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Defects in electron-irradiated Ge studied by positron lifetime spectroscopy

A. Polity and F. Rudolf
Fachbereich Physik der Martin-Luther-Universita¨t Halle-Wittenberg, Experimentelle Physik III, Friedemann-Bach-Platz 6,

D-06108 Halle (Saale), Germany
~Received 21 July 1998; revised manuscript received 19 November 1998!

The formation and annealing behavior of electron-irradiation induced defects in germanium were studied.
The undoped Ge samples were irradiated at 4 K with an electron energy of 2 MeV. The fluence was varied
between 1015 and 1019 cm22. Annealing experiments were performed from 90 K. Additional temperature-
dependent positron lifetime measurements after different annealing stages were carried out to make a statement
about charge states of defects and to the presence of shallow positron traps. Two main annealing stages were
observed. The first between 150 and 250 K was attributed to the annealing of Frenkel pairs. The second
annealing stage between 350 and 450 K was observed after irradiation with fluences above 1017 cm22 and was
assigned to annealing of a complex containing a vacancy and an impurity atom. Furthermore, shallow positron
traps were detected after irradiation. This defect type anneals above 330 K in a wide-temperature range.
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I. INTRODUCTION

Point defects as vacancies and interstitials influence
electrical and optical properties of semiconductors and w
investigated by several methods. These defects can be
duced by low-temperature electron irradiation in a reprod
ible manner. Many studies have been performed on ann
ing behavior, structure, and energy levels of irradiatio
induced defects in Ge by electrical measurements
spectroscopic methods.1,2 The results related to the annealin
mechanism of close Frenkel pair,3,4 A center,5,6 and intersti-
tial atom.7,8 In addition, complex defect structures can res
from the possible ionization-induced motion of interstitial9

Vacancylike defects and complexes consisting of dop
and interstitial atoms were in detail investigated in germ
nium after low-dose electron irradiation (<1017cm22) by
spectroscopic methods.1 Undisturbed interstitials could no
be proved as well. X-ray diffraction studies in electro
irradiated germanium (F'1019cm22) show that stable close
Frenkel pairs are formed with a rate of about 1 cm21.10

These defects anneal at 70 K.1 A second annealing stag
between 150 and 200 K was attributed to the neutral vaca
becoming mobil in this temperature range. The other de
complexes anneal above 400 K with the mobility of the
vacancy. The annealing is completed at a temperature of
K.10 The formation of larger vacancy clusters, which we
detected after high-dose irradiation in the high-voltage e
tron microscope11 could not be proved. It was explained b
interaction reactions of defects with doping atoms.

Deep-level transient spectroscopy~DLTS! studies after
electron irradiation show that impurities play an importa
role at the generation of irradiation-induced defects in g
manium. Ito, Ito and Mizuno attributed an annealing stage
about 400 K observed by DLTS to complexes from divac
cies and oxygen.12 Fukuokaet al. investigated defects, which
were formed by room-temperature irradiation~1.5 MeV! in
As-, Sb-, and O-doped Ge, by x-rays, neutrons, a
electrons.13 An annealing stage at 260 °C was assigned to
PRB 590163-1829/99/59~15!/10025~6!/$15.00
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annealing of vacancy clusters. In very pure germanium
irradiation-induced defects are detectable after a tempera
treatment at 200 °C.2

The positron annihilation spectroscopy is a power
method to identify vacancylike defects in electron-irradiat
semiconductors. The efficiency of this method was shown
many cases earlier.14–17A few positron investigations of va
cancylike defects in electron-irradiated Ge were done in
past. A Ge crystal irradiated with 4.4 MeV electrons at 90
was annealed and three stages were observed. The first
at 150 K was attributed to the vacancy-interstitial annihi
tion, the second between 180 and 420 K to the decay o
vacancy complex and the creation of stable complexes,
the annealing of all these defects occurs above 420 K.18 Af-
ter 3-MeV electron irradiation at 20 K the annealing beha
ior was attributed to the annealing of vacancy-oxyg
complexes.19,20This defect disappears partially at 200 K, du
to the migration of interstitial-related defects, and complet
at 550 K when dissociation and evaporation of the comp
occurs. The defect-related positron lifetime was determin
to be 292 ps during the annealing between 77 and 675 K
addition, the average positron lifetime of 279 ps was d
tected at 87 K after 2.5 MeV electron irradiation and w
assigned to saturation trapping of positrons in irradiatio
induced vacancies.15

Calculations of positron lifetime values in germanium r
sult in 229 ps for the bulk, 263 ps for the monovacancy, a
316 ps for the divacancy.21 Figure 1 shows the calculate
ionization levels of the Ge vacancy in the band gap.22 In the
case ofn-conductive or semi-insulating samples, the mon
vacancy is in the neutral or negative state and, theref
detectable by positrons.

