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Defects in electron-irradiated Si studied by positron-lifetime spectroscopy
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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-iAdwezedr. Correlated
infrared-absorption investigations were carried out to support this interpretE@ioh63-182€08)11239-Q

. INTRODUCTION electrons and fluences between'®l@and 16° cm 2 The

) o S _electron irradiations were performet4K or atroom tem-
The primary process at the irradiation with high energeticherature with the Van de Graaff accelerator in the For-
particles is the formation of a Frenkel pair, i.e., a vacancyschungszentrum llah. The characteristics of the samples
and an intersitial. Vacancies in silicon become mobile aboveyng the irradiation conditions are listed in Table I. The loca-
about 70-170 K, depending on their charge state, and thegh, of the Fermi level in the band gap was determined by

they anneal out or react with each other to divacancies oL ; :
N " all-effect measurements at room temperature after irradia-
with impurities or dopants tA (VO) or E (V+dopant) : P

centers. These complexes start to anneal at temperatures

above 200 K. The vacancies remaining from the complexes .~ . . .
by dissociation can cluster during the annealing. Thes quid nitrogen in a cryoheater system to prevent warming

electron-irradiation-induced defects in silicon, and its subse“P- Then, :csochrﬁnal annealingks ][mn) welzre_ perfﬁrmed n h
quent annealings, have been the subject of extended investl® range from the temperature of sample installation in the

gations by standard methods such as E€IBctron paramag- C'yoheater systent90 K) to the temperature of complete
netic resonande deep-level transient spectroscopy, and@nnealing of vacancy-type positron traps. The positron life-
infrared absorptioR® However, the concentration and the time was always measured at 90 K with the exception of
behavior of defects formed by irradiation and during the ansome marked room-temperature measurements. Tempera-
nealing process are partly still under discussion. ture-dependent measurements after different annealing steps
The positron annihilation technique is a powerful tool to were carried out starting at 15 K.
detect vacancylike defects and, therefore, this method is of- The positron-lifetime spectra were obtained using a fast-
ten used to study irradiation-induced defects. In additionfast coincidence system having a time resolution FWHM
negative ions and dislocations can be detected by positror{full width at half maximum of 260 ps. The samples were
under certain circumstances. The annealing behavior of vasandwiched with the positron source consisting of radioac-
cancies and complexes containing vacancies, and also thige 2°Na (0.5 MBg) covered with two thin(1 mg/cm ?) Al
temperature dependence of the positron trapping in defectgils. The lifetime spectra, containing at least 20° counts
for _e_Iectron-lrrad|ate% silicon, were already investigated forper spectrum, were analyzed after source and background
individual example_é‘.‘ The aim of this work is a systematic ¢orrectiod®!! in terms of the trapping modé&#!3 At low
study of the formation of vacancy defects and their annealings yeratures, the decomposition of the spectra is specially
behavior in electron-irradiated silicon depending on dopingyitie it due to the intensified trapping in negative vacancies
and impurity concentration. In _addition, temperature- o4 in shallow positron traps. Therefore, the spectra were

rK/pically decomposed into two components. The accuracy of

nealing states to invesj[igate shallow positron traps in S"iconthe average positron lifetime amounts to about 1 ps, and that
The paper is organized as follows. The material and thﬁ‘ ,

The low-temperature-irradiated samples were mounted in

; . - . . f the components is shown in the figures or is mentioned in
experimental details are given in Sec. Il. The results obtaine P 9

and their discussion are presented in Sec. lll. Section | e text.
. P B The details of the positron trapping in defects and of the
summarizes the paper.

positron trapping model were the same as ealfiér.Fits
according to this trapping model were applied to tem-
perature-dependent positron lifetime measuremeseis Sec.
Samples of different types of Si were investigated bylll). Positron trapping in and detrapping from Rydberg states
positron-lifetime spectroscopy after irradiation with 2-MeV of shallow traps and of negatively charged vacancy

Il. MATERIAL AND EXPERIMENTAL PROCEDURES
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TABLE I. Characteristics of the investigated Si samples. The specified Fermi levels were determined at a sample temperature of 300 K
after 4-K electron irradiation.

Sample Oxygen conc. irrad. dose irrad. temperature Fermi level
no. Doping characteristics [O] (10Y cm™3) ® (cm™?) Tirr (K) Ei—E, (eV)
1 undopedp=200Q cm 6.0 (C2) 10%,...,13° 4,300 0.55
2 P dopedp=50000 cm 0.2 (F2) 10'8 4,300 0.56
3 P dopedp=0.001Q cm 5.0 (C2) 108 4 within conduction band
4 P dopedp=0.6Q cm 7.6 (C2) 108 4 0.56
5 B doped,p=0.0025¢) cm 7.0(C2 108 4 within valence band
6 B doped,p=1.3Q cm 0.1 (F2 108 4 0.26
7 B doped,p=5.7Q cm 8.4 (C2) 108 4 0.63
8 B doped,p=0.0150Q cm 7.0(C2 108 4 -
9 B doped,p=2.65Q cm 7.0(C2) 108 4 -
10 As dopedp=1.2Q cm 5.0 (C2) 108 4 0.78
11 As dopedp=0.0016Q cm 7.0(C2) 108 4 within conduction band
12 Sb dopedp=0.04) cm 6.0 (C2) 108 4 within conduction band
13 Sb dopedp=0.009Q cm 7.0 (C2 108 4 within conduction band

