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Defects in electron-irradiated Si studied by positron-lifetime spectroscopy

A. Polity, F. Börner, S. Huth, S. Eichler, and R. Krause-Rehberg
Fachbereich Physik, Universita¨t Halle, D-06099 Halle (Saale), Germany

~Received 20 April 1998; revised manuscript received 13 July 1998!

Differently doped and undoped silicon was irradiated with electrons to study the formation of nonequilib-
rium defects and their annealing behavior. The annealing curves, measured by positron lifetime and also partly
by the shape parameters of the Doppler-broadened annihilation line, depend strongly on the doping concen-
tration and the oxygen content. In addition, temperature-dependent positron-lifetime measurements starting at
15 K were performed after low-temperature and room-temperature irradiation with different doses and in
different annealing states. Shallow positron traps were detected for all conductivity types of irradiated Si.
However, the concentration of shallow traps depends on the crystal-growth procedure. Electron-irradiated
Czochralski-grown samples contain a higher number of shallow traps than electron-irradiated floating-zone-
grown material. Due to the different concentrations of oxygen in these differently grown Si, we conclude that
the oxygen atoms are a part of these traps. A possible candidate is the irradiation-inducedA center. Correlated
infrared-absorption investigations were carried out to support this interpretation.@S0163-1829~98!11239-0#
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I. INTRODUCTION

The primary process at the irradiation with high energe
particles is the formation of a Frenkel pair, i.e., a vacan
and an interstitial. Vacancies in silicon become mobile ab
about 70–170 K, depending on their charge state, and
they anneal out or react with each other to divacancies
with impurities or dopants toA (VO) or E (V1dopant)
centers.1 These complexes start to anneal at temperatu
above 200 K. The vacancies remaining from the comple
by dissociation can cluster during the annealing. Th
electron-irradiation-induced defects in silicon, and its sub
quent annealings, have been the subject of extended inv
gations by standard methods such as EPR~electron paramag
netic resonance!, deep-level transient spectroscopy, a
infrared absorption.2,3 However, the concentration and th
behavior of defects formed by irradiation and during the
nealing process are partly still under discussion.

The positron annihilation technique is a powerful tool
detect vacancylike defects and, therefore, this method is
ten used to study irradiation-induced defects. In additi
negative ions and dislocations can be detected by posit
under certain circumstances. The annealing behavior of
cancies and complexes containing vacancies, and also
temperature dependence of the positron trapping in def
for electron-irradiated silicon, were already investigated
individual examples.4–9 The aim of this work is a systemati
study of the formation of vacancy defects and their annea
behavior in electron-irradiated silicon depending on dop
and impurity concentration. In addition, temperatu
dependent measurements were carried out in different
nealing states to investigate shallow positron traps in silic

The paper is organized as follows. The material and
experimental details are given in Sec. II. The results obtai
and their discussion are presented in Sec. III. Section
summarizes the paper.

II. MATERIAL AND EXPERIMENTAL PROCEDURES

Samples of different types of Si were investigated
positron-lifetime spectroscopy after irradiation with 2-Me
PRB 580163-1829/98/58~16!/10363~15!/$15.00
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electrons and fluences between 1016 and 1019 cm22. The
electron irradiations were performed at 4 K or at room tem-
perature with the Van de Graaff accelerator in the F
schungszentrum Ju¨lich. The characteristics of the sample
and the irradiation conditions are listed in Table I. The loc
tion of the Fermi level in the band gap was determined
Hall-effect measurements at room temperature after irra
tion.

The low-temperature-irradiated samples were mounte
liquid nitrogen in a cryoheater system to prevent warm
up. Then, isochronal annealings~15 min! were performed in
the range from the temperature of sample installation in
cryoheater system~90 K! to the temperature of complet
annealing of vacancy-type positron traps. The positron l
time was always measured at 90 K with the exception
some marked room-temperature measurements. Temp
ture-dependent measurements after different annealing s
were carried out starting at 15 K.

The positron-lifetime spectra were obtained using a fa
fast coincidence system having a time resolution FWH
~full width at half maximum! of 260 ps. The samples wer
sandwiched with the positron source consisting of radio
tive 22Na ~0.5 MBq! covered with two thin~1 mg/cm22! Al
foils. The lifetime spectra, containing at least 33106 counts
per spectrum, were analyzed after source and backgro
correction10,11 in terms of the trapping model.12,13 At low
temperatures, the decomposition of the spectra is spec
difficult due to the intensified trapping in negative vacanc
and in shallow positron traps. Therefore, the spectra w
typically decomposed into two components. The accuracy
the average positron lifetime amounts to about 1 ps, and
of the components is shown in the figures or is mentioned
the text.

The details of the positron trapping in defects and of
positron trapping model were the same as earlier.14,15 Fits
according to this trapping model were applied to te
perature-dependent positron lifetime measurements~see Sec.
III !. Positron trapping in and detrapping from Rydberg sta
of shallow traps and of negatively charged vacan
10 363 © 1998 The American Physical Society
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TABLE I. Characteristics of the investigated Si samples. The specified Fermi levels were determined at a sample temperature
after 4-K electron irradiation.

Sample
no. Doping characteristics

Oxygen conc.
@Oi # (1017 cm23)

irrad. dose
F ~cm22!

irrad. temperature
Tirr ~K!

Fermi level
Ef2Ev ~eV!

1 undoped,r5200V cm 6.0 ~Cz! 1016,...,1019 4, 300 0.55

2 P doped,r55000V cm 0.2 ~FZ! 1018 4, 300 0.56

3 P doped,r50.001V cm 5.0 ~Cz! 1018 4 within conduction band

4 P doped,r50.6V cm 7.6 ~Cz! 1018 4 0.56

5 B doped,r50.0025V cm 7.0 ~Cz! 1018 4 within valence band

6 B doped,r51.3V cm 0.1 ~Fz! 1018 4 0.26

7 B doped,r55.7V cm 8.4 ~Cz! 1018 4 0.63

8 B doped,r50.015V cm 7.0 ~Cz! 1018 4 -

9 B doped,r52.65V cm 7.0 ~Cz! 1018 4 -

10 As doped,r51.2V cm 5.0 ~Cz! 1018 4 0.78

11 As doped,r50.0016V cm 7.0 ~Cz! 1018 4 within conduction band

12 Sb doped,r50.04V cm 6.0 ~Cz! 1018 4 within conduction band

13 Sb doped,r50.009V cm 7.0 ~Cz! 1018 4 within conduction band
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defects and also direct trapping by a vacancy without R
berg states were taken into account in the trapping mod

Some annealing experiments were performed by
variable-energy positron annihilation spectroscopy~slow-
positron beam technique!.16 The Doppler broadening of th
emittedg radiation is mainly caused by the momentum
the annihilating electrons. Thus the shape of the 511-k
annihilation line is sensitive to the electron momentum d
tribution in the solid. This distribution differs in open
volume defects compared to the defect-free bulk. The li
shape parameterS is the measurement quantity in th
conventional Doppler spectroscopy. This annihilation para
eter changes when positrons are trapped in defects. TS
parameter is defined as the ratio between the numbe
counts in the center (51160.8 keV) to the total peak area o
the annihilation line in our experimental setup. Theg anni-
hilation spectrum was recorded with a high-purity Ge det
tor having an energy resolution of 1.5-keV FHWM at 51
keV.

The infrared-absorption measurements were carried o
a Fourier-transform spectrometer~Bruker IFS66!. A halogen
lamp was used as source in the near-IR range. The b
splitter of the Michelson interferometer was made of Ca2.
An InSb detector acted as signal indicator. The range of s
sitivity was 15 000–2000 cm21. A globar produced the ra
diation in the middle IR range, and the beam cutter consis
of KBr. The detector was sensitive in the range betwe
5000 and 400 cm21. The measurements were performed a
resolution of 1 cm21 at a sample temperature of 20 K. Th
temperature was ensured by a cryostat construction w
sample chamber was equipped with KBr windows.