Perturbed angular correlation~PAC! of g ray studies led
to the conclusion that interstitials are positively charged
middle-dopedn and p Ge and in highlyn-type material
(ND2NA'631017cm23) they are neutral or negativel
charged.23

In this paper we used positron-lifetime spectroscopy a
10 025 ©1999 The American Physical Society
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10 026 PRB 59A. POLITY AND F. RUDOLF
Hall-effect measurements to investigate systematically
electron fluence dependence (1015...1019cm22) of defect for-
mation and annealing behavior of undoped Ge.

In the following section we summarize the material a
experimental details. The method of positron-lifetime sp
troscopy and its specific features used to study vacancy
fects in semiconductors is shortly described in Sec. III.
Sec. IV we present the results obtained, which are also
cussed in this section. The presentation and the discussio
the results are divided in three sections; Sect. IV A conce
results on annealing experiments, Sec. IV B statements a
the dose dependence, and Sec. IV C the tempera
dependent measurements after different annealing sta
Conclusions are drawn in Sec. V.

II. EXPERIMENTAL PROCEDURE

The samples used in this investigation were initially u
doped germanium single crystals. The net-carrier concen
tion of the as-grown sample was determined to be
31014cm23 at room temperature. Electron irradiations we
performed at 4 K with Van-der-Graaf accelerator in the Fo
schungszentrum Ju¨lich. The incident energy of electrons wa
2 MeV and different irradiation fluences between 1015 and
1019cm22 were used. The samples were mounted at low te
peratures~under liquid nitrogen! in a cryoheater system. Th
annealings were performed isochronally~15 min, 20 K steps!
in the range between 90 and 600 K. After annealing at 33
positron-lifetime measurements and annealings were ca
out in a second cryoheater system in the range betwee
and 630 K. After this treatment some selected samples w
annealed at higher temperatures~up to 700 K! external to the
cryoheater system in a muffle furnace under vacuu
Temperature-dependent measurements after different an
ing steps were also performed from 15 K.

The carrier concentration and mobility were obtained
Hall effect and conductivity measurements carried out
cording to van der Pauw24 at 300 K.

The positron lifetimes were measured with a22NaCl pos-
itron source~'0.5 MBq! sandwiched between a pair of ide
tically treated samples. We worked with a fast-fast coin
dence system~time-resolution full width at half maximum
5260 ps). The spectra contained at least 53106 counts and
they were analyzed in terms of the trapping model25,26 after
the source and background correction.27,28

FIG. 1. The position of the ionization levels of the monovacan
in the band gap of germanium~Ref. 22!.
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III. POSITRON LIFETIME AND DEFECT
CONCENTRATION

The lifetime of positrons produced by22Na can be deter-
mined by the measurement of the time difference betw
the birth of the positron indicated by ag quantum~1.27
MeV! and the death of the positron by annihilation with
electron indicated by annihilation quanta~0.511 MeV!.

Positrons may annihilate from the delocalized grou
state in the perfect lattice or from localized states formed
defects being able to trap positrons. The positron lifetime
the bulktb ~b...bulk! will be measured if no trapping center
locate the positrons during their diffusion through t
sample. In the case of the presence of one type of op
volume defects~e.g., vacancies!, the positrons may be
trapped there with the trapping ratek. The lifetime spectrum
consists then of two exponential decay components. The
itron lifetime in the defecttd ~d...defect! is increased and
therefore, it is larger thantb due to the decrease in the ele
tron density in the defect compared to the bulk. From
experimentally obtained fitting parameterst1 , t2 , and I 2
~lifetimes and intensities!, the positron trapping rate may b
determined by means of the average positron lifetimet̄
5I 1t11I 2t2 with t25td . The positron trapping ratekd
yields the defect concentrationCd , if the constantm ~trap-
ping coefficient! could be obtained at least once by an ind
pendent method~e.g., Hall-effect measurements!,

Cd 5
kd

m
5

1

m•tb

t̄2tb

td2 t̄
. ~1!

