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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 Bj in Ge crystals have been investigated. The vacancy-group-V-impurity atom(gairs
centers have been induced by irradiation wifACo y rays and studied by means of capacitance transient
techniques with the use of Au-Ge Schottky barriers. It is argued thaE tbenters 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 enttd8y so, the free energy of the electron ionization,
AG(-—/-)=AH(--/-)-TAS(--/-), changes significantly with temperature. Consequently, the position of the
second acceptor level of tHe centers{E(—-/-)=E.—~AG(--/-)} is temperature dependent. In Ge crystals
having shallow donor concentrations in the rang&20® cm™ 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 E.—(0.18-0.22 eV. Changes in the entropy of ionization and the energy of electron emission for the
double negative state of the centers follow the Meyer-Neldel rule. It has been shown that the directly
measured capture cross sections of electrons at the singly negatively cBargetrs are temperature depen-
dent and can be described by the multiphonon-assisted capture model. The first acceptor levVieloefiiees
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 bamdtype Ge. It is thought that the centers are
responsible for the fast free carrier removal ané p conversion of the conductivity type in oxygen-lean Ge
crystals upon electron- oy-irradiation at room temperature. The thermal stability of Eheenters in Ge has
been found to increase with an increase in the size of donor atoms.
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I. INTRODUCTION 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.

The properties of intrinsic defect&vacancies and self-
interstitialy and their interactions with impurity atoms are
poorly understooq in crysyallinle germanium compared to SiIi'Indeed there is strong evidence that the diffusion of all shal-
con. The recent interest in S|Ge_ alloys and heterostructurgg,; qonor dopantsP, As, Sb, and Biin Ge crystals is va-
and the possibility of using Ge in ultrafast complementarycancy mediated So, the knowledge of details of interactions
metal-oxide-semiconductor devices has brought renewed agf Ge vacancies is extremely important for understanding
tention to the need to study the electronic and thermal propmplant defect removal and the diffusion of shallow donor
erties of defects in Ge crystals. dopants in crystalline Ge and Ge-rich SiGe alloys.