defects and also direct trapping by a vacancy without Rydiemperaturé4 K) electron irradiation in the annealing range
berg states were taken into account in the trapping model. @bove 90 K. The temperature dependence of the positron
Some annealing experiments were performed by thdfetime was also studied after different annealing steps. Ad-
variable-energy positron annihilation spectroscofsjow- ditional dose and_ |rrad|at|on—temperature—dependent. stud_|es
positron beam techniqué® The Doppler broadening of the Were correlated with IR-absorption measurements to identify

emitted y radiation is mainly caused by the momentum ofthe kind of shallow traps.
the annihilating electrons. Thus the shape of the 511-keV
annihilation line is sensitive to the electron momentum dis- A. Undoped silicon

tribution in the solid. This distribution differs in Open- Silicon materials grown by the Czochra|mz) and by
volume defects compared to the defect-free bulk. The |inethe f|0a‘[ing-zon(§FZ) method were available for the anneal-
shape parametef is the measurement quantity in the ing studies. The dose-dependent investigations and the irra-
conventional Doppler spectroscopy. This annihilation paramdiations at different temperatures were performed for Cz-Si.
eter changes when positrons are trapped in defects.SThe

parameter is defined as the ratio between the number of 1. Annealing experiments

counts in the center (5110.8 keV) to the total peak area of )
the annihilation line in our experimental setup. Thanni- Th3e u_r13dop§d Cz-Si sample was type (n~2
hilation spectrum was recorded with a high-purity Ge detec* 10" cm) prior to irradiation, and the Fermi level) was
tor having an energy resolution of 1.5-keV FHWM at 514 located atE,+0.76 eV. The Fermi level was shifted in a
keV. midgap position aE, +0.55 eV by the electron irradiatidi2

8 —2 H
The infrared-absorption measurements were carried out &f€V: 4 K, 10 cm). The monovacancy and the divacancy
a Fourier-transform spectromet@ruker IFS66. A halogen ~ Should be negatively charged in this sample state. All state-

lamp was used as source in the near-IR range. The beafients to the charge states of the monovacancy and diva-
splitter of the Michelson interferometer was made of CaF Cancy in this paper are based on our Hall-effect measure-
An InSb detector acted as signal indicator. The range of serff€Nnts gnd the ionization level schema according to
sitivity was 15 000—2000 ciit. A globar produced the ra- COrbett. , o

diation in the middle IR range, and the beam cutter consisted Figure 1 shows the average positron lifetime the

of KBr. The detector was sensitive in the range betweerfléfect-related positron lifetime, and the corresponding
5000 and 400 cimt. The measurements were performed at antensity | in dependence on the annealing temperature for
resolution of 1 cm? at a sample temperature of 20 K. This ifradiated undoped Cz-Si. The lines in the figures are guide
temperature was ensured by a cryostat construction whicfr the eye in general. If they represent fits according to the
sample chamber was equipped with KBr windows. trapping model, it is mentioned in the text and in the respec-
tive figure caption.

7 increases from the bulk value of 24 ps, measured
before irradiation treatment, to 260 ps by the electron irra-
diation. Two annealing stages at 170 and 270 K were ob-

Undoped,p-type (B doped, and n-type (P, As, and Sb  served. Then, the average positron lifetime weakly increases
doped silicon samples were investigated after low- above 350 K and it subsequently reaches the bulk value in a

Ill. RESULTS AND DISCUSSION
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04| | undoped FZ-Si. The measurement temperature was 90 K. The
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; ; . ; . ; Figure 2 shows the annealing behavior of electron-
100 200 300 400 500 600 700 irradiated (2 MeV, 4 K, 10% cm™?) FZ-Si. The sample is
annealing temperature (K) nominally phosphorus doped, but the specific resistivity is

FIG. 1. The average positron lifetime, the defect-related posi-SOOOQ (Z:m aﬁr;d, thus, the ph0§phorus concentration is lower
tron lifetime, and the corresponding intensity as functions of an-thar_] 16 (,:m_ - Therefore, the influence of the dopant on the
nealing temperature for electron-irradiate® MeV, 4 K, posﬂron lifetime can be neglecte:d, and the sample can be
10 cm~?) undoped Cz-Si. The positron measurements were perconsidered as undoped. The position of the Fermi level was
formed at 90 K.7, is the bulk lifetime. The different symbols for Measured to b&,+0.56 eV after irradiation and annealing
the intensity indicate the different defect typ@sonovacancy and Up to 300 K analogous to Cz-Si. Then the monovacancy and
divacancy. the divacancy are negatively charged.

The average positron lifetime of 277 ps after electron ir-
radiation and annealing at 90 K is distinctly higher compared

v_v|de stage between 500 and 670 K. The defect-rela’_ted 55 the value measured for Cz silicon. This is because of the
time is constantr,=282 ps up to room temperature, in-

) , higher concentration of shallow positron traps in Cz<gie
creases in the further course of the annealing and comes J P g 2

) 8 scussion in Sec. lll AR These shallow traps decrease the
to the value of 310 ps at 400 K. The intensiigyof the defect  ayerage positron lifetime at low temperatures. Assuming that
component also reflects the annealing stages.

