ge0.25).27,28 It should be pointed out, however, that it
was argued in Ref. 27 that the energy level of the pair is

pinned to the conduction band edge over the alloy composi-
tion range studied. In any case, if the level is pinned to the
conduction band edge or if it is not, the shrinkage of the band
gap with the increase in Ge content in SiGe crystals results in
the movement of the first acceptor level of the Sb-V vacancy
pair towards the valence band. This trend is consistent with
the assignment of the dominant hole trap in the lower part of
the band gap to the first acceptor level of theE center in
irradiated Ge.

(viii ) It was found that the thermal stability ofE centers
in crystalline silicon increases with the increase in the size of
group-V impurity atoms.21,22 A similar situation has been
found to occur for the dominant radiation-induced electron
and hole traps in Ge crystals doped with different donor im-
purities.

The above observations and arguments strongly indicate
that the dominant electron and hole traps, which were ob-
served ing-irradiated oxygen-leann-type Ge, are related to
the second and first acceptor levels of the vacancy–group-V-
impurity atom complex, respectively.
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