According to recent theoretical calculations, the structure The electronic properties and structure of complexes in-
and electronic properties of the vacancy in Ge are similar tgorporating a vacancy and a group-V-impurity at¢iy As,
those of the vacancy in Si: the vacancy in Ge being predicte&b, or Bj in Ge crystals are not well understofgke Ref. 6
to exist in five charge state6++), (+), (0), (—), and as a recent survey of deep level transient spectroscopy
(—-).%* However, the magnitudes and energies of Jahn¢DLTS) studies on radiation-induced defects in Sh-doped Ge
Teller distortions were found to be smaller for the vacancy incrystals, and references therein, and Ref. 7 as a review of
Ge compared to Si. Comparison with the results for siliconearly results on radiation-induced defects in Ge obtained by
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electrical measuremeiits The vacancy-group-V-impurity 0.20 T
atom pairs in Ge will be referred thereafter Rsenters in Up=-5.0V
analogy with similar centers in silicch. [ Us=-05V
It has been argued in a recent article that the Sb-vacancy 0.15p f=1ms
pair in Ge has three charge states: double negative, single e, =80s"
negative, and neutrdiConsequently, 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 beAG(——/-)=AH(-=/-)-TAS(--/-)
=0.294-4.XT (eV), where AH(--/-) is the enthalpy of
ionization, AS(—-/-) is the entropy of ionization, ank is
Boltzman’s constant. Because of the rather lakgé——/-)
value the position of the second acceptor level ofEheen-
ter {E(——/-)=E.—AG(--/-)} is temperature dependent. In 0.005 T00 150 200 250
Sb-doped Ge crystals witNg,=10-10" cm™ at equilib-
rium conditions half occupancy of the doubly negatively
charged state of the Si-complex occurs when the Fermi  F|G. 1. DLTS spectra for gamma-irradiated oxygen-lean Ge
level is at abouE;—0.21 eV. The first acceptor level of the crystals doped witlil) P, (2) As, (3) Sh, and4) Bi. Spectrum 5 was
E center is in the lower part of the band gap. The activatiorrecorded on a-irradiated oxygen-rich Ge sample. The spectra have
energy of hole emission from tH&(—/0) level has been de- been vertically displaced for clarity. Measurement settings were
termined as 0.31 eV. The formation of one Bldefect re- €,=80 s}, bias -5--0.5 V, and pulse duration 1 ms.
sults in the removal of two charge carriers in lightly Sb-
doped Ge at room temperature. It has been proposed that thag)-Ge Schottky diodes is close to or exceeds the band gap
is one of the main reasons for the fast free carrier removajajue? Such a high barrier results in the appearance of an
and n—p conversion in Ge:Sb upon electron- or jnversion layer with a high concentration of holes near the
y-iradiation at room temperatufeThe ShV complex has  semiconductor surface. Application of forward bias to such
been found to anneal out in the temperature rang@y-Ge diodes results in a flux of holes from the inversion
140-180 °C upon 30-min isochronal anneafing. layer to semiconductor bulk, thus explaining the possibility
In the present paper results of a comprehensive deep levgf recharging of hole traps in the lower part of the band gap
transient spectroscopy study of electronic properties of domiof n-type Ge samples with Au Schottky barriérs.
nant radiation-induced defects in oxygen-lean Ge crystals The samples were irradiated with rays from a®Co
doped with different group-V-impurity atom®, As, Sb, and  source. The irradiation temperature was about 10 °C. Doses
Bi) are given. It has been found that in these Ge crystals thgf jrradiation were in the range ¢1—4) x 10 cm 2. Varia-
vacancy-group-V-impurity atom complexes are the dominantions in the concentration of group-V-impurity atoms were
radiation-induced defects and possess similar electroniggken into account and the doses were chosen so that the
properties. There are some differences, however, in the vakoncentrations of radiation-induced defects were in the range
ues of enthalpy and entropy of defect ionization and in theryf 35 o4 of the shallow donor concentration. Such concen-
mal stability for E centers incorporating different impurity tration ratio of deep-to-shallow defects enables careful
atoms. Laplace DLTS measurements to be déhdsochronal an-
nealing of the irradiated samples has been carried out in the
ll. EXPERIMENTAL DETAILS temperature range 80—300 °C with increments of 20 °C.
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Samples for this study were prepared frartype oxygen-
lean Ge crystals doped with P, As, Sb, and Bi. Concentra- . EXPERIMENTAL RESULTS
tions of shallow donors were in the rangé€l-2) o ) _ o
X 104 cni® in the samples. Concentrations of defects with A. Majority carrier trgps in y-irradiated _Ge samples doped
deep levels were found to be less thar 50° cm™ in as- with P, As, Sb, and Bi
grown materials. Figure 1 shows conventional DLTS spectra for Ge crystals
Schottky diodes for capacitance measurements were falgoped with different group-V elements after irradiation with
ricated by thermal evaporation of Au on surfaces etched in g rays. For the sake of comparison, a DLTS spectrum of a
1HF+10HNGQ, acid mixture. Current-voltaggl-V) and  gamma-irradiated oxygen-rich Ge sample is also shown. It
capacitance-voltagéC-V) measurements at different tem- should be mentioned that no deep level defects with concen-
peratures were carried out in order to check the quality ofrations higher than % 10'° cm™2 have been detected in as-
Au-Ge Schottky barriers and to determine concentration ofrown samples. Irradiation resulted in the appearance of a
noncompensated shallow donors. Deep electronic levelsumber of peaks related to deep level traps in the DLTS
were characterized with conventional DLTS and Laplacespectra. In all the spectra there are a few minor peaks and
DLTS techniqued® Hole traps were studied with the appli- one dominant peak, the maximum of which occurs at differ-
cation of injection pulsesi.e., forward bias pulsesit has ent temperatures for different impurity atoms. The produc-
been shown in a recent study that the barrier height for théion rates of radiation-induced defedtg) associated with
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FIG. 2. Laplace DLTS spectra foy-irradiated oxygen-lean Ge FIG. 3. Arrhenius plots off%-corrected emission rates for the