III. RESULTS AND DISCUSSION

Undoped,p-type ~B doped!, and n-type ~P, As, and Sb
doped! silicon samples were investigated after low
-
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temperature~4 K! electron irradiation in the annealing rang
above 90 K. The temperature dependence of the posi
lifetime was also studied after different annealing steps. A
ditional dose and irradiation-temperature-dependent stu
were correlated with IR-absorption measurements to iden
the kind of shallow traps.

A. Undoped silicon

Silicon materials grown by the Czochralski~Cz! and by
the floating-zone~FZ! method were available for the annea
ing studies. The dose-dependent investigations and the
diations at different temperatures were performed for Cz

1. Annealing experiments

The undoped Cz-Si sample wasn type (n'2
31013 cm23) prior to irradiation, and the Fermi levelEf was
located atEv10.76 eV. The Fermi level was shifted in
midgap position atEv10.55 eV by the electron irradiation~2
MeV, 4 K, 1018 cm22). The monovacancy and the divacan
should be negatively charged in this sample state. All sta
ments to the charge states of the monovacancy and d
cancy in this paper are based on our Hall-effect meas
ments and the ionization level schema according
Corbett.17

Figure 1 shows the average positron lifetimet̄, the
defect-related positron lifetimet2 , and the corresponding
intensity I 2 in dependence on the annealing temperature
irradiated undoped Cz-Si. The lines in the figures are gu
for the eye in general. If they represent fits according to
trapping model, it is mentioned in the text and in the resp
tive figure caption.

t̄ increases from the bulk value of 21862 ps, measured
before irradiation treatment, to 260 ps by the electron ir
diation. Two annealing stages at 170 and 270 K were
served. Then, the average positron lifetime weakly increa
above 350 K and it subsequently reaches the bulk value
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wide stage between 500 and 670 K. The defect-related
time is constantt25282 ps up to room temperature.t2 in-
creases in the further course of the annealing and come
to the value of 310 ps at 400 K. The intensityI 2 of the defect
component also reflects the annealing stages.

The first annealing stage can be attributed to the annea
of monovacancies. The defect-related positron lifetimet2
5282 ps) is in a good agreement with the theoretically a
experimentally determined values forVSi .

18,7,4 The anneal-
ing temperature of 170 K is equal to that accepted and
tained by deep-level transient spectroscopy measuremen19

The monovacancy becomes mobile and interacts with o
vacancies or with impurities in this temperature range.2

The second annealing stage at 270 K must be cause
the annealing of a defect, having an open volume simila
that of a monovacancy and being connected with oxyg
These properties must be derived from the defect-rela
positron lifetime,t2528263 ps, and from the absence o
this annealing stage in FZ silicon with a low content of ox
gen ~see Fig. 2!.

The average positron lifetime increases in the tempera
range above 350 K due to the increase in the defect-rel
positron lifetime to 310 ps, which is typical of a divacanc
The calculated positron lifetime of the divacancy is 306 ps18

and the experimentally determined values are in the ra
from 318 to 327 ps.20–22 The annealing range of the invest
gated sample~see Fig. 1! agrees with the annealing range
the divacancy between 450 and 623 K which was found
EPR measurements.23 Therefore, we conclude in agreeme
to earlier results that the divacancy is formed above 350
and anneals between 500 and 650 K.

FIG. 1. The average positron lifetime, the defect-related po
tron lifetime, and the corresponding intensity as functions of
nealing temperature for electron-irradiated~2 MeV, 4 K,
1018 cm22) undoped Cz-Si. The positron measurements were
formed at 90 K.tb is the bulk lifetime. The different symbols fo
the intensity indicate the different defect types~monovacancy and
divacancy!.
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Figure 2 shows the annealing behavior of electro
irradiated~2 MeV, 4 K, 1018 cm22) FZ-Si. The sample is
nominally phosphorus doped, but the specific resistivity
5000V cm and, thus, the phosphorus concentration is low
than 1012 cm23. Therefore, the influence of the dopant on t
positron lifetime can be neglected, and the sample can
considered as undoped. The position of the Fermi level w
measured to beEv10.56 eV after irradiation and annealin
up to 300 K analogous to Cz-Si. Then the monovacancy
the divacancy are negatively charged.

The average positron lifetime of 277 ps after electron
radiation and annealing at 90 K is distinctly higher compa
to the value measured for Cz silicon. This is because of
higher concentration of shallow positron traps in Cz-Si~see
discussion in Sec. III A 2!. These shallow traps decrease t
average positron lifetime at low temperatures. Assuming t
the negatively charged monovacancy with the defect-rela
positron lifetime oftV5t25282 ps is the dominant positro
trap in FZ silicon at 90 K, the positron trapping rate ofkV
5531010 s21 can be calculated. Then, by means of

CV5
kV

m
5

1

mtb

t̄2tb

tV2 t̄
, ~1!

the vacancy concentration ofCV51.531017 cm23 can be es-
timated with the trapping coefficient ofm51.831016 s21 for
negatively chargedVP centers.24 This value was used be
cause no experimentally determined trapping coefficient
the monovacancy in silicon is known. It follows that th
introduction rate of monovacancies is 0.15 cm21. This value
is high compared with values of 0.03 cm21 for p-Si and
0.003 cm21 for n-Si determined by EPR measurement2

The defect introduction rates in Si were recently discusse
the literature. A Huang diffuse scattering study resulted i
total introduction rate of 1 cm21.25

Two distinct annealing stages at 170 and 450 K w
observed for FZ-Si. These stages can be attributed to
annealing of monovacancies and divacancies. The stag
270 K, which was observed for Cz-Si, was very weakly d
tected. The main difference between FZ- and Cz–Si is
oxygen content, and, therefore, we conclude that this ann
ing effect at 270 K is due to oxygen. The defect-relat

i-
-

r-

FIG. 2. Change of the average positron lifetime with the anne
ing temperature in electron-irradiated~2 MeV, 4 K, 1018 cm22)
undoped FZ-Si. The measurement temperature was 90 K.
dashed line indicates the bulk lifetimetb .
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10 366 PRB 58A. POLITY et al.
positron lifetime for electron-irradiated FZ-Si cannot
separated up to 200 K due to the nearly complete posi
trapping in vacancies. Above an annealing temperature
about 200 K,t25300 ps. This value can be considered as
average of the defect-related lifetimes of divacancies
monovacancylike defects. Monovacancies agglomerate o
teract with oxygen if they become mobile. The divacancy
the dominant defect in FZ silicon after annealing at ab
200 K due to the low oxygen concentration.

2. Temperature-dependent investigations

Temperature-dependent positron-lifetime measurem
were performed after different annealing treatments in
doped Cz- and FZ-Si after electron irradiation (E52 MeV,
Tirr54 K, F51018 cm22). The positron lifetime depend
distinctly on temperature. However, the observed temp
ture dependence of average positron lifetime is differ
from the one expected for negatively charged open-volu
defects, such as irradiation-induced vacancies and diva
cies. It is rather typical for the competitive trapping in v
cancies and in shallow traps.

Figure 3 shows temperature-dependent measuremen
ter different annealing steps for electron-irradiated Cz-
The positron lifetime increases up to 100 K with decreas
temperature. This behavior can be attributed to negativ
charged vacancy defects. After annealing at 360 K,
monovacancies vanished and divacancies were formed.
positron lifetime in the defect was determined to be 3
65 ps. This value is in good agreement with calculated,
also earlier measured positron lifetimes in
divacancies.26,20 Below a measurement temperature of 1
K, the positron lifetime at first decreases due to the effecti
ness of shallow positron traps. After the disappearance o
detrapping from these defects below 60 K~see Fig. 3!, the

FIG. 3. Average positron lifetime as a function of the sam
temperature in electron-irradiated (E52 MeV, Tirr54 K, F
51018 cm22) Czochralski-grown Si after different annealing step
The lines correspond to fits according to the trapping model.
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negative divacancies act as dominant trapping centers
the positron lifetime continues to increase.