The so-called trapping coefficientm depends strongly on
the defect type, defect charge, and possibly on tempera
A compilation of experimental results of the determinati
of trapping coefficients for semiconductors was published
Krause-Rehberg and Leipner.29

A special feature of semiconductors is the occurrence
charged defects. The charge state of a defect in semicon
tors depends on the position of the Fermi level in the ene
gap. The charge gives rise to an additional coulombic tai
the positron potential. As a result, the following situation f
a vacancy appears: Positively charged vacancies are re
sive for positrons, the positron trapping at neutral vacan
defects is distinct, and it is strongly enhanced at nega
vacancies at low temperatures. This temperature depend
of trapping in negatively charged vacancies is due to posit
trapping in and detrapping from extended Rydberg state30

Additionally, shallow positron traps are possible can
dates for positron localization sites. The long-range Coulo
field around negative ions can bind positrons to Rydberg-
states with small binding energies~! 1 eV!. The positron
wave function is only weakly localized. The effectiveness
these shallow positron traps increases at low temperat
due to the small binding energies. Positrons are detrappe
higher temperatures. The annihilation characteristic of po
trons in shallow traps agrees usually with that of free po
trons in the bulk, in contrast to open-volume defects. The
fore, only the temperature dependence of positron lifetime
a result of competition between positron trapping at vac
cies and at negative ions or the decreasing positron diffus

y
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PRB 59 10 027DEFECTS IN ELECTRON-IRRADIATED Ge STUDIED . . .
length is an indication for the presence of shallow posit
traps. The temperature dependence of the positron lifetim
dependent on the charge state of the vacancy defect and
be in various forms. The positron trapping in and detrapp
from the shallow traps are analogous to those of the Rydb
states of negatively charged vacancies and can be desc
exactly the same way.17 Besides negative ions, dislocatio
lines31 and neutral defects~A center in Si!32 can act as shal
low positron traps due to their small open volume.

IV. RESULTS AND DISCUSSION

Undoped germanium grown by the Czochralski meth
was used for the present studies. Before irradiation,
Fermi level of the untreated material was located atEf2Ev
5(27565) meV. This position was unchanged up to an a
nealing temperature of 500 K.

A. Annealing experiments

Figure 2 shows the annealing curves of differen
electron-irradiated Ge in the temperature range between
and 700 K detected by the average positron lifetime. T
measurement temperature was 90 K and thus, equivale
the temperature of the sample installation in the cryohe
system.

A main annealing stage between 150 and 250 K was
served for all of studied samples. The annealing tempera
shifted to higher values with increasing dose. This can
attributed to the additional formation of more complicat
defects by irradiation with a high dose. This annealing st
of the monovacancy at about 200 K was also detected
p-type Ge.19

A defect-related positron lifetime of (28162) ps was de-
composed for the samples irradiated with an electron d
F>1016cm22. This value is typical of a monovacancy. A

FIG. 2. The average positron lifetime as a function of the
nealing temperature in germanium electron irradiated~2 MeV, 4 K!
to different doses. The measurement temperature was 90 K.
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ter irradiation withF51015cm22, the increase of the aver
age positron lifetime was only 2.5 ps and the intensity of
defect component was too low to decompose a defect-rel
positron lifetime. The complete positron trapping in the v
cancy defect was proved for the sample irradiated with
highest dose ofF51019cm22. The calculated value of the
positron lifetime in the monovacancy of 265 ps21 is lower
than the experimental one. But also other experiments y
similar values for the monovacancy: 290, 292, and 2
ps.19,20,15

The Fermi-level position of aboutEf2Ev5300 meV was
determined by Hall-effect measurements at room temp
ture for all of irradiated samples. In this sample state,
monovacancy should be detectable by positrons due to
negative charge according to calculations~see Fig. 1!.22

These results agree with those of perturbed angular co
lation spectroscopy~PACS! studies in electron-irradiated
Ge.33 The annealing of the vacancy was observed at 200
and an annealing stage at 220 K was assigned to the
interstitial.