crystals doped with(1) P, (2) As, (3) Bi, and (4) Sh. The spectra dominant electron traps in-irradiated oxygen-lean Ge crystals
were recorded atl) 160,(2) 165, and(3) 188, and(4) 194 K. The  doped with P, As, Sh, and Bi. Parameters of the traps derived from
spectra have been vertically displaced for clarity. Measurement sethe plots are presented in Table I.

tings were bias —=5--0.5 V and pulse duration 1 ms.

a.(T) = o0 exd—- AE, /KT], 3
the dominant DLTS peaks have been found to be very similar _ k1) =0r0 F{_ /K] _ 3
[#7=(1-2x10%cm*] in materials doped with various WhereAE,, is the energy barrier for capture am, is the
group-V impurities. In Sb-doped Ge crystals, the dominang@pture cross section atT#0. Substitution of Eqs(2) and
peak with maximum at about 192 K has been identified re{3) into Eg. (1) results in
cently as related to the second acceptor state of th& Sb- -
comglex.9 The DLTS spectrum for iF;radiated Bi-doped &n(T) = ona(vn(MIN(MEXH AS/K]exd = (AH + A, )/KT].
sample(spectrum 4 consists of a dominant peak and a rather (4)

stror_wg low-temperature shoullde.r. Tem_perature of the pe_a}gS the(v,)N, product has a temperature dependenc@in
maximum for the shoulder coincides with that for the doml—iS customary in deep level transient spectroscopy to analyze

nant radiation-induced trap in oxygen-rich Ge crystafsec- e so-calledT2-corrected emission rates in accordance with
trum 5). The latter trap has been recently identified as relate e equation

to the vacancy-oxyge(VO) center-:12
Figure 2 shows Laplace DLTS spectra for thrradiated en(T)/T? = Aqeexp(— AE,JKT), ©)

Ge crystals. The spectra were taken at temperatures close\}'\ﬁ1iCh is based on the Eq4). A plot of the e,/ T2 values
. 4). .

! - Yersus 1KT or 1/T (the Arrhenius plot enables a straight-
conventional DLTS results shown in Fig. 1. The LDLTS forward determination of two parametess, X expAS/KT)

spectra look similar and consist of one sharp dominant pealf';indAEne:AH+AEnm which characterize a deep level trap.

Only for the As-doped sample there is an additional minor Arrhenius plots of T?-corrected emission rates derived

peak in the close vicinity of the dominant one. These result .

e ‘ . . rom LDLTS measurements for the dominant electron traps

indicate monoexponential transients related to single well: ~ .. S
. in differently doped Ge samples are shown in Fig. 3. The

defined energy levels.

. values of the activation energy for electron emisqiAg,,),
The rate of thermal emission of electrons from a deep trarl) .

can be written 48 he pre-exponential factdiA,e), and the so-called apparent

capture cross sectiofvy,,, 2= 0no X eXP(AS/K)} are given

en(T) = an(T){vn(T))N(T)exd - AG(T)/KT], (1) in Table I. The measured values &E,,. and A, conform to

the Meyer-Neldel rulé>*®according to which I0A,.) should

be a linear function ofAE,. for similar defects. Figure 4
shows a plot of measured (W,.) values vsAE,, for the

whereg,,(T) is the electron-capture cross sectign,(T)) is
the average thermal velocity of electroMg(T) is the effec-

tive density of states in the conduction band, a@(T) is dominant radiation-induced electron traps in oxygen-lean Ge

the Gibbs free-energy change .for ionization of the Statecrystals together with those for the second acceptor level of
AG(T)=E.(T)-E(T), whereE(T) is the energy level of the the vacancy-oxygen complex in (12