The temperature-dependent average positron lifetime
fitted to the trapping model.12,13 Two negatively charged de
fect types~shallow traps and divacancies! were taken into
account. At first, free fits were performed. Then the me
values of positron binding energies of Rydberg states of
shallow traps and of the vacancy defects, and both trapp
coefficients were fixed in the following fit procedures. Th
mean positron binding energy of shallow traps was de
mined to beEst548.6610.0 meV and of the precursor Ryd
berg state of vacancy defectsER522.467.8 meV. The mean
trapping coefficient at 25 K of shallow traps wasmst05(9
64)31017 s21 and of the Rydberg states of negative vaca
ciesmR05(763)31016 s21. Table II summarizes the othe
most important fitting parameters. As mentioned above,
has to assess the uncertainties in the fitting procedure
critical due to the partial correlation of the fitting paramete
Since the fitting results are in rational restrictions, it is po
sible to draw qualitative conclusions.

It is obvious from the fitting results that the concentr
tions of divacancies and also of shallow traps decrease
ing annealing. This annealing behavior is also visible in F
3. The average positron lifetime decreases with increas
annealing temperature in the whole temperature range,
the minimum between 40 and 100 K is not as pronounced
before. After annealing at 670 K, only a weak shoulder
detectable in this temperature range.

Figure 4 shows results of analogous temperatu
dependent measurements on FZ-Si. The average pos
lifetime increases with decreasing temperature, and at a
75 K a small plateau was observed. This weak indication
a curve minimum is a hint to a lower concentration of sh
low traps than found in Cz-Si. The fits to the positron lif
time according to the trapping model~shallow positron traps
and negative divacancies! are drawn in Fig. 4 as solid lines
The average binding energies areEst548610 meV andER
52568 meV. These values are in good agreement with
ones of Cz-Si. The other important results are summarize
Table III.

Here the concentration of both defect types also decre
with increasing annealing temperature, which is also
tected by average positron lifetime~see Fig. 4!. The differ-
ence between Cz and FZ materials is the concentration
shallow traps. FZ-Si contains only about the fourth part
this defect type. This dependence was also found in do
material. The only difference between these Si material
the concentration of oxygen and, therefore, we conclude
shallow traps are directly connected with oxygen. Consid

.

TABLE II. Annealing temperatureTa and fitted values for con-
centration of shallow trapsCst and vacancy defectsCV in electron-
irradiated undoped Cz-Si. The irradiation was performed at 4
with 2-MeV electrons and a dose of 1018 cm22.

Ta ~K! Cst (1016 cm23) CV (1016 cm23)

360 4.9561.86 21.6068.52
430 4.8862.37 21.4769.22
580 1.8260.43 4.8561.15
670 1.0360.37 1.9460.65
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ing that oxygen in its usual interstitial configuration in Si
electrically inactive, we can consequently conclude that o
gen is only a constituent of these shallow traps. Shal
traps should also be irradiation induced, since a negativ
charged defect with such a high concentration is unkno
for as-grown material. A further possible explanation cou
be that a neutral defect with small open volume forms
shallow potential from which positrons can escape at h
temperatures after its trapping. TheA center is a candidate
for this trap in weaklyn-conductive, semi-insulating, an
p-type silicon.

The existence of shallow positron traps inn-type Cz sili-
con after room-temperature irradiation was earlier detec
by temperature-dependent measurements.5 These defects
were attributed to the negatively chargedA center with a
lifetime close to the bulk value, 225 ps. In slightlyn- and
p-type materials and also in FZ-Si, no shallow positron tra
were observed up till now. TheA center has an ionization
level 0/2 at 170 meV below the conduction band edge27

This means that theA center is neutral in our undoped an
p-type samples which were compensated after irradiation
remained ofp type, respectively~see Table I!.

FIG. 4. The temperature-dependent average positron lifetim
floating-zone-grown Si after low-temperature irradiation with
MeV electrons (1018 cm22) at different annealing states. The line
are trapping-model fits~see text!.

TABLE III. Annealing temperatureTa and fitted values for con-
centration of shallow trapsCst and vacancy defectsCV in FZ-Si
after 2-MeV electron irradiation at 4 K to a dose of 1018 cm22.

Ta ~K! Cst (1016 cm23) CV (1016 cm23)

360 1.5260.25 11.2661.83
430 0.9760.25 6.4761.56
580 1.2160.35 7.6862.07
670 0.9460.31 3.0360.90
-
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In order to act as a shallow positron trap, it is usua
assumed that a non-open-volume defect must carry a n
tive charge. The positron is then captured by a shallow C
lomb potential at low temperatures. TheA center does not
form such a potential in its neutral charge state. Neverthe
it may be an effective shallow trap. The attraction betwe
the positron and theA center is only based on the open vo
ume which, however, is rather small for this particul
defect.27 Thus, the positron binding energy must be sm
and the defect-related lifetime is very close to the bulk li
time of a defect-free sample. A similar case was predic
for the positron trapping in an undisturbed dislocation line28

3. Dose and irradiation-temperature dependence
of positron trapping behavior in Si

Dose-dependent positron-lifetime measurements a
irradiation at different temperatures~4 and 300 K! corre-
lated with infrared-absorption studies were performed
identify the shallow positron traps. Figure 5 shows t
temperature-dependent positron lifetime in Cz-Si after
MeV electron irradiation at 4 K, subsequently annealed
300 K, and after irradiation at 300 K with different dose
(1016,...,1019 cm22).

The fundamental course of the temperature dependenc
t̄ is independent of the irradiation temperature, and typica
the simultaneous positron trapping in deep and shallow tr
~see the discussion in Sec. III A 2!. The average positron
lifetime increases when lowering the sample temperature
the range from 300 to 100 K due to negatively charged
cancy defects. Thent̄ decreases in the range down to abo
60 K due to the shallow traps, and it increases again to 20

The average positron lifetime increases when raising
dose in the whole measurement range for both irradia
temperatures. This means that the concentration of vaca
defects increases. We can also conclude that the conce
tion of shallow positron traps increases by irradiation b

in

FIG. 5. A comparison between the positron trapping behavio
undoped Cz-Si after irradiation at room temperature and at 4
~subsequent annealing at 300 K! with different doses (F
51016,...,1019 cm22, E52 MeV). The solid lines correspond to th
trapping model taking into account a negatively charged vaca
defect and a negative ion as shallow positron trap. The dashed
shows the fit which considers a negatively charged vacancy a
neutral defect with a small open volume acting as a shallow tra



ct
ra
r
e
he
an

n

th

rg

em
in
ar
ts
co
o
ag
lo

m
e

e
ct

w
in
d
e

ar
in

ng
tro
er
ue

o
d

es
an
o
ap

te
ro
nt
ec

ng

s
e
a

ra-

at
on-

re
on

fter

in-

ia-
s of

ces
nt

nd
rra-

on
om-
om-

ng
ract

all
ely
ved

is

dia-
ni-
va-
e in

ncy
lso

nal

10 368 PRB 58A. POLITY et al.
cause the competitive trapping in shallow traps was dete
for all doses. A difference caused by the irradiation tempe
ture is the higher positron lifetime after room-temperatu
irradiation in the whole temperature range and for all dos
It is possible that the ratio of the concentrations of t
irradiation-induced neutral and negatively charged divac
cies and shallow traps causes this behavior.

Fits according to the trapping model taking into accou
negatively charged divacancies (td5305 ps) and negatively
charged shallow positron traps in principle describe
temperature-dependent courses oft̄ ~see Fig. 5!. The result-
ing positron binding energies to shallow traps,Est555.3
610.3 meV for low-temperature irradiation andEst566.8
69.8 meV for the 300-K irradiation, and that of the Rydbe
states of the negative vacancy defects,ER524.869.0 meV
for the 4-K irradiation andER520.468.3 meV for the room-
temperature irradiation, are in a good agreement. It se
that the same defect types give rise to the positron trapp

The quantitative fit results of defect concentrations
statistically unsafe. Nevertheless, as general statemen
can be concluded that the vacancy and the shallow trap
centrations increase with increasing dose, and that the p
tron trapping rate of shallow traps is about one order of m
nitude higher than that of negative vacancy defects at
temperatures. In addition, the fits result in an increase inCV
and Cst by one order of magnitude in the dose range fro
1016 to 1018 cm22 after low-temperature irradiation. Then th
defect concentrations again increase tenfold at a dos
1019 cm22. After room-temperature irradiation, the defe
concentrations evenly increase.