_ > i ~ the negatively charged monovacancy with the defect-related
The first annealing stage can be attributed to the annealingositron lifetime ofr, = 7,=282 ps is the dominant positron
of monovacancies. The defect-related positron lifetimi¢ ( trap in FZ silicon at 90 K, the positron trapping rate /af
=282 ps) is in a good agreement with the theoretically and=5x 10'° s~ can be calculated. Then, by means of
experimentally determined values fof;.'®"* The anneal-
ing temperature of 170 K is equal to that accepted and ob- 1 7
tained by deep-level transient spectroscopy measurertents. c=_ - T (1)
The monovacancy becomes mobile and interacts with other Mo MTy TVTT
vacancies or with impurities in this temperature rafge.
The second annealing stage at 270 K must be caused Hige vacancy concentration 6%,= 1.5x 10*” cm ™ can be es-
the annealing of a defect, having an open volume similar tdimated with the trapping coefficient af=1.8x 10*® s™* for
that of a monovacancy and being connected with oxygennegatively charged/P centerg® This value was used be-
These properties must be derived from the defect-relatedause no experimentally determined trapping coefficient of
positron lifetime, 7,=282+3 ps, and from the absence of the monovacancy in silicon is known. It follows that the
this annealing stage in FZ silicon with a low content of oxy- introduction rate of monovacancies is 0.15 ¢miThis value
gen(see Fig. 2 is high compared with values of 0.03 chfor p-Si and
The average positron lifetime increases in the temperatur@.003 cm?® for n-Si determined by EPR measurements.
range above 350 K due to the increase in the defect-relatetihe defect introduction rates in Si were recently discussed in
positron lifetime to 310 ps, which is typical of a divacancy. the literature. A Huang diffuse scattering study resulted in a
The calculated positron lifetime of the divacancy is 306%s, total introduction rate of 1 cmt.*
and the experimentally determined values are in the range Two distinct annealing stages at 170 and 450 K were
from 318 to 327 p$°~??The annealing range of the investi- observed for FZ-Si. These stages can be attributed to the
gated samplésee Fig. 1 agrees with the annealing range of annealing of monovacancies and divacancies. The stage at
the divacancy between 450 and 623 K which was found by270 K, which was observed for Cz-Si, was very weakly de-
EPR measurements Therefore, we conclude in agreement tected. The main difference between FZ- and Cz—Si is the
to earlier results that the divacancy is formed above 350 Kpxygen content, and, therefore, we conclude that this anneal-
and anneals between 500 and 650 K. ing effect at 270 K is due to oxygen. The defect-related
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250 T T T T T T TABLE II. Annealing temperaturd , and fitted values for con-
Cz-Si - electron irradiated centration of shallow trap€ and vacancy defectSy, in electron-
[0]=6x10" "em~ iradiated undoped Cz-Si. The irradiation was performed at 4 K
245 | - with 2-MeV electrons and a dose of f@m2.

AA

o0

T, (K) Cq (10 cm™) Cy (10 cm™3)
annealed at:

A 360K 360 4.95-1.86 21.66:-8.52
o 430K 430 4.88-2.37 21.479.22
® 580K i 580 1.82£0.43 4.85-1.15
v 670K 670 1.03£0.37 1.94-0.65

240

235 +

230 |
negative divacancies act as dominant trapping centers and

the positron lifetime continues to increase.

J The temperature-dependent average positron lifetime was
fitted to the trapping modéf*® Two negatively charged de-
fect types(shallow traps and divacancjewere taken into

g account. At first, free fits were performed. Then the mean
values of positron binding energies of Rydberg states of the

average positron lifetime (ps)

225

220

0 50 100 150 200 250 300 shallow traps and of the vacancy defects, and both trapping
measurement temperature (K) coefficients were fixed in the following fit procedures. The
mean positron binding energy of shallow traps was deter-
FIG. 3. Average positron lifetime as a function of the samplemined to beEy=48.6+10.0 meV and of the precursor Ryd-
temperature in electron-irradiatedE£2 MeV, Tiy=4K, ©  perg state of vacancy defedg=22.4+7.8 meV. The mean
=10" cm?) Czochralski-grown Si after different annealing steps. trapping coefficient at 25 K of shallow traps wagg= (9

The lines correspond to fits according to the trapping model. +4)X 107 s 1 and of the Rydberg states of negative vacan-

. o o _ cies upo=(7*3)x 10 s7L. Table Il summarizes the other
positron lifetime for electron-irradiated FZ-Si cannot .be most important fitting parameters. As mentioned above, one
separated up to 200 Kgge to the nearl)l/_ complete posﬁrogas to assess the uncertainties in the fitting procedure very
trapping In vacancies. Above an annealing temperature Qfiica| due to the partial correlation of the fitting parameters.

about 200 K7, =300 ps. This value can be considered as angince the fitting results are in rational restrictions, it is pos-
average of the defect-related lifetimes of divacancies andipia to draw qualitative conclusions.

monovacancylike defects. Monovacancies agglomerate or in- |+ i gpvious from the fitting results that the concentra-