deep state. The Gibbs free energy is related to the changes in | \ya5 shown that the electron capture cross section of the
enthalpy(AH) and entropy(AS) by singly negatively charged SB-complex is temperature de-
AG(T) = AH - TAS. 2 pendent and can be described by an equatigr9.1
(M @ X 107X exp{[-0.083+0.001(eV)]/kT}.® Direct capture
For deep-level defects with multiphonon-assisted captureross section measurements have been carried out for the
process; o(T) can be presented by dominant electron traps in the irradiated Ge crystals with
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TABLE |. 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 emiss$ibs,¢), pre-exponential factaiA,,¢), and apparent capture cross secfiop,) have
been derived from Arrhenius plots ®f-corrected emission rates determined from Laplace DLTS measure(®@nt8). The values of the
activation energy for electron captufAE,,) and capture cross section extrapolated td40 (o, have been determined from direct
capture measurements using LDLTS techni¢fig. 5). The values of enthalp§AH), entropy(AS), and free energyAG) of ionization have
been derived from the combined analysis of the emission and capture data.

AG at
AE,, Ane Ona AE,,, Tros AH, AS, 220 K,
Material eV s1K™2 cm? eV cm? eV k eV
Ge:P 0.293 9.6 10° 2.7x10°15 0.07 3.8 10716 0.225 1.95 0.19
Ge:As 0.310 1.K10 2.9x10°15 0.065 1.6<10716 0.245 2.9 0.19
Ge:Sb 0.377 2.x10 5.9x 10715 0.083 9.2<x10°Y 0.295 4.2 0.215
Ge:Bi 0.349 1.5¢ 10 4.2x 10715 0.085 1.6<10716 0.265 3.3 0.20

different donor species. The capture cross sections have betmaps in y-irradiated Ge crystals should be temperature-

found to be temperature dependent in all the samples. Figudependent(E[n/(n-1)]=E.~AG[n/(n-1)]; AG[n/(n-1)]

5 shows temperature dependencies of capture cross sectionAH[n/(n—1)]-TASn/(n-1)], wheren is the number of

for the E centers iny-irradiated Ge samples doped with electrons at a defect; aniG[n/(n-1)] is a change in the

P, As, Sh, and Bi. In all the samples the temperaturdree energy of a crystal accompanying the process of the

dependencies of the capture cross section can be attributel@fect ionizatioh!’

to multiphonon-assisted capture processes, for whigh According to Hall effect measurements, ionization of the

=00 X exp(—AE,,/kT).2* The values obtained for the energy dominant radiation-induced defects occurs in the temperature

barrier for capturg AE,,) and the capture cross section atrange 150-300 K in oxygen-lean donor-dopey

1/T=0 (o) are presented in Table I. =10%-10"° cm®) Ge crystals®1® These dominant defects
From a combined analysis of emission and capture Hata, are believed to be thE centers. For the given temperature

it is possible to derive the values of enthalpy and entropyange the values of the free energy of electron ionization are

of the defect ionization for all the dominant electron trapsin the range of 0.18—-0.22 eV for the radiation-induced elec-

in y-irradiated Ge crystals. The obtaindd andASvalues  tron traps considered in the present styd@gble ). These

are presented in Table I. It should be noted that the valuegalues of free energy of electron ionization coincide with

of entropy of ionization obtained are significantly higherthose derived directly from the Hall effect

than those for defects in silicon, where the absolute valuegieasurementst®-2Cindicating that the same electron traps

of AS usually do not exceed. Because of the higihS  have been observed by both the Hall-effect and DLTS mea-

values, positions of energy levels of the dominant electrorsurements.
Figure 6 shows changes in normalized values of concen-