Considering that the neutralA center can act as a shallo
trap due to the small open volume, we modified the trapp
model and also took into account a negative vacancy an
neutral trap from which positrons are strongly detrapp
with increasing temperature. The fits yield curves which
similar to that of the other model. An example is shown
Fig. 5 for the dose of 1019 cm22 after 4-K irradiation. The
dashed line corresponds to the trapping model consideri
negative vacancy and a neutral shallow trap. The posi
binding energies both of the shallow trap and of the Rydb
state of the vacancy are likewise shifted to higher val
after low- and room-temperature irradiation. The increase
the defect concentration with increasing dose and the
crease with progressive annealing is also an analogous r
of the fits. Thus, one cannot distinguish between neutral
negative shallow traps by the temperature-dependent p
tron lifetime measurements and by fits according to the tr
ping model.

In summary of positron results, it may be said that af
electron irradiation divacancy defects and shallow posit
traps connected with oxygen can be observed independe
irradiation temperature. The concentration of both def
types increases with the dose.

4. Dose and irradiation-temperature dependence
of IR absorption in Si

IR-absorption measurements in the wave number ra
from 400 to 5000 cm21 ~resolution: 1 cm21! were performed
for all eight samples~two different irradiation temperature
and four different doses! at 20 K. Figure 6 shows the dos
dependence of the intensity of the local vibrational mode
ed
-

e
s.

-

t

e

s
g.
e
, it
n-
si-
-

w

of

g
a

d
e

a
n
g
s
f

e-
ult
d

si-
-

r
n
of
t

e

t

835 cm21 being typical of the neutralA center,29 and with its
concentration in arbitrary units for both irradiation tempe
tures in electron-irradiated silicon. Other complexes asVO2,
VO3, V2O, and so on, usually appearing after annealing
higher temperatures, are not detectable in our electr
irradiated silicon.

The neutralA center is detectable after room-temperatu
irradiation in all Cz silicon samples, and its concentrati
increases with the electron dose.CA is proportional toF0.6.
The introduction rate of the neutralA center is lower at low-
temperature irradiation. This defect was not observed a
4-K irradiation with a dose ofF51016 cm22 by IR-
absorption measurements. The concentration linearly
creases in the dose range between 1017 and 1019 cm22.
Therefore, the concentration difference for the two irrad
tion temperatures decreases from more than two order
magnitude to a factor 2 in the investigated dose range.

A possible explanation of the different dose dependen
of the A center concentration would be that two differe
defect formation processes happen. First, theA center is di-
rectly formed by the irradiation proportional to the dose, a
this process is the dominating one at low-temperature i
diation. The second possibility is the formation of theA cen-
ter with a threshold energy which is above the migrati
energy of monovacancies. This process is possible at ro
temperature irradiation. The vacancies are mobile, and c
bine with interstitial oxygen, and theA center concentration
is increased. After low-temperature irradiation and followi
annealing, the monovacancies become mobile and inte
with each other before the threshold energy of theA center
formation is reached.

The IR-absorption measurements also show that in
electron irradiated Cz-Si samples neutral and negativ
charged divacancies simultaneously exist. This was pro
by the detection of the absorption band at 0.34 eV which
assigned to the negatively charged divacancy,30 and the band
at 0.73 eV which is attributed to the neutral divacancy.31 The
defect concentrations induced by room-temperature irra
tion and by 4-K irradiation are in the same order of mag
tude, and the maximum difference is a factor 3. The di
cancy concentrations increase 2–3 orders of magnitud
the dose range from 1016 to 1019 cm22. The rise of the con-
centration of both the neutral and the negative divaca
increases by low-temperature irradiation. This result was a

FIG. 6. Dose dependence of the intensity of the local vibratio
mode of the neutralA center~835 cm21! for different irradiation
temperatures in Cz-Si.
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obtained from the fits of the positron lifetime according
the trapping model. It has to be noted that neutral divac
cies were not taken into account in this model.

We can draw several conclusions from the correlated
absorption and positron-lifetime measurements. If the neu
A center acts as a shallow positron trap, the temperature
pendence of the average positron lifetime in Cz silicon el
tron irradiated at room temperature can be explained. B
the concentration of the divacancy and theA center evenly
increases in the dose range of 1016,...,1019 cm22.

After low-temperature irradiation, the concentration of t
A center is distinctly lower especially at weak doses. In or
to explain the positron results, the concentration ratio of d
and shallow positron traps must be similar to that after roo
temperature irradiation. This means that the neutralA center
must not be the only shallow positron trap induced by 4
irradiation. Other possible candidates for a shallow posit
trap are modifiedA centers as complexes from anA center,
and interstitial Si or impurities as carbon. Also, defects ca
ing a lattice dilatation and acting like a dislocation are p
sible candidates. OiSii defects, being stable up to 300 °
were observed by IR absorption in Cz silizium.32 However,
the corresponding local vibrational mode33 at 936 cm21 was
not observed in the samples under investigation.

In addition, the decrease in theA center concentration in
the annealing range between 360 and 570 K~see Figs. 3 and
4, and the discussion in Sec. III A 2! points to theA center
acting as a shallow trap. The annealing temperature of
VO complex was determined to be about 570 K by I
absorption measurements.29

B. p-type silicon

The annealing behavior of five differently boron-dop
samples after electron irradiation was studied at a meas
ment temperature of 90 K, or partly at room temperature
addition, the sample-temperature dependence of the pos
trapping was investigated for several examples.

1. Annealing behavior

The annealing behavior of differently boron-doped silic
after electron irradiation~2 MeV, 4 K, 1018 cm22) is shown
in Fig. 7. The dependence of the average positron lifetime
the annealing temperature distinctly shows the influence
the oxygen content and doping concentration.

The weakly doped FZ sample (r51.3V cm, d! was p
conductive (p5831015 cm23), and the Fermi level was a
Ev10.21 eV. After irradiation and annealing up to roo
temperature, the position of the Fermi level was additiona
determined to beEv10.26 eV by Hall-effect measurement
This value differs only slightly from that of the unirradiate
sample. An explanation is that the irradiation-induced
fects anneal out below 300 K~see Fig. 7!, and thus the shift
of the Fermi level is also reversible.

The average positron lifetime is 235 ps at 90 K after ir
diation, and this value is lower thant̄ in irradiatedn-type
silicon. It can be caused by different charge states of
detected vacancies. Inp-type material, the monovacancy
neutral and the trapping coefficient is 1–2 orders of mag
tude smaller than for negatively charged monovacancie
low temperatures.34 Assuming that the trapping coefficient o
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the neutral Si vacancy is 6.831014 s21 as being determined
for the neutralVP complex,24 one can estimate the vacanc
concentration to be 1.131017 cm23 by using Eq.~1!. This
concentration is in a good agreement with the estimated
cancy concentrations in undoped andn-type silicon ~see
Secs. III A 1 and III C 1!. This means that the introductio
rate of vacancies is independent of the conduction type
silicon.

The annealing curve of the weakly doped FZ sam
shows the end of an annealing stage at 115 K and a m
stage at 170 K. After a temperature treatment at 200 K,
positron lifetime of silicon bulk was measured. The ma
stage can be attributed to the annealing of monovacancie
agreement with electrical and EPR measurements.35,36 An
annealing stage at 100 K was also detected by electrical m
surements. It was assigned to a defect complex with
thermal stability.35 This defect should be connected with
divacancy produced as the primary irradiation-induced
fect, because it was only observed after 2.5-MeV elect
irradiation, and it was not detected after 1-MeV irradiatio
The annealing shown by positrons at 115 K can be cause
these 2-MeV electron-induced complexes.