teract with oxygen if they become mobile. The divacancy isjqng of divacancies and also of shallow traps decrease dur-
the dominant defect in FZ silicon after annealing at aboufq annealing. This annealing behavior is also visible in Fig.
200 K due to the low oxygen concentration. 3. The average positron lifetime decreases with increasing
annealing temperature in the whole temperature range, and
the minimum between 40 and 100 K is not as pronounced as
Temperature-dependent positron-lifetime measurementsefore. After annealing at 670 K, only a weak shoulder is
were performed after different annealing treatments in undetectable in this temperature range.
doped Cz- and FZ-Si after electron irradiatiodg= 2 MeV, Figure 4 shows results of analogous temperature-
Ti=4K, ®=10"cm 2. The positron lifetime depends dependent measurements on FZ-Si. The average positron
distinctly on temperature. However, the observed temperdifetime increases with decreasing temperature, and at about
ture dependence of average positron lifetime is differen75 K a small plateau was observed. This weak indication of
from the one expected for negatively charged open-volumea curve minimum is a hint to a lower concentration of shal-
defects, such as irradiation-induced vacancies and divacaitew traps than found in Cz-Si. The fits to the positron life-
cies. It is rather typical for the competitive trapping in va- time according to the trapping modghallow positron traps
cancies and in shallow traps. and negative divacancieare drawn in Fig. 4 as solid lines.
Figure 3 shows temperature-dependent measurements dfhe average binding energies d&g=48+ 10 meV andEg
ter different annealing steps for electron-irradiated Cz-Si=25+8 meV. These values are in good agreement with the
The positron lifetime increases up to 100 K with decreasingones of Cz-Si. The other important results are summarized in
temperature. This behavior can be attributed to negativelfrable III.
charged vacancy defects. After annealing at 360 K, the Here the concentration of both defect types also decreases
monovacancies vanished and divacancies were formed. Theith increasing annealing temperature, which is also de-
positron lifetime in the defect was determined to be 310tected by average positron lifetifieee Fig. 4. The differ-
+5 ps. This value is in good agreement with calculated, anénce between Cz and FZ materials is the concentration of
also earlier measured positron lifetimes in  Sishallow traps. FZ-Si contains only about the fourth part of
divacancie<®?° Below a measurement temperature of 100this defect type. This dependence was also found in doped
K, the positron lifetime at first decreases due to the effectivematerial. The only difference between these Si materials is
ness of shallow positron traps. After the disappearance of thie concentration of oxygen and, therefore, we conclude that
detrapping from these defects below 60($€e Fig. 3 the  shallow traps are directly connected with oxygen. Consider-

2. Temperature-dependent investigations
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o Cz-ISi-eléctron’inadilated(zliK) I Cz-Sli-elelctmnlirradjzllted(Ca:OOK)I
Fz-Si - elecltéron i_gradiated 2 20l dose®: |
245 L [O]=1x10 cm i % s 101%m?2
£ o 101cm2
& 250t o 10Vem?
annealed at: g o 10'6cm2
— 240 } A 360K T Z
s g
o o 430K o
£ %
B " 380K g
= 35 v 670K 1 E
g
2
o 230 | -
50 0 50 100 150 200 250 300 0 50 100 150 200 250 300
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<
225 F . FIG. 5. A comparison between the positron trapping behavior in
undoped Cz-Si after irradiation at room temperature and at 4 K
(subsequent annealing at 300) Kwith different doses ¢
20 | i =10%,...,10° cm™2, E=2 MeV). The solid lines correspond to the
" " trapping model taking into account a negatively charged vacancy
1 1 1 1 1

defect and a negative ion as shallow positron trap. The dashed line

shows the fit which considers a negatively charged vacancy and a

neutral defect with a small open volume acting as a shallow trap.
FIG. 4. The temperature-dependent average positron lifetime in

floating-zone-grown Si after low-temperature irradiation with 2-

MeV electrons (18 cm™?) at different annealing states. The lines

are trapping-model fitésee text

0 50 100 150 200 250 300
measurement temperature (K)

In order to act as a shallow positron trap, it is usually
assumed that a non-open-volume defect must carry a nega-
tive charge. The positron is then captured by a shallow Cou-
. o . - i .. .. lomb potential at low temperatures. Tihecenter does not
'ng th_at oxygen in its usual interstitial configuration in Si is form such a potential in its neutral charge state. Nevertheless
elect_rlcally Inactive, we can consequently conclude that OXY5; may be an effective shallow trap. The attraction between
gen is only a constltyent_of_ the_se shallov_v traps. Sha."OV\fhe positron and th@& center is only based on the open vol-
traps should also be irradiation induced, since a negativel me which, however, is rather small for this particular

charged defect with such a high concentration is unknowd fect?” Thus. th itron bindi b I
for as-grown material. A further possible explanation could etect. us, the positron binding energy must be sma
be that a neutral defect with small open volume forms aand the defect-related lifetime is very close to the bulk life-

shallow potential from which positrons can escape at higime of a defect-free sample. A similar case was predicted
temperatures after its trapping. Thecenter is a candidate fOF the positron trapping in an undisturbed dislocation fife.
for this trap in weaklyn-conductive, semi-insulating, and
p-type silicon. 3. Dose and irradiation-temperature dependence

The existence of shallow positron trapsristype Cz sili- of positron trapping behavior in Si
con after room-temperature irradiation was earlier detected

by t ture-dependent 2Nt defects . = _
y temperaiire-gependent measuremenisiese derects irradiation at different temperaturgg and 300 K corre-

were attributed to the negatively charg@dcenter with a o X :
g y g lated with infrared-absorption studies were performed to

lifetime close to the bulk value, 225 ps. In slightty and . . ! .
p-type materials and also in FZ-Si, no shallow positron trapédem"cy the shallow positron traps. Figure 5 shows the

were observed up till now. Tha center has an ionization "[\jm\b)er;ature—dgpeg.de.nt posgrc:(n I'f%t'me In ICZ'S' aftlezj 2-
level O/~ at 170 meV below the conduction band edge. 30e0 Ke ect(rjonf;rra' |at(|jqnt'at ) éOS(;J seqltjﬁrg.% annteze at
This means that thé center is neutral in our undoped and §1016 ’ alndgacmefz)'"a ation & with diterent doses

-type samples which were compensated after irradiation o
Ptyp b P The fundamental course of the temperature dependence of

remained ofp type, respectivelysee Table)l - . o .
bty P Y ) 7 is independent of the irradiation temperature, and typical of

. ) the simultaneous positron trapping in deep and shallow traps
TABLE Ill. Annealing temperaturd , and fitted values for con-

rat ¢ shallow tran€.. and defectE.. in EZ.Si (see the discussion in Sec. Il A.2The average positron
centration of shallow trapS.s and vacancy delectsy In F&Stifatime increases when lowering the sample temperature in

after 2-MeV electron irradiationtat K to adose of 1&° cm™2. the range from 300_t0 100 K due to negatively charged va-
cancy defects. Then decreases in the range down to about