In addition to the main annealing stage at 200 K, a sec
annealing stage between 350 and 450 K was observed
measurement temperature of 90 K for the sample irradia
with F51019cm22 ~see Fig. 2!. If we consider the isochro-
nal annealing curves measured at room temperature in Fi
this second annealing stage was also detectable for irra
tion dosesF.1017cm22. This means, that the positron trap
ping in vacancies at low temperature~90 K! was influenced
by the trapping in shallow positron traps. The temperatu
dependent measurements of the positron lifetime~see Sec.
IV C! explain this interpretation.

A defect-related positron lifetime of 281 ps was deco
posed in the annealing process above 350 K for our samp
This value is equivalent to this of the monovacancy~see
discussion above!. The formation of the divacancy by mobil

-
FIG. 3. The average positron lifetime in dependence on the

nealing temperature in electron-irradiated Ge. The measurem
were performed at 300 K.
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10 028 PRB 59A. POLITY AND F. RUDOLF
monovacancies was favored in literature10 and the annealing
stage between 400 and 450 K observed by DLTS was at
uted to the annealing of vacancy clusters.2 Another possibil-
ity of the attribution of the annealing stage to a defect i
complex containing a vacancy and an impurity. The form
tion of such thermally more stable complexes was also
served in silicon.34 A further argument for it is the defect
related positron lifetime, which is typical of a monovacanc
The formation of vacancy agglomerates must result in a
nificant increase oft2 .

An acceptor level atEv10.22 eV detected by DLTS an
the annealing of this one in the temperature range betw
370 and 420 K was observed in electron-irradiated undo
p-Ge.12 A suggested model for the defect complex is a
vacancy connected with an oxygen atom, although a c
plex consisting of a monovacancy and oxygen cannot
excluded. The introduction rate of this defect by 2-Me
electrons at room temperature is very small, about
31024 cm21. This means that this defect should be dete
able by positrons only for irradiation dosesF>1018cm22.

From our positron results and the comparison with res
from literature, we conclude that the annealing at 400
observed by positrons can be attributed to the annealin
V-O complexes. This statement is also supported by the
lowing facts: The Ge samples under investigation are no
nally undoped and the main impurity in Czochralski-grow
Ge is oxygen. The defect-related positron lifetime agr
well with this of the monovacancy. The experiments sho
be repeated on ‘‘oxygen-free’’ Ge grown by the floatin
zone method to confirm this interpretation. But it is impo
sible because of the shutdown of the accelerator used
these electron irradiations.

There are two possible defect complexes acting as
vacancylike positron trap V2O and VO. If oxygen occupies a
vacancy, the open volume of the former complex is equi
lent to that of a monovacancy and the latter complex is n
vacancylike defect. Such a behavior was detected in silic
For the V2O complex in silicon, a defect-related positro
lifetime of the monovacancy was measured35 and theA cen-
ter ~VO! acted as a shallow positron trap in Si.32 If oxygen
substitutes a Ge site near the vacancies, the open volum
V2O is similar to that of a divacancy and the VO defect
comparable to the monovacancy. We cannot decide whic
the two defects is responsible for the annealing stage at a
400 K.

The annealing stage at 500 K observed in electron irra
ated p-Ge (r52 Vcm) and assigned to a vacancy-dopa
complex19 could not be detected in undoped germanium.

B. Dose dependence

Figure 4 shows the dependence of the average pos
lifetime measured at 90 K and of the corresponding posit
trapping rate on the irradiation dose. The positron lifetime
defect-free bulk oftb5227 ps was measured in unirradiat
Ge. The average positron lifetime increased with irradiat
dose and it achieved the saturation value of 281 ps foF
>1019cm22.

The vacancy concentration results from Eq.~1! by using
the corresponding trapping coefficientm. The trapping coef-
ficient of the negative Ge vacancy was not experiment
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determined up to now. These irradiation experiments w
not suitable for the determination of this trapping coefficie
because of the lack of the exact defect introduction rate
Ge by electron irradiation. Therefore, only an estimation
vacancy concentrations and introduction rates was perfor
by using a trapping coefficient of 331016s21 determined for
negative Ga vacancies in GaAs at low temperature as a lo
limiting value.36 The estimated Ge vacancy concentration
creased from 3.831014 to 8.631017cm23 in the dose range
under investigation.