The annealing behavior of Cz-Si:B with a comparab
doping concentration (r55.7V cm, j! is completely dif-
ferent. Prior to irradiation, the sample wasp type (p52.5
31015 cm23), and the Fermi level was located atEv
10.22 eV. The Fermi level was shifted toward midgap p
sition by irradiation-induced defects, and then it was loca
at Ev10.63 eV. Monovacancies and divacancies are ne
tively charged in this sample state. The average positron
time is 260 ps after irradiation, and annealing up to the
stallation temperature of 90 K. This value was also obser
in n-type Cz-Si after low-temperature electron irradiati

FIG. 7. The average positron lifetime measured at 90 K a
function of annealing temperature for differently boron-doped s
con after irradiation to a dose of 1018 cm22 at 4 K with 2-MeV
electrons.
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10 370 PRB 58A. POLITY et al.
with a fluence of 1018 cm22 ~see Sec. III C!. The influence of
shallow positron traps which reduce the average posi
lifetime at low measurement temperatures will be discus
below.

The defect-related positron lifetime is constant 288
during the annealing in the temperature range between
and 350 K. This value can be considered to be an averag
different defect types. The first annealing stage at 170
shows the disappearance of monovacancies. A broad an
ing was observed between 200 and 475 K, which can
subdivided into three weak annealing stages at 250, 350,
450 K. In this B-doped, oxygen-rich sample various def
complexes were formed during the irradiation and anneal
A part of the monovacancies reacts with substitutional bo
and producesE centers (VB) during the electron irradiation
These boron-vacancy complexes differ from otherE centers,
because the boron atom occupies the next-nearest-neig
positron.2 Therefore, no influence of boron can be expec
on the defect-related positron lifetime compared to the s
cific lifetime of the monovacancy. EPR investigatio
showed the decomposition ofVB complexes below room
temperature.2 In this temperature range, interstitial boro
also becomes mobile. Thermally more stable defect co
plexes containing vacancies, boron, and oxygen~A center,
divacancy, etc.! can be formed during these processes. Af
annealing at 475 K, no vacancylike defects can be dete
by positrons. Therefore, the annealing of vacancylike de
complexes in boron-doped Cz-Si occurs at lower tempera
compared to phosphorus-doped Cz-Si.

The very highly B-doped sample (r50.0025V cm, n!
was stronglyp conductive (p5431019 cm23) before elec-
tron irradiation, and the Fermi level was located within t
valence band. The irradiation caused no shift of the Fe
level, the sample remained in the degenerate state. In
sample state, the isolated monovacancies and divacancie
positively charged and cannot trap positrons. The aver
positron lifetime was 231 ps at 90 K, and the defect-rela
positron lifetime oft25285 ps is typical of a monovacancy
This component can be attributed to theVB complex which
will be formed by low-temperature electron irradiation.35,2

The average positron lifetime is constant up to an ann
ing temperature of 150 K, and then it steeply increases
245 ps in the range up to 170 K. The concentration of
tectable vacancylike defects increases by the mobility
monovacancies and thus, by the formation of neutral
negatively charged vacancylike complexes. The average
itron lifetime additionally increases above 250 K. In th
temperature range, theE center disintegrates and then th
free vacancies can agglomerate to defects with larger o
volume.

A broad annealing stage between 340 and 475 K was
observed by analogy with the weakly B-doped sampler
55.7V cm, j!. The defect-related positron lifetime is con
stant 285 ps up to an annealing temperature of 400 K. Mo
vacancylike defects connected with boron and/or oxygen
the dominant positron traps. Above a temperature of 420
the defect-related positron lifetime increases to 305610 ps.
The value is characteristic of a divacancy which anneals
between 450 and 620 K.23,37 Isolated divacancies are pos
tively charged in our sample. Therefore, the positron tr
ping center must be a divacancylike complex with bor
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and/or oxygen. This defect is less stable than the divaca
because it is not observable after annealing at 500 K a
measurement temperature of 90 K.

Temperature-dependent positron-lifetime measureme
nevertheless, show the existence of shallow positron tr
~see Fig. 10! which mask the signal of vacancy defects. N
all vacancylike defects are annealed after a treatment at
K ~see also discussion below!. Also, electrical measurement
showed a broad annealing stage between 470 and 80035

This was interpreted as a combination of different annea
processes depending on electron energy during the l
temperature irradiation.

In addition, correlated IR-absorption measuremen
positron-lifetime measurements, and measurements of
Doppler broadening of the annihilation line were carried o
in Cz-Si:B with different boron content after low
temperature irradiation~4 K, 2 MeV, 1018 cm22) and follow-
ing annealing at 300 K. Figures 8 and 9 show the dep
dences of the average positron lifetime and the line-sh
parameterS on the annealing temperature for these samp
determined at room temperature. In addition, Fig. 8 sho
the annealing of the negatively charged divacancy obser
by the decrease of the absorption band at 0.34 eV.30

The first annealing stage up to 500 K was also observe
Cz-Si:B by positrons at a measurement temperature of 9
~see Fig. 7!. This main stage above room temperature w
assigned to the annealing of the divacancy, theE center, and
other complexes containing vacancies, boron, and/or oxyg
For instance, the annealing of the negatively charged d
cancy observed by IR spectroscopy occurs in the same
perature range. At annealing temperatures above 500
positron lifetime near the bulk lifetime was measured at
K. In contrast, the investigations at room temperature sh
an increased average positron lifetime compared to the b
value and, therefore, they prove a distinct positron trapp
in deep traps at this state of the samples. This differenc
due to the effectiveness of shallow positron traps~B acceptor
and A center! at the low measurement temperature of 90
~see the discussion in Sec. III B 2!, accordingly the positron
trapping in vacancylike defects is hidden.

The average positron lifetime measured at 300 K wea
increases in the annealing range between about 500 and
K for the two samples with the higher boron content~n and
l; see Fig. 8!. Above 700 K,t̄ decreases, and reaches t
bulk value at about 950 K. The average positron lifetime
temperature independent in this annealed sample state.
defect component was determined to be 29363 ps above an
annealing temperature of 500 K. This value points to mo
vacancylike and divacancylike defects, but an exact ass
ment to a defect type cannot be found from these results.
can assume that defects with an open volume similar to
of a monovacancy or divacancy anneal out in the tempe
ture range between 700 and 950 K. These defects are
mally very stable. From EPR studies it is known that f
instanceV3O2 defects anneal at 870 K.38

The annealing of positron-sensitive defects is alrea
completed at about 750 K for the weakly boron-dop
sample~s; see Fig. 8!. This can be a hint that boron is a pa
of the thermally more stable defects in higher doped silic

Moreover, Doppler broadening experiments were carr
out for the annealing of identically treated samples as ill
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trated in Fig. 9. Here the annealing of divacancies andE
centers up to 500 K can be seen for the different samp
analogous to the experiments using infrared-absorption
positron-lifetime spectroscopy~see Fig. 8!. The increase of
the average positron lifetime at higher annealing tempe

FIG. 8. The dependence of the intensity of the IR absorpt
band of the negatively charged divacancy~upper part! on the an-
nealing temperature forp-type Si:B~2.65V cm! after 2-MeV elec-
tron irradiation (1018 cm22) at 4 K. Change of the average positro
lifetime with the annealing temperature in electron-irradiated diff
ently doped Cz-Si:B. The measurement temperature was 300

FIG. 9. The line-shape parameterS from the doppler experimen
as functions of the annealing temperature for electron-irradiatep-
type Si:B with different boron content. The results were obtained
300 K.
s,
nd

a-

tures shows the formation of other vacancylike defects
the boron-doped samples. In general, the Doppler broade
parameterS should also increase for this samples. Contra
to expectation, theS parameter decreases below the bu
value for the boron-doped samples~n and l; see Fig. 9!.
This low S parameter was already observed by ma
authors39–41 for boron-doped or boron-implanted Cz mat
rial, and should be caused by the strong influence of
chemical environment of the open volume on its electr
momentum distribution. However, the combination of o
positron lifetime and Doppler broadening experiments and
results of other authors implies that defects containing on
two vacancies, oxygen atoms, and boron atoms,VxOyBz , are
formed between about 500 and 700 K. These defects va
at about 950 K.