Dose-dependent positron-lifetime measurements after

6 —3 6 —

Ta Cat (10°° cm ) Cy (10% cm™) 60 K due to the shallow traps, and it increases again to 20 K.
360 1.52£0.25 11.26:1.83 The average positron lifetime increases when raising the
430 0.97-0.25 6.47-1.56 dose in the whole measurement range for both irradiation
580 1.210.35 7.68-2.07 temperatures. This means that the concentration of vacancy
670 0.94-0.31 3.03-0.90 defects increases. We can also conclude that the concentra-

tion of shallow positron traps increases by irradiation be-
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cause the competitive trapping in shallow traps was detected T ' ' ‘
for all doses. A difference caused by the irradiation tempera- P adiation femperature:
ture is the higher positron lifetime after room-temperature o 4K
irradiation in the whole temperature range and for all doses.

It is possible that the ratio of the concentrations of the
irradiation-induced neutral and negatively charged divacan-
cies and shallow traps causes this behavior.

Fits according to the trapping model taking into account
negatively charged divacanciesyE 305 ps) and negatively
charged shallow positron traps in principle describe the
temperature-dependent coursesrabee Fig. 5. The result-
ing positron binding energies to shallow tragse=>55.3 irradiation dose (cni’)
+10.3 meV for low-temperature irradiation arg.=66.8
+9.8 meV for the 300-K irradiation, and that of the Rydberg FIG. 6. Dose dependence of the intensity of the local vibrational
states of the negative vacancy defeﬁﬁ,: 24.8+9.0 meV mode of the neutraf Center(835 cm’l) for different irradiation
for the 4-K irradiation andEg= 20.4+ 8.3 meV for the room-  témperatures in Cz-Si.
temperature irradiation, are in a good agreement. It seems
that the same defect types give rise to the positron trappin®35 cm ! being typical of the neutra center?® and with its

The quantitative fit results of defect concentrations areoncentration in arbitrary units for both irradiation tempera-
statistically unsafe. Nevertheless, as general statements, iifres in electron-irradiated silicon. Other complexe¥/&s,
can be concluded that the vacancy and the shallow trap coR;o, v,0, and so on, usually appearing after annealing at
centrations increase with increasing dose, and that the posiigher temperatures, are not detectable in our electron-
tron trapping rate of shallow traps is about one order of magjr adiated silicon.
nitude higher than that of negative vacancy defects at Iow The neutralA center is detectable after room-temperature
temperatures. In addition, the fits result in an increas€yn jrragiation in all Cz silicon samples, and its concentration
and C; by one order of magnitude in the dose range fromjncreases with the electron dos®, is proportional tod°®.
10'°to 10'* cm 2 after low-temperature irradiation. Then the The introduction rate of the neutralcenter is lower at low-

defgect cgncentrations again increase tenfold at a dose @émperature irradiation. This defect was not observed after
10" cm 2 After room-temperature irradiation, the defect 4.k irradiation with a dose ofd =10 cm 2 by IR-

concentrations evenly increase. absorption measurements. The concentration linearly in-

Considering that the neutral center can act as a shallow reases in the dose range betweert” 1and 13° cm2
trap due to the small open volume, we modified the trappingrherefore, the concentration difference for the two irradia-
model and also took into account a negative vacancy and §on temperatures decreases from more than two orders of
neutral trap from which positrons are strongly detrappednagnitude to a factor 2 in the investigated dose range.

V\(ith_ increasing temperature. The fits yield curves which are A possible explanation of the different dose dependences
similar to that of the other model. An example is shown ingf the A center concentration would be that two different
Fig. 5 for the dose of 1§ cm? after 4-K irradiation. The  defect formation processes happen. First, Aheenter is di-
dashed line corresponds to the trapping model considering @ctly formed by the irradiation proportional to the dose, and
negative vacancy and a neutral shallow trap. The positroghis process is the dominating one at low-temperature irra-
binding energies both of the shallow trap and of the Rydbergjiation. The second possibility is the formation of theen-
state of the vacancy are likewise shifted to higher valuesgr with a threshold energy which is above the migration
after low- and room-temperature irradiation. The increase ognergy of monovacancies. This process is possible at room-
the defect concentration with increasing dose and the dagmperature irradiation. The vacancies are mobile, and com-
crease with progressive annealing is also an analogous resyihe with interstitial oxygen, and th& center concentration

of the fits. Thus, one cannot distinguish between neutral ang jncreased. After low-temperature irradiation and following
negative shallow traps by the temperature-dependent posimnealing, the monovacancies become mobile and interact
tron lifetime measurements and by fits according to the trapyith each other before the threshold energy of heenter
ping model. formation is reached.