The corresponding defect introduction rates decrea
with increasing dose~from 1015 to 1019cm22) and they were
between 0.38 and 0.09 cm21. This behavior could be due to
the increasing damage density, and thus due to the m
probable recombination of defects. But no positron trapp
in shallow positron traps was considered for this estimat
of the vacancy introduction rate. This means that the
clared values represent only lower limits of this introducti
rate. The existence of shallow positron traps is discus
below ~Sec. IV C!.

C. Temperature-dependent investigations

Temperature-dependent measurements of the ave
positron lifetime were carried out for unirradiated mater
and for germanium irradiated with different doses after a
nealing at 230, 330, 450, and 570 K. The positron lifetime
bulk (227.562) ps was measured in the untreated sample
the range from 100 to 550 K. Below 100 K the positro
lifetime increased to 230 ps at a sample temperature of 2
From this behavior we can conclude that the unirradia
sample contained negatively charged open-volume defec
low concentration. With a trapping coefficient of
31016s21,36 the defect concentration can be estimated to
31014cm23. This defect is at least stable up to the highe
measurement temperature of 550 K and can be a comple
a vacancy and an impurity. Besides oxygen, also carbon i
important impurity in Cz-Ge and can form defect complex
of this concentration during the growth.

FIG. 4. The average positron lifetime and the trapping rate
termined at 90 K in dependence on electron dose in Ge.
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PRB 59 10 029DEFECTS IN ELECTRON-IRRADIATED Ge STUDIED . . .
The positron lifetime was dependent on the tempera
for the irradiated samples after all of the annealing steps.
temperature dependencies were most distinctly marked
irradiation with the highest dose and are discussed in
following. Figure 5 shows the average positron lifetime a
function on the sample temperature in undoped Ge irradia
with 2-MeV electrons to a dose ofF51019cm22 and after
isochronal annealing at 230, 330, 450, and 570 K.

After annealing at 230 K the positron lifetime distinct
decreased with decreasing sample temperature between
and 90 K. The main annealing stage is completed in
sample state and the dominating open-volume defect
V-O complex ~see discussion in Sec. IV A!. The course of
the positron lifetime indicated the existence of shallow p
itron traps. The positron trapping in these defects increa
at low temperatures.

After the temperature treatment at 330 K, the sam
could be cooled down to 20 K and the temperature dep
dence of the average positron lifetime was typical of co
petitive positron trapping in negatively charged vacancy
fects and in shallow positron traps. With decreas
temperature, the positron lifetime decreased and reache
100 K a minimum, thent̄ increased again at lower temper
tures. The behavior was similar to that in electron-irradia
silicon.32

The deep positron trap in the samples under investiga
is a V-O complex~see discussion in Sec. IV A!, which is the
dominating vacancy defect after annealing at 330 K. T
negative charge state of this defect agrees with the resul
DLTS investigations. An acceptor level atEv10.22 eV was
determined.12 Shallow traps are negatively charged cent
without open volume or neutral defects with a small op

FIG. 5. The average positron lifetime as a function of t
sample temperature in undoped Ge irradiated with 2-MeV electr
to a dose ofF51019 cm22 and after different annealing steps. Th
solid lines correspond to the trapping model. After annealing at
K negative V-O complexes and shallow positron traps are con
ered and after annealing at 450 K only negative vacancy defect
taken into account.
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volume. In undoped Ge is the only possibility of the inters
tial as an intrinsic defect. But this defect anneals at 220 K33

Therefore, we conclude that an impurity acts as a shal
positron trap. A possible candidate is a defect contain
oxygen such as the VO complex~A center! in silicon,32 for
example.

The fit according to the trapping model taking into a
count a negatively charged vacancylike defect (td5281 ps)
and a negatively charged shallow positron trap descri
qualitatively right the temperature-dependent courses ot̄
after annealing at 330 K~see the solid line in Fig. 5!. Fits
taking into account only negative vacancies or neutral
cancy defects and shallow traps did not agree with the t
perature dependence of the average positron lifetime.
errors of the fit parameters were big due to their mut
dependence. An estimation of the most important parame
was obtained: the positron binding energy to shallow tra
Est570 meV, the concentration of shallow traps,Cst52
31017cm23, the positron binding energy to Rydberg stat
of the V-O complexER510 meV, and the concentration o
this defectCV51.531017cm23.