To sum up, one may say that the annealing behavio
electron-irradiated boron-doped silicon strongly depends
the dopant and oxygen concentration. The dominant posi
trapping center in FZ-Si with low boron and oxygen conte
is the monovacancy, which anneals up to 200 K. Four
nealing stages were detected in the range between 90
470 K in Cz-Si with high oxygen concentration and comp
rable low boron content. These stages can be attributed to
annealing of the monovacancy, theE center, and other com
plexes containing vacancies, boron, and oxygen. TheE cen-
ter, its disintegration, and the formation of complexes of v
cancies and impurities were observed in highly B-doped
Si. In the temperature range above 340 K, the annealin
similar to that of weakly B-doped Cz silicon. At a temper
ture above 500 K, large defect complexes containing oxy
and boron are formed.

2. Temperature dependence of positron trapping

Highly B-doped Cz-Si with a carrier concentration of
31019 cm23 remained ofp type, with the Fermi level within
the valence band, after irradiation with a dose of 1018 cm22.
Isolated monovacancy and divacancies were thus positi
charged in this state,42,19 and, therefore, they were no pos
tron traps. After irradiation, the defect-related lifetime w
typical of monovacancies, 285 ps and we interpret this va
as an average of defects involving vacancies, boron, an
oxygen. The defect-related positron lifetime then increa
due to the formation of more complex defects by furth
annealing~see the discussion in Sec. III B 1!. Figure 10
shows the temperature dependence of the average pos
lifetime in this electron-irradiated Cz-Si:B after different a
nealing steps.

The average positron lifetime decreases with decrea
sample temperature, and this behavior indicates the com
tive trapping of a neutral vacancy defect and shallow po
tron traps. Fits according to the trapping model taking in
account these two defect types yield parameters summar
in Table IV. The mean binding energy of positrons to sh
low traps is about 18 meV, and the mean trapping coeffici
at 25 K was determined to be 5.831015 s21. These values
are both lower compared to those for undoped Cz and
material. On the assumption that negatively charged vac
cies without open volume act as shallow traps, one can c
clude that the boron acceptor is this shallow trap. A furth
indication to the boron acceptor acting as dominant shal
trap is the unchanged concentration of shallow traps wit
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the margin of error during the annealing in the temperat
range between 340 and 580 K. An annealing of shallow tr
was detected in this temperature range for undoped ann-
type samples. TheA center anneals out at about 570 K.29 The
positron trapping at the irradiation inducedA centers is cov-
ered by the competitive trapping at the boron accep
which exist in a high concentration (p5431019 cm23).
Therefore, theA centers cannot be detected by positrons
these samples.

The trapping rate of the neutral vacancy defect decrea
in this annealing range. The corresponding defect concen
tion varies between 1.431018 and 1.331017 cm23 taking
into account a trapping coefficient of 731014 s21.34 After
treatment at 900 K, the annealing of the vacancy defects
completed. In the whole range between 340 and 900 K,
ferent annealing stages~see Fig. 7! were observed, support
ing our assumption that the defect-related lifetime is an
erage of different vacancy defects. The trapping rate
vacancylike defects was also determined at a measure
temperature of 300 K from the average positron lifetime. T
one-defect trapping model13 was used and, therefore, the i
fluence of shallow traps was neglected at this temperatur

FIG. 10. Average positron lifetime vs sample temperature
electron-irradiated (E52 MeV, F51018 cm22, T54 K) Cz-Si:B
(r50.0025V cm) at different annealing states. Solid lines are
according to the trapping model taking into account a neutral
cancy defect and shallow positron traps.
e
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comparison between the fitted trapping ratekV and trapping
ratekVcal

calculated from the experimental values of avera
and defect-related positron lifetimes is shown in Table I
There is a good agreement and the small difference is du
the shallow traps still acting at room temperature. This c
be concluded because no saturation of positron trapping
reached at a sample temperature of 300 K~see Fig. 10!.

Figure 11 shows the temperature dependence of the a
age positron lifetime in electron-irradiated~4 K, 1018 cm22,
2 MeV!, differently doped Cz-Si:B after annealing at roo
temperature. It is clear that the boron content decisively
fluences the dominant defect structure in the sample a
therefore, also the temperature-dependent behavior of the
erage positron lifetime. For the highly doped sample~n!, the
temperature behavior oft̄ is determined by the positron trap
ping in shallow traps which were attributed to the bor
acceptor, and in several neutral defects containing vacan
boron, and/or oxygen~see the discussion above!.

The weakly doped sample (p'531015 cm23, s! shows
the typical behavior which was found for competitive po
tron trapping in shallow traps~boron acceptor and
irradiation-inducedA centers! and in negatively charged va
cancy defects. After irradiation with an electron dose
1018 cm22, this sample is compensated for, and the div

n

-

FIG. 11. Temperature dependence of the average positron
time in electron-irradiated~4 K, 1018 cm22, 2 MeV!, differently
doped Cz-Si:B after annealing at room temperature.
TABLE IV. Annealing temperatureTa and fitted values for positron binding energy at shallow trapsEst, concentrationCst, and trapping
coefficientmst of shallow traps, and trapping rate of vacancy defectskV in electron-irradiated Cz-Si-B (r50.0025V cm).

Ta ~K! Est ~meV! Cst (1018 cm23) mst (1015 s21) kV (1010 s21) kV cal (300 K) (1010 s21)

340 18.061.6 4.261.0 6.361.1 2.0 60.1 1.5
430 17.261.8 4.960.9 5.260.7 0.5460.02 0.41
580 17.765.3 5.862.5 5.962.2 0.1860.01 0.14
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PRB 58 10 373DEFECTS IN ELECTRON-IRRADIATED Si STUDIED . . .
cancy is negatively charged. The defect-related positron
time was determined to be 30865 ps, and this value is in a
good agreement with experimental and theoretical lifetim
for the divacancy.37,18 The concentration of the dominant d
vacancy at 300 K can be estimated from the trapping
k56.33108 s21 and the trapping coefficientm51.9
31015 s21 according to Eq.~1! to be CV51.731016 cm23.
The positron annihilation in shallow traps can be neglecte
this measurement temperature.

The course of the temperature dependence oft̄ for the
moderately doped Si:B sample (p'1.531018 cm23, l!
shows a saturation behavior at the bulk valuetb at low tem-
perature and an increase in the average lifetime for sam
temperatures above 150 K~see Fig. 11!. The defect-related
positron lifetime was determined to be 29963 ps, and this
value is equal to that of the neutral divacancy.37 The sample
was partly compensated for by the electron irradiation,
that the Fermi level was shifted toward the midgap and w
located above the ionization level~1/0! of the divacancy.
The shallow positron traps act in this sample up to 300
and, therefore, the divacancy concentration cannot be a
rately determined. The effect of shallow traps of a very h
concentration up to 550 K was also detected in electr
irradiated GaAs.14 We still see from the temperature depe
dence that the dominant vacancy defect is neutral and
defect-related positron lifetime points to a divacancylike d
fect.

For the latter three boron-doped Cz samples, the cou
of the temperature dependence of average positron life
~see Fig. 11! remain unchanged during the annealing on pr
ciple. t̄ decreases by the annealing and, after an annealin
750 ~s! or 950 K ~n andl!, respectively, it is temperatur
independent and equal totb .

C. n-type silicon

Silicon n-type samples differently doped with P, As, an
Sb were available for positron-lifetime measurements. In
dition to the annealing experiments, temperature-depen
investigations were performed in phosphorus-doped silic

1. Si:P

Figure 12 shows the annealing behavior ofn-type silicon
with different phosphorus concentration. The behavior of
very weakly doped sample (r55000V cm, j! was already
discussed in Sec. III A 1. The P concentration is too low
influence the positron-lifetime results.

The highly doped Cz-Si sample withr50.001V cm ~n!
was stronglyn conductive prior to irradiation. The Ferm
level was located in the conduction band. The semicondu
remainedn type after electron irradiation with a fluence
1018 cm22, i.e., the Fermi level was not shifted significantl

The average positron lifetime was measured to be 259
at 90 K after irradiation. A defect component could only
separated after annealing at 260 K. The defect-related
time was constant 25565 ps up to a treatment at 500 K. Th
value corresponds to the defect-related positron lifetime
the E center (VP2).8 We conclude that theE center is the
dominant defect detectable by positrons in electr
irradiated silicon with a very high P concentration. The a
erage positron lifetime is higher compared to the defe
-
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related lifetime when annealing starts. Therefore, ot
defects with higher defect-related positron lifetimes, such
isolated monovacancy, divacancy, and/or vacancylike co
plexes containing oxygen, exist besides theE center. The
temperature-dependent positron-lifetime measurements s
also the presence of shallow positron traps~see the discus-
sion below!.