In summary of positron results, it may be said that after The |R-absorption measurements also show that in all
electron irradiatior! divacancy defects and shallow positronsiectron irradiated Cz-Si samples neutral and negatively
traps connected with oxygen can be observed independent gharged divacancies simultaneously exist. This was proved
irradiation temperature. The concentration of both defecby the detection of the absorption band at 0.34 eV which is
types increases with the dose. assigned to the negatively charged divacafiand the band
at 0.73 eV which is attributed to the neutral divacaftyhe
defect concentrations induced by room-temperature irradia-
tion and by 4-K irradiation are in the same order of magni-

IR-absorption measurements in the wave number rangwide, and the maximum difference is a factor 3. The diva-
from 400 to 5000 cm? (resolution: 1 cm?) were performed cancy concentrations increase 2—3 orders of magnitude in
for all eight samplestwo different irradiation temperatures the dose range from 1bto 10'° cm™2. The rise of the con-
and four different dosesat 20 K. Figure 6 shows the dose centration of both the neutral and the negative divacancy
dependence of the intensity of the local vibrational mode aincreases by low-temperature irradiation. This result was also

A center

IR absorbance (arb. units)

10° 1o 10° 10

4. Dose and irradiation-temperature dependence
of IR absorption in Si
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obtained from the fits of the positron lifetime according to 7
the trapping model. It has to be noted that neutral divacan- 260
cies were not taken into account in this model. i

We can draw several conclusions from the correlated IR-
absorption and positron-lifetime measurements. If the neutral
A center acts as a shallow positron trap, the temperature de-
pendence of the average positron lifetime in Cz silicon elec-
tron irradiated at room temperature can be explained. Both
the concentration of the divacancy and #heenter evenly
increases in the dose range oft40..,10° cm™2.

After low-temperature irradiation, the concentration of the
A center is distinctly lower especially at weak doses. In order
to explain the positron results, the concentration ratio of deep
and shallow positron traps must be similar to that after room-
temperature irradiation. This means that the neutraénter
must not be the only shallow positron trap induced by 4-K
irradiation. Other possible candidates for a shallow positron 220
trap are modifiedA centers as complexes from &ncenter, L
and interstitial Si or impurities as carbon. Also, defects caus-
ing a lattice dilatation and acting like a dislocation are pos- 100 200 300 400 500 600
sible candidates. Si, defects, being stable up to 300 °C
were observed by IR absorption in Cz siliziffHowever,
the corresponding local vibrational mddat 936 cn* was FIG. 7. The average positron lifetime measured at 90 K as a
not observed in the samples under investigation. function of annealing temperature for differently boron-doped sili-

In addition, the decrease in tifecenter concentration in con after irradiation to a dose of ¥ocm™2 at 4 K with 2-MeV
the annealing range between 360 and 57(é&e Figs. 3 and electrons.
4, and the discussion in Sec. Il A points to theA center
acting as a shallow trap. The annealing temperature of th
VO complex was determined to be about 570 K by IR-
absorption measuremerits.

T T T 1 T T
Cz Si, p=5.7Qcm
FZ Si, p=1.3Qcm

> @& M-

Cz Si, p=0.0025Qcm

[\
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()
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240 -

230

average positron lifetime (ps)

annealing temperature (K)

the neutral Si vacancy is 6810 s™! as being determined
for the neutraMP complext* one can estimate the vacancy
concentration to be 1410 cm 3 by using Eq.(1). This
concentration is in a good agreement with the estimated va-
cancy concentrations in undoped anetype silicon (see
The annealing behavior of five differently boron-dopedSecs. Ill A1 and Il C ). This means that the introduction
samples after electron irradiation was studied at a measureate of vacancies is independent of the conduction type in
ment temperature of 90 K, or partly at room temperature. Irsilicon.
addition, the sample-temperature dependence of the positron The annealing curve of the weakly doped FZ sample

B. p-type silicon

trapping was investigated for several examples. shows the end of an annealing stage at 115 K and a main
_ _ stage at 170 K. After a temperature treatment at 200 K, the
1. Annealing behavior positron lifetime of silicon bulk was measured. The main

The annealing behavior of differently boron-doped siliconstage can be attributed to the annealing of monovacancies in
after electron irradiatioi2 MeV, 4 K, 10 cm™?) is shown agreement with electrical and EPR measurem&msAn
in Fig. 7. The dependence of the average positron lifetime oannealing stage at 100 K was also detected by electrical mea-
the annealing temperature distinctly shows the influence ofurements. It was assigned to a defect complex with low
the oxygen content and doping concentration. thermal stability®® This defect should be connected with a

The weakly doped FZ samplep£1.3Q) cm, ®) wasp  divacancy produced as the primary irradiation-induced de-
conductive p=8x 10" cm~3), and the Fermi level was at fect, because it was only observed after 2.5-MeV electron
E,+0.21 eV. After irradiation and annealing up to room irradiation, and it was not detected after 1-MeV irradiation.
temperature, the position of the Fermi level was additionallyThe annealing shown by positrons at 115 K can be caused by
determined to b&,+0.26 eV by Hall-effect measurements. these 2-MeV electron-induced complexes.

This value differs only slightly from that of the unirradiated ~ The annealing behavior of Cz-Si:B with a comparable
sample. An explanation is that the irradiation-induced de-doping concentrationg=5.7( cm, ) is completely dif-
fects anneal out below 300 (ee Fig. 7, and thus the shift ferent. Prior to irradiation, the sample wastype (p=2.5
of the Fermi level is also reversible. X10% cm %), and the Fermi level was located &,

The average positron lifetime is 235 ps at 90 K after irra-+0.22 eV. The Fermi level was shifted toward midgap po-
diation, and this value is lower than in irradiatedn-type  sition by irradiation-induced defects, and then it was located
silicon. It can be caused by different charge states of thet E,+0.63 eV. Monovacancies and divacancies are nega-
detected vacancies. lprtype material, the monovacancy is tively charged in this sample state. The average positron life-
neutral and the trapping coefficient is 1-2 orders of magnitime is 260 ps after irradiation, and annealing up to the in-
tude smaller than for negatively charged monovacancies atallation temperature of 90 K. This value was also observed
low temperatured* Assuming that the trapping coefficient of in n-type Cz-Si after low-temperature electron irradiation
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with a fluence of 18 cm 2 (see Sec. Il ¢ The influence of and/or oxygen. This defect is less stable than the divacancy,
shallow positron traps which reduce the average positroRecause it is not observable after annealing at 500 K at a
lifetime at low measurement temperatures will be discussegheasurement temperature of 90 K.