T T tration of the dominant electron traps in the irradiated Ge
70 crystals upon 30-min isochronal annealing with no potential
- 10" T T T
® Ge:P
1865 | A GeAs
o v Ge:Sb
= ®  GeBi
16.0F 1 § \\
o
®A center 18
10°F \'\ 4
15.5 L L
0.25 0.30 0.35 0.40
AE,, (eV)
FIG. 4. Dependence of the preexponential fadi@y,) vs the 4.5 5.0 5.5 6.0 6.5
activation energy for electron emissidiAE,) for T?-corrected 1000/T (K™

emission rates for the dominant radiation-induced electron traps in

oxygen-lean Ge crystals doped with P, As, Sb, and Bi. Rhg FIG. 5. Arrhenius plots of capture cross sections for the domi-
value for the double acceptor level of the vacancy-oxygen complexant electron traps in-irradiated oxygen-lean Ge crystals doped
is also shown. The solid line is the linear approximation of thewith P, As, Sh, and Bi. Parameters of the traps derived from the
obtained data. plots are presented in Table I.
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FIG. 7. “Injection” DLTS spectra fory-irradiated oxygen-lean

FIG. 6. Changes in normalized concentrations of the dominane crystals doped wittt) P, (2) As, (3) Sh, and4) Bi. Spectrum 5
electron traps iny-irradiated oxygen-lean Ge crystals doped with P, \yas recorded on a-irradiated oxygen-rich Ge sample. The spectra
As, Sb, and Bi upon 30-min isochronal annealing. have been vertically displaced for clarity. Measurement settings

weree,=80 s, bias -3— +2.0 V, and pulse duration 1 ms.

applied across the layer being annealed. The temperatures at
which the traps anneal out differ in differently doped crys-dopants and close to the production rates of dominant elec-
tals. An increase in the trap concentration in Bi-dopedtron traps[7=(1-2)x10*cm™]. In Sh-doped Ge crystals,
samples upon annealing in the temperature rangéhe dominant peak with maximum at about 143 K has been
120-160 °C occurs together with the annealing stage of thiglentified recently as related to the first acceptor state of the
vacancy-oxygen complexe®/0),112 whose energy level Sb- complex? The dominant radiation-induced hole trap in
has been identified as responsible for a low-temperaturexygen-rich Ge crystalgspectrum % is related to the
shoulder of the dominant peak in irradiated Bi-dopedvacancy-oxygen complei:'2 The high-temperature shoul-
samples(spectrum 4 in Fig. L This increase is therefore der of the dominant trap in the DLTS spectrum for irradiated
attributed to the vacancies liberated from unstalizcom-  Bi-doped samplégspectrum 4 has been assigned to tN©
plexes and then captured by Bi. TR® complexes in small complex as the electronic characteristics and annealing be-
concentrations,<5% of the concentration of dominant havior of this shoulder coincide with those for tMO in
radiation-induced traps, have been detected also in P- arittadiated oxygen-rich Ge crystals.

As-doped Ge samples. In these samples\tiecomplexes Laplace DLTS measurements with the application of “in-
and the dominant radiation-induced traps disappeared in thjection” pulses have been carried out for the dominant hole
same temperature range upon isochronal annealing. traps in all the irradiated Ge sample. Figure 8 shows Arrhen-

It should be mentioned that a similar trend in the annealius plots ofT?-corrected emission rates of holes for the domi-
ing behavior(an increase of thermal stability with increasing

atom size of the dopantwas observed for the vacancy- -2 T y T T T
group-V impurity atom pairs in Sit?2 However, it is worth
noting that contrary to the Si cad&annealing out of the 3k
dominant radiation-induced electron trap in Sb-doped Ge
crystals was found to be retarded under the application of
reverse bia&.It was argued that such an effect in Ge could 4r
be explained assuming that the dominant electron trap is re-
lated to the second acceptor level of the \Bpair8 > 5F
C
B. Minority carrier traps in y-irradiated Ge samples doped sl
with P, As, Sb, and Bi
Figure 7 shows DLTS spectra recorded with the applica- ras
tion of forward bias minority carrier injection pulses on o
y-ray-irradiated Ge samples. No deep level traps with con- 60 65 70 75 80 85

centration higher than % 10'° cm™ 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 F|G. 8. Arrhenius plots off%-corrected emission rates for the
a dominant peak and a few minor peaks for all the samplesiominant hole traps in-irradiated oxygen-lean Ge crystals doped
The production rates of dominant hole traps due to irradiawith P, As, Sh, and Bi. Parameters of the traps derived from the
tion have been found to be similar mGe with different plots are presented in Table II.