The average positron lifetime continuously decreases
the annealing range between 90 and 470 K. Individual
nealing stages cannot be separated in this range. We
clude that the annealing of theVP complex takes place in
this temperature range. This is in a good agreement w
EPR and IR results, which prove an annealing temperatur
400 K for theE center.43,44

The average positron lifetime is then constant in the te
perature range from 470 to 570 K. This plateau is follow
by an annealing stage that goes up to 620 K. This annea
stage corresponds to that found in undoped material, an
attributed to the divacancy. The defect-related lifetime co
not be determined in this range for Si:P due to the very l
intensity of the component. The positron lifetime of the bu
was measured after 620-K treatment. The annealing of
cancylike defects was then completed.

The sample with the low doping level ('1016 cm23, r
50.6V cm, d! was ofn-type conductivity prior to irradia-
tion. The Fermi level was located atEv10.67 eV, and was
shifted in a midgap position (Ev10.56 eV) by electron irra-
diation ~2 MeV, 4 K, 1018 cm22). In this case, monovacan
cies and divacancies are negatively charged and, there
they can act as deep positron traps just like in weakly do
Si:P~j!. The average positron lifetime was determined to
'260 ps after irradiation and annealing up to 90 K. Th
value corresponds with that measured for highly doped
silicon ~n!. However, the annealing behavior and so t
dominant vacancylike defects distinctly differ.

FIG. 12. Average positron lifetime as function of annealing te
perature for electron-irradiatedn-Si:P with different doping con-
centrations. The irradiations were performed with 2-MeV electro
at 4 K to adose of 1018 cm22. The positron lifetime was determine
at 90 K.
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Here the average positron lifetime is nearly constant up
an annealing temperature of 580 K. The defect-related p
tron lifetime is typical of a monovacancylike defect, and
amounts to 280 ps. The isolated monovacancy and thE
center are no candidates for this defect due to its high t
mal stability. The dominant defects must be complexes
oxygen and vacancies. The annealing temperatures ofV2O,
V3O, andV2O2 were determined to be in the range betwe
620 und 670 K by EPR measurements.38 The main annealing
appears between annealing temperatures of 550 and 700
our sample. An exact and free separation of the defect c
ponents is not possible. Kawasusoet al. found annealing
temperatures ofV2O andV3O at 650 K by fixing the defect-
related lifetimes.9 But we have to take into account that r
sults obtained by fixing components cannot be safely in
preted. The annealing of vacancylike defects of the lo
doped Cz-Si:P~d! was completed after a temperatu
treatment at 800 K.

To summarize the annealing experiments for phospho
doped silicon, it may be said that the impurity~oxygen! and
the dopant atoms distinctly influence the formation and
nealing behavior of electron-irradiated Si:P. The annea
of monovacancies and divacancies was observed at 170
550 K in very weakly doped Si:P. TheE center is the domi-
nant defect in very highly doped Si:P~degenerated!, and this
VP complex disappears at about 400 K. Oxygen atoms t
mally stabilize the vacancies up to 800 K in weakly P-dop
Cz silicon.

Figure 13 shows the temperature-dependent positron
time in the electron-irradiated Cz-Si:P (r50.001V cm)
with a carrier concentration of 831019 cm23 after different

FIG. 13. Average positron lifetime as a function of the measu
ment temperature in electron-irradiated (E52 MeV, F
51018 cm22, T54 K) Cz-Si:P (r50.001V cm) after different an-
nealing steps. The solid lines correspond to fits according to
trapping model taking into account a negative vacancy defect a
shallow positron trap.
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annealing steps. This sample is degenerated and alson-
type conductivity, with the Fermi level located in the co
duction band after electron irradiation~4 K, 1018 cm22). The
dominant deep positron trapping center is theE center with a
defect-related lifetime of 255 ps~see the discussion above!.
This is in a good agreement with results from oth
authors.7,4 The V-P complex introduces a single accept
level at Ec20.43 eV,45 and in highly n-type material it is
therefore negatively charged.

The behavior observed after annealing at 340 and 43
shows the presence of shallow and deep~E center! positron
traps. The decrease in average positron lifetime with incre
ing measurement temperature above 150 K is typical o
negative vacancylike defect, theVP defect. Below 150 K, the
positron lifetime decreases with decreasing temperature
to the reduced detrapping from shallow traps. The solid lin
in Fig. 13 correspond to the trapping model taking into a
count a negative vacancy defect and shallow traps. The
ting parameters have large errors, but it is distinct that
binding energy of the Rydberg state of the vacancylike
fect ER ~'200 meV! is larger compared to the undoped C
Si. This can be explained by the different dominant de
positron trapping centers in highlyn-doped Cz-Si~E center!
and in undoped Cz material~divacancy!.

The positron binding energy of the shallow trapEst ~'20
meV! is lower than in undoped Cz-Si, and this points to t
influence of the position of the Fermi level and/or of the
dopant on the shallow trap. After electron irradiation, t
Fermi level is located in midgap position for undoped Cz-
and into the conduction band in degenerated P-doped sili
In the latter sample, theA center is negatively charged, an
another binding energy of the shallow trap can be expec

After annealing at 580 K, the average positron lifetim
increases with decreasing measurement temperature in
whole range, the influence of shallow traps is disappea
This is an indication that theA center acts as shallow trap
because this defect anneals above a temperature of 57029

The concentration ofVP defects is about 3.631016 cm23,
determined at a measurement temperature of 300 K by
one-defect trapping model@Eq. ~1!#.13 The trapping coeffi-
cient for negatively charged vacancies at room tempera
of 131015 s21 was used.34 The annealing of the vacanc
defect is completed after a treatment at about 650 K~com-
pare the discussion of Fig. 12!.

2. Si:As

Figure 14 shows the dependence of the average pos
lifetime on the annealing temperature for electron-irradia
n-Si:As with different doping concentrations. Cz sampl
with specific resistivities of 1.2 and 0.0016V cm were stud-
ied in the temperature range from 90 to 1100 K.

The weakly doped sample (r51.2V cm, h! was of n-
type conductivity (n5331015 cm23), and the Fermi level
was located 0.91 eV above the valence band before irra
tion. The Fermi level was then shifted in the direction
midgap by electron irradiation, and was pinned atEv
10.78 eV at room temperature. The monovacancies and
vacancies are negatively charged, and can trap positron
this case.

The average positron lifetime of 275 ps was measure
90 K after electron irradiation. The defect-related positr
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lifetime was determined to be 290 ps. This component can
considered as an average value of different vacancylike
fects existing in this sample state. Since the positron lifeti
of the monovacancy is between 270 and 280 ps, we conc
that divacancies or complexes containing divacancies
exist at 90 K. Furthermore, one can assume thatE centers
(VAs) are also induced in arsenic-doped silicon by the lo
temperature irradiation.35

The average positron lifetime is nearly unchanged up
an annealing temperature of 300 K. This behavior was a
proved in arsenic-doped silicon by electrical measu
ments.35 The monovacancies becoming mobile below 170
cannot play an important part in this material, but can ca
the weak decrease oft̄ between 90 and 200 K. Then, a wid
annealing stage was observed in the temperature range
tween 300 and 800 K. The defect-related lifetime decrea
in this range and reaches a value of 260 ps at 700 K.
vacancylike positron traps cannot be attributed to mic
scopic structures without further assumptions. A continu
annealing of irradiation-induced defects between 400
800 K was also observed by electrical measurements.35 The
annealing of theE center in Si:As was shown at about 450
by EPR studies. Divacancies andVxOy complexes anneal ou
above 450 K. The observed annealing stage proves the
nealing of all detectable vacancy defects.