below. Temperature-dependent positron-lifetime measurements,

The defect-related positron lifetime is constant 288 psnevertheless, show the existence of shallow positron traps
during the annealing in the temperature range between 9(ee Fig. 1pwhich mask the signal of vacancy defects. Not
and 350 K. This value can be considered to be an average afl vacancylike defects are annealed after a treatment at 950
different defect types. The first annealing stage at 170 KK (see also discussion bel@wAlso, electrical measurements
shows the disappearance of monovacancies. A broad anneghowed a broad annealing stage between 470 and 850 K.
ing was observed between 200 and 475 K, which can b&his was interpreted as a combination of different annealing
subdivided into three weak annealing stages at 250, 350, amfocesses depending on electron energy during the low-
450 K. In this B-doped, oxygen-rich sample various defectemperature irradiation.
complexes were formed during the irradiation and annealing. In addition, correlated IR-absorption measurements,
A part of the monovacancies reacts with substitutional borompositron-lifetime measurements, and measurements of the
and produce& centers ¥B) during the electron irradiation. Doppler broadening of the annihilation line were carried out
These boron-vacancy complexes differ from otBarenters, in Cz-Si:B with different boron content after low-
because the boron atom occupies the next-nearest-neighbiemperature irradiatio® K, 2 MeV, 10 cm™2) and follow-
positron? Therefore, no influence of boron can be expectedng annealing at 300 K. Figures 8 and 9 show the depen-
on the defect-related positron lifetime compared to the spedences of the average positron lifetime and the line-shape
cific lifetime of the monovacancy. EPR investigations parametelS on the annealing temperature for these samples
showed the decomposition &fB complexes below room determined at room temperature. In addition, Fig. 8 shows
temperaturé. In this temperature range, interstitial boron the annealing of the negatively charged divacancy observed
also becomes mobile. Thermally more stable defect comby the decrease of the absorption band at 0.34%V.
plexes containing vacancies, boron, and oxyg@Aarcenter, The first annealing stage up to 500 K was also observed in
divacancy, etg.can be formed during these processes. AfterCz-Si:B by positrons at a measurement temperature of 90 K
annealing at 475 K, no vacancylike defects can be detecte@ee Fig. 7. This main stage above room temperature was
by positrons. Therefore, the annealing of vacancylike defecassigned to the annealing of the divacancy,Ereenter, and
complexes in boron-doped Cz-Si occurs at lower temperaturether complexes containing vacancies, boron, and/or oxygen.
compared to phosphorus-doped Cz-Si. For instance, the annealing of the negatively charged diva-

The very highly B-doped samplgp €0.0025Q cm, A) cancy observed by IR spectroscopy occurs in the same tem-
was stronglyp conductive p=4x10'° cm3) before elec- perature range. At annealing temperatures above 500 K, a
tron irradiation, and the Fermi level was located within thepositron lifetime near the bulk lifetime was measured at 90
valence band. The irradiation caused no shift of the FermK. In contrast, the investigations at room temperature show
level, the sample remained in the degenerate state. In than increased average positron lifetime compared to the bulk
sample state, the isolated monovacancies and divacancies a@ue and, therefore, they prove a distinct positron trapping
positively charged and cannot trap positrons. The averagie deep traps at this state of the samples. This difference is
positron lifetime was 231 ps at 90 K, and the defect-relatedlue to the effectiveness of shallow positron trépscceptor
positron lifetime ofr,= 285 ps is typical of a monovacancy. andA centej at the low measurement temperature of 90 K
This component can be attributed to B complex which  (see the discussion in Sec. Il B,2ccordingly the positron
will be formed by low-temperature electron irradiatiort. trapping in vacancylike defects is hidden.

The average positron lifetime is constant up to an anneal- The average positron lifetime measured at 300 K weakly
ing temperature of 150 K, and then it steeply increases tincreases in the annealing range between about 500 and 700
245 ps in the range up to 170 K. The concentration of deK for the two samples with the higher boron contéatand
tectable vacancylike defects increases by the mobility of®; see Fig. 8 Above 700 K, 7 decreases, and reaches the
monovacancies and thus, by the formation of neutral obulk value at about 950 K. The average positron lifetime is
negatively charged vacancylike complexes. The average posamperature independent in this annealed sample state. The
itron lifetime additionally increases above 250 K. In this defect component was determined to be 233ps above an
temperature range, thE center disintegrates and then the annealing temperature of 500 K. This value points to mono-
free vacancies can agglomerate to defects with larger operacancylike and divacancylike defects, but an exact assign-
volume. ment to a defect type cannot be found from these results. We