1/KT (eV")
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TABLE II. Electronic parameters for the dominant radiation- IV. DISCUSSION AND CONCLUSION
induced hole traps in Ge crystals doped with different donor impu-
rities. The values of the activation energy for hole emissidEe),
pre-exponential factofAe), and apparent capture cross section
(opa) have been derived from Arrhenius plotsBtcorrected emis-
sion rates measured by Laplace DLTS technicfkig. 8).

It has been argued previously that the dominant electron
and hole traps produced in oxygen-lean Sb-doped Ge by ir-
radiation with®’Co vy rays at room temperature are associ-
ated with the second and first acceptor levels of thevSb-
pair® Results obtained in the present study give further sup-
1L 2 port to this assignment and show that the properties and in-
pe S”K Tpar € troduction rates of vacancy-group-V-impurity atom pairs are
GeP 0.348 1.K108 9.2% 10714 similar for the defects incor.porating different atoig® As,
GeAs 0.334 105 10P 8.75x 10-14 sz or Bi. It shquld'be pointed out that the Gg crystal_s,

: : ) i which were studied in the present work, were high quality
Ge:Sb 0.307 2210 1.8x10%° crystals with a low concentratiofi<5 x 101° cm™3) of deep
Ge:Bi 0.305 1.510° 1.25x10°1 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
nant holes traps. The derived values of the activation energgffective traps for vacancies in Si and Ge crystals it is rea-
for the hole emissiolfAE,.), preexponential factoréA,0),  sonable to expect that the introduction of the vacancy-group-
and the apparent capture cross sectiong), are given in  V-impurity complexes dominates upory irradiation of
Table I1l. Unfortunately, because of very fast filing of the oxygen-lean Ge at room temperature. Below we consider the
traps with holes under application of “injection” pulses andavailable evidence from the present study and from previous
uncertainties in the absolute value of the hole flux, we couldvork relating to the assignment of the dominant radiation-
not determine the values of hole capture cross section ariduced electron and hole traps in oxygen-lean donor-doped
enthalpy and entropy of ionization for these traps. Ge crystals to the acceptor levels of teenters.

It was shown in our previous article that the dominant (i) Concentrations of the dominant radiation-induced elec-
electron and hole traps disappeared simultaneously upon is§on and hole traps have been found to be nearly identical
chronal annealing of-irradiated Ge:Sb crystafsit has been  &fter irradiation and at different stages of isochronal anneal-
found in the present study that the annealing behavior of th#19 I the same Ge crystaiRef. 9 and this work This

dominant hole traps is essentially the same as the anneali ggests an assignment of the traps to two different energy

. . - |evels of the same defect.
behavior of the dominant electron traps in Ge samples doped " . . . .
P P P (ii) Introduction rates and electronic properties of the

with P, As, and Bi. For example, Fig. 9 shows changes upon, ‘. O -
isochronal annealing in magnitudes of DLTS peaks related t ominant radiation-induced electron and hole traps are simi-
ar in Ge crystals doped with different donor impurities

the dominant electron and hole traps in-#rradiated Ge:Bi ) . -
; : efs. 7 and 9, and this workThis suggests the similar
sample. The results of the isochronal annealing study sugge@,_?;ture of the defects responsible for the traps in differently

that the dominant electron and hole traps should be related q tals. Th h d ch .
two energy levels of the same defects in irradiated Ge Crys-Oloe crystals. 1Nere are, NOWever, pronounced changes in