After annealing at 450 K, the temperature behavior of
positron lifetime changed. Above 200 K, the positron lif
time was constant and the value was close to the bulk l
time of defect-free germanium. Below 200 K,t̄ increased by
10 ps. One can conclude from these results that the sha
positron traps annealed in the temperature range betw
330 and 450 K, and that then negative vacancylike defect
a low concentration were the dominating positron traps. A
taking into account only a negatively charged vacancyl
defect is shown as a solid line in Fig. 5. A defect concent
tion of CV5331016cm23 and a binding energy to the Ryd
berg states ofER514 meV could be determined. The bindin
energy agreed quite good with that value obtained after
nealing at 330 K.

The temperature-dependent course of the average pos
lifetime was shifted to lower values of lifetime after annea
ing at 570 K compared to that after the 450-K treatment.
the temperature range above 150 K the average lifetime
equal to the bulk value, and below 150 Kt̄ still increased.
The vacancy defects did not yet anneal complete. A sim
behavior was observed for unirradiated Ge and thus, the
fects induced during crystal growth made also a contribut
to the temperature dependence.

V. CONCLUSIONS

Annealing experiments in undoped germanium af
2-MeV electron irradiation at 4 K showed two annealing
stages. The main stage at 200 K could be attributed to
mobility of vacancies and interstitials, and therefore, to
recombination of Frenkel pairs. The existence of V-O co
plexes was observed for Ge irradiated to doses ofF
>1018cm22. The disappearance of these defects was
tected in the annealing range at 400 K.

The vacancy introduction rate after 4-K irradiation a
annealing at 90 K decreased with increasing electron d
The temperature of the main annealing stage was simu
neously shifted to higher values. This can be explained
intensified recombination of defects and by formation
more complex defects with increasing damage density.
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Besides vacancylike defects, shallow positron traps w
proved by temperature-dependent positron lifetime meas
ments in electron-irradiated Ge. These irradiation-indu
defects were formed by acceptorlike impurities or neu
substitutional impurities with a small open volume and a
nealed out in the temperature range between 330 and 45
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15R. Würschum, W. Bauer, K. Maier, A. Seeger, and H. E. Scha¨fer,

J. Phys.: Condens. Matter1, 33 ~1989!.
16A. Polity, F. Rudolf, C. Nagel, S. Eichler, and R. Kraus

Rehberg, Phys. Rev. B55, 10 467~1997!.
17A. Polity and T. Engelbrecht, Phys. Rev. B55, 10 480~1997!.
18A. D. Pogrebnyak, V. A. Kuzminikh, and K. P. Arefiev, Phy

Status Solidi B112, K79 ~1982!.
19C. Corbel, P. Moser, and M. Stucky, Ann. Chim.~Paris! 8, 733

~1985!.
20P. Moser, J. L. Pautrat, C. Corbel, and P. Hautoja¨rvi, in Positron
Annihilation, edited by P. C. Jain, R. M. Singru, and P. Gop
nathan~World Scientific, Singapore, 1985!.

21M. J. Puska, inPositron Annihilation, edited by L. Dorikens-
Vanpraet, M. Dorikens, and D. Segers~World Scientific, Sin-
gapore, 1989!.

22M. J. Puska, J. Phys.: Condens. Matter1, 7347~1989!.
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33H. Hässlein, R. Sielemann, and C. Zistl, Phys. Rev. Lett.80, 2626

~1998!.
34J. Bourgoin and M. Lannoo, inPoint Defects in Semiconductor

II, Experimental Aspects, edited by M. Cardona, Vol. 35
~Springer-Verlag, Berlin, 1983!.

35A. Kawasuso, M. Hasegawa, M. Suezawa, S. Yamaguchi, an
Sumino, Appl. Surf. Sci.85, 280 ~1995!.

36C. LeBerre, C. Corbel, M. R. Brozel, S. Kuisma, K. Saarinen, a
P. Hautoja¨rvi, J. Phys.: Condens. Matter6, L759 ~1994!.