A broad annealing stage between 340 and 475 K was thetan assume that defects with an open volume similar to that
observed by analogy with the weakly B-doped sample ( of a monovacancy or divacancy anneal out in the tempera-
=5.7Q cm, WM. The defect-related positron lifetime is con- ture range between 700 and 950 K. These defects are ther-
stant 285 ps up to an annealing temperature of 400 K. Monomally very stable. From EPR studies it is known that for
vacancylike defects connected with boron and/or oxygen armstanceV;0, defects anneal at 870 ¥.
the dominant positron traps. Above a temperature of 420 K, The annealing of positron-sensitive defects is already
the defect-related positron lifetime increases to8@6 ps. completed at about 750 K for the weakly boron-doped
The value is characteristic of a divacancy which anneals outample(O; see Fig. 8. This can be a hint that boron is a part
between 450 and 620 ¥ Isolated divacancies are posi- of the thermally more stable defects in higher doped silicon.
tively charged in our sample. Therefore, the positron trap- Moreover, Doppler broadening experiments were carried
ping center must be a divacancylike complex with boronout for the annealing of identically treated samples as illus-
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1.oF ¢ Czl-Si-IIB -elfI:ctror'l irraldiate 17 tures shows the formation of other vacancylike defects fpr
“é —~ o3l ) the boron-doped sample;. In general, the Doppler broadening
8E 0l parametelS should also increase for this samples. Contrary
§2 ‘ to expectation, theS parameter decreases below _the bulk
= T 04r o 2.65CQcm val_ue for the boron-doped samplés and #; see Fig. 9.
= 020 . This low S parameter was already observed by many
0.0 e author$®=*! for boron-doped or boron-implanted Cz mate-
270F A 7T ot rial, and should be caused by the strong influence of the
L ] chemical environment of the open volume on its electron
= 20k 400025 Qcm momentum distribution. However, the combination of our
S i ¢ 0015 Qem positron lifetime and Doppler broadening experiments and of
L o 2.65Qcm . . ..
§ 250l 1 results of other authors implies that defects containing one or
< i 1 two vacancies, oxygen atoms, and boron atom§), B, , are
5 a0l 1 formed between about 500 and 700 K. These defects vanish
= at about 950 K.
é r ] To sum up, one may say that the annealing behavior of
5 2301 ] electron-irradiated boron-doped silicon strongly depends on
5 - 8 the dopant and oxygen concentration. The dominant positron
& 20f . trapping center in FZ-Si with low boron and oxygen content
B N is the monovacancy, which anneals up to 200 K. Four an-
! \ \ ! ! I nealing stages were detected in the range between 90 and

1 " s " " s 1 1 1
300 400 500 600 700 800 900 1000
annealing temperature (K)

470 K in Cz-Si with high oxygen concentration and compa-
rable low boron content. These stages can be attributed to the
annealing of the monovacancy, teecenter, and other com-

FIG. 8. The dependence of the intensity of the IR absorptionplexes containing vacancies, boron, and oxygen. Eloen-
band of the negatively charged divacan@pper pait on the an-  ter, its disintegration, and the formation of complexes of va-
nealing temperature fgr-type Si:B(2.65( cm) after 2-MeV elec-  cancies and impurities were observed in highly B-doped Cz-
tron irradiation (16° cm™?) at 4 K. Change of the average positron Sj. |n the temperature range above 340 K, the annealing is
lifetime with the annealing temperature in electron-irradiated differ-similar to that of weakly B-doped Cz silicon. At a tempera-
ently doped Cz-Si:B. The measurement temperature was 300 K. t,re above 500 K, large defect complexes containing oxygen

- . , , and boron are formed.
trated in Fig. 9. Here the annealing of divacancies &nd

centers up to 500 K can be seen for the different samples,
analogous to the experiments using infrared-absorption and
positron-lifetime spectroscopisee Fig. 8 The increase of

2. Temperature dependence of positron trapping

Highly B-doped Cz-Si with a carrier concentration of 4

the average positron lifetime at higher annealing tempera:

Cz-Si:B - electron irradiated

% 10'° cm™2 remained of type, with the Fermi level within

the valence band, after irradiation with a dose of®ifin™2.
Isolated monovacancy and divacancies were thus positively
charged in this stat&*° and, therefore, they were no posi-

1.03 1 tron traps. After irradiation, the defect-related lifetime was
A 0.0025 Qcm typical of monovacancies, 285 ps and we interpret this value
¢ 0.015 Qcm as an average of defects involving vacancies, boron, and/or

1.02 ©  2.65 Qcm oxygen. The defect-related positron lifetime then increases

S parameter
—_
o
f—

1.00

0.99

400 600 800
annealing temperature (K)

due to the formation of more complex defects by further
annealing(see the discussion in Sec. Il B.1Figure 10
shows the temperature dependence of the average positron
lifetime in this electron-irradiated Cz-Si:B after different an-
nealing steps.

The average positron lifetime decreases with decreasing
sample temperature, and this behavior indicates the competi-
tive trapping of a neutral vacancy defect and shallow posi-
tron traps. Fits according to the trapping model taking into
account these two defect types yield parameters summarized
in Table IV. The mean binding energy of positrons to shal-
low traps is about 18 meV, and the mean trapping coefficient
at 25 K was determined to be 580'° s™%. These values
are both lower compared to those for undoped Cz and FZ
material. On the assumption that negatively charged vacan-
cies without open volume act as shallow traps, one can con-

FIG. 9. The line-shape paramet@from the doppler experiment
as functions of the annealing temperature for electron-irradipted clude that the boron acceptor is this shallow trap. A further
type Si:B with different boron content. The results were obtained atndication to the boron acceptor acting as dominant shallow
300 K. trap is the unchanged concentration of shallow traps within
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FIG. 11. Temperature dependence of the average positron life-
time in electron-irradiated4 K, 10" cm™2, 2 MeV), differently
doped Cz-Si:B after annealing at room temperature.

FIG. 10. Average positron lifetime vs sample temperature in
electron-irradiated E=2 MeV, ®=10"%¥ cm™?, T=4K) Cz-Si:B
(p=0.0025Q) cm) at different annealing states. Solid lines are fits
according to the trapping model taking into account a neutral va-
cancy defect and shallow positron traps. comparison between the fitted trapping ratgand trapping

ratexy_, calculated from the experimental values of average

the margin of error during the annealing in the temperaturand defect-related positron lifetimes