Material AE,. eV A

tals doped with P, As, Sb, and BI. the valueg of enthalpy and entropy of_defect ionization for
the traps in Ge crystals doped with different donor atoms.
0.15 i 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
0.10 assume that the donor atoms should be incorporated into or
B to be in the close vicinity of the complexes.
€ 0.05 (i) The dominant radiation-induced hole trap exhibited
g field-enhanced hole emission in Sb-doped Ge cry$talss
S 0.00 suggests the acceptor nature of the dominant holeStrap.
T (iv) The annealing behavior of the dominant radiation-
@ -0.05 o induced electron trap in Sbh-doped Ge under the application
% ' T of reverse hias can be explained consistently assuming the
=) I double acceptor nature of the trap.
-0.10 i (v) It is known that electron oy irradiation ofn-type Ge
! results in fast free electron removal and- p conversion of
-0.15 L

conductivity/"'8 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
FIG. 9. DLTS spectra of Bi-doped Ge crystals affeirradiation & vacancy with a shallow donor to produce a double accep-
and subsequent 30 min annealing at temperat(red’) 240 °c,  tor. The formation of such a defect in lightly dopadGe is
(2,2) 260 °C,(3, 3) 280 °C, and(4, 4') 300 °C. Measurements accompanied by the removal of two electrons from the con-
settings weres,=80 s and pulse duration 1 ms for all the spectra. duction band at room temperature.
Bias sequences werél—4)-5.0—-0.5V and (1'-4)-3.0— (vi) Itis well known that irradiation of Si and Ge crys-
+2.0V. tals with %°Co vy rays at room temperature results mostly in

L L 1
120 140 160 180 200
Temperature (K)
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the introduction of intrinsic point defects, vacancies and selfpinned to the conduction band edge over the alloy composi-
interstitials. The introduction rates of complex defects sucttion range studied. In any case, if the level is pinned to the
as divacancies, etc., are much smaller than those of simplgonduction band edge or if it is not, the shrinkage of the band
intrinsic defects. It has been argued that the first acceptorgap with the increase in Ge content in SiGe crystals results in
level of the Ge vacancy should be at ab&yt0.20 eV, and  the movement of the first acceptor level of the Blacancy
a donor level of the Ge self-interstitial &-0.04 eVZ*If  pajr towards the valence band. This trend is consistent with
s, in lightly doped(Ny=10"*~10" cm™®) n-Ge crystals at  the assignment of the dominant hole trap in the lower part of
room temperaturéwhen the Fermi level is close to the mid- the band gap to the first acceptor level of tRecenter in
gap, vacancies should be negatively charged and selfirradiated Ge.
interstitials are positively charged. Consequently, the mobile (viii) It was found that the thermal stability & centers
negatively charged vacancies should interact effectively withn crystalline silicon increases with the increase in the size of
positively charged group-V-impurity atoms giving rise to the group-V impurity atom&22 A similar situation has been
vacancy-group-V-impurity atom pair. The interaction of posi-found to occur for the dominant radiation-induced electron
tively charged interstitials with positively charged donor spe-and hole traps in Ge crystals doped with different donor im-
cies should not be significant because of Coulomb repulsiorpurities.
There is an analogy with the established case of defect The above observations and arguments strongly indicate

reactions in oxygen-lean-Si crystals lightly irradiated with  that the dominant electron and hole traps, which were ob-

Co vy rays at room temperature. It was found that in thisserved iny-irradiated oxygen-lean-type Ge, are related to

case practically all vacancies react with phosphorus atomge second and first acceptor levels of the vacancy—group-V-
resulting in the formation of vacancy-phosphorus p&irs. impurity atom complex, respectively.

(vii) The activation energy of the electron emission from
the first acceptor level of the Stpair was found to increase ACKNOWLEDGMENTS
significantly in Si-rich SiGe alloys with increasing Ge con-
tent (from about 0.41 eV in pure Si to about 0.51 in Engineering and Physical Sciences Research Council
Siy 746 29.27?8 It should be pointed out, however, that it (EPSRG UK and INTAS-Belarus(Grant No. 03-50-4529
was argued in Ref. 27 that the energy level of the pair isare thanked for their financial support.
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