The highly doped Si:As sample (r50.0016V cm, d!
was degenerated, and the Fermi level was also located in
conduction band after electron irradiation. The monovaca
and divacancy are double negatively charged, and can a
positron traps in this sample state.5 The average positron
lifetime was measured to be 253 ps at 90 K after elect
irradiation. This value is distinctly lower than the avera
positron lifetime determined in weakly doped Si:As. A tw
component fit was not satisfactory due to the nearly comp
positron trapping at defects. A defect with a specific posit

FIG. 14. Change of the average positron lifetime with the
nealing temperature for differently arsenic-doped silicon after
MeV electron irradiation (1018 cm22) at 4 K. The measuremen
temperature was 90 K. The bulk lifetimetb is indicated by the
dashed line.
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lifetime of 248 ps dominates the trapping behavior. This d
fect can be assigned to theE center. This conclusion is sup
ported by the high doping concentration of the investiga
sample (n53.531019 cm23), by the fact thatE centers are
formed by low-temperature irradiation,35 and by the defect-
related lifetime being typical of a complex consisting of
vacancy and a doping atom of the fifth group.8

No distinct annealing was observed up to 300 K. T
weak decrease oft̄ in this range can also be attributed to th
monovacancy becoming mobile at about 170 K. The aver
positron lifetime distinctly decreases above room tempe
ture, and then it increases again between the annealing
peratures 450 and 550 K. This increase can be attribute
the dissociation of theE center. The released vacancies re
to thermally more stable defects with a larger open volum
The defect-related positron lifetime also increases to a va
of t2.290 ps above an annealing temperature of 570
This value is again an average of lifetimes of several vaca
defects. The further annealing of divacancies andVxOy com-
plexes proceeds up to 950 K. The annealing behavior ab
570 K is similar to that of the weakly arsenic-doped samp

The annealing studies of electron-irradiated Si:As sho
in accordance with electrical investigations, that no defe
anneal in the temperature range between 90 and 300 K.
E center (VAs) with a defect-related positron lifetime of 24
ps is the dominant defect up to an annealing temperatur
450 K in highly doped material. Divacancies and complex
with vacancies and oxygen are formed after dissociation
the VAs complexes, and then they anneal up to 900 K.
wide annealing stage between room temperature and 80
was observed in weakly doped Si:As, but no assignmen
vacancy defects is possible.

Temperature-dependent positron-lifetime measurem
also detect, for arsenic-doped silicon the existence of sha
positron traps~no figure!. Analogous to the results on highl
doped Si:P~see Fig. 13!, the average positron lifetime de
creases with decreasing sample temperature below 20
and, after annealing at 580 K, the influence of shallow tra
cannot be observed in highly arsenic-doped Si. The ne
tively chargedA center can be assigned to this defect type
this degeneratedn-type Si:As sample. The temperature b
havior of t̄ for the weakly doped sample is similar to that f
undoped Cz silicon~see Fig. 3!. In this case the neutralA
center can act as shallow trap.

3. Si:Sb

The annealing behavior of two differently Sb-doped Cz
samples (r50.025 and 0.0089V cm! which were irradiated
with 2-MeV electrons and with a fluence of 1018 cm22 at 4 K
was also investigated. Both samples were stronglyn conduc-
tive, and the Fermi level was located within the conducti
band before and after electron irradiation. Monovacanc
and divacancies should be detectable in these samples.
annealing behavior is similar for both samples, and the
lowing discussion applies to all.

The average positron lifetime was determined to
267.561 ps at 90 K after irradiation. The temperatur
dependent measurements show that the positron annihila
in shallow traps only occurs below a sample temperature
80 K ~no figure!. The trapping at shallow positron traps
therefore negligible at a measurement temperature of 90

-
-
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TABLE V. Defect-related positron lifetimes and annealing ranges of the differentE centers in electron-
irradiated silicon.

VB VP VAs VSb

defect-related lifetime~ps! 285 255 248 252
annealing range~K! 200, . . .,250 300, . . . ,470 450, . . . ,550 400, . . . ,500
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and the concentration of vacancy defects can be calcul
by Eq. ~1!. The defect-related positron lifetime was dete
mined to be 280 ps, and this value is the average
irradiation-induced vacancylike defects~also see the discus
sion above!. The determined defect concentration is th
CV54.831016 cm23 by using the trapping coefficient o
negatively charged VP centers,m51.831016 s21.24 This re-
sult corresponds to an introduction rate of 0.05 cm21 deter-
mined at 90 K for vacancy defects in low-temperatu
electron-irradiated Si:Sb.

A continuous decrease in the average positron lifetim
and thus in the vacancy concentration, was observed in
annealing range between 90 and 240 K. The defect-rel
positron lifetime is constant up to 190 K~280 ps!, and de-
creases then to 26765 ps. The monovacancy anneals in th
range and after that the dominant defect-type changes
defect with a lower open volume compared to a mono
cancy.

The average positron lifetime is constant in the tempe
ture range from 240 to 400 K. The next annealing sta
follows above 400 K. Both, the average and the defe
related positron lifetime decrease, andt2 reaches a value o
252 ps. This stage can be attributed to the annealing ofVSb
complexes. The defect component of 252 ps is similar to
decomposed for theE center in Si:P, and the annealing tem
perature corresponds to that determined to be 470 K by E
experiments in Si:Sb.46 An annealing temperature of 500
measured by positron lifetime spectroscopy is also known
literature.9 In this case, the defect-related lifetime of 240
was fixed as an average ofVO, VO2, andVSb.

The bulk value of the positron lifetime is reached at
annealing temperature of about 650 K, andt̄ is then tempera-
ture independent~not shown!. The sample with the higher S
concentration (r50.0089V cm) shows an additional an
nealing stage above 600 K. The defect-related positron
time cannot be separated due to the too low intensity of
defect component. It is known from EPR measurements
VxOy complexes anneal above 600 K.38 These defects defi
nitely exist in electron-irradiated undoped Cz silicon.

IV. CONCLUSIONS

The introduction rate of vacancy defects after 4-K irrad
tion was determined at 90 K to be 0.1060.05 cm21. This
value is independent of dopant in silicon.

The annealing behavior of electron-irradiated silicon~2
MeV, 1018 cm22, 4 K! observed by positron lifetime spec
troscopy is distinctly dependent on the doping and oxyg
ed
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concentrations of the sample. The annealing of the isola
monovacancy and divacancy was observed in pure FZ-S
170, and between 450 and 650 K, respectively. The sta
zation of vacancy defects by oxygen was proved in undo
Cz silicon.

Irradiation-induced vacancylike defects in boron dop
FZ material completely anneal below room temperature
to the disappearance of the dominantE center (VB) at 260
K. In oxygen-rich Cz-Si:B, the vacancies and also theE cen-
ter are stabilized by oxygen and boron atoms, and the ann
ing of these defects is finished up to 950 K depending on
boron concentration.

Vacancylike defects in highly doped Cz-Si:P andVP
complexes, in addition to monovacancies and divacanc
anneal out up to 600 K. In Cz-Si with a low phosphor
content, vacancylike defects are thermally stabilized up
800 K because the dominant defects are combined with o
gen. TheE center in Si:Sb anneals out at about 400 K, and
Si:As above 450 K. The annealing of irradiation-induced v
cancy defects containing oxygen occurs up to about 800 K
these samples. Table V summarizes the defect-related p
tron lifetimes and the annealing ranges for the differenE
centers in electron-irradiated doped silicon.

The temperature-dependent behavior of the average p
tron lifetime is typical of the competitive positron trapping
shallow and deep positron traps for all electron-irradia
silicon samples. In highlyp-type Si:B, the dominant shallow
positron trap can be attributed to the boron acceptor. It w
shown that the boron acceptor in silicon acts as a shal
positron trap. The concentration of shallow traps depends
the oxygen concentration in undoped andn-type material.
The negatively chargedA center can be assigned to the sh
low positron trap in highlyn-doped silicon. On the assump
tion that the neutralA center can act as shallow trap due to
small open volume, we attribute the temperature depende
of the average positron lifetime in undoped and weaklyn-
doped Si to this defect in addition to vacancy defects. Ho
ever, it cannot be excluded that theA center is modified by
impurities for example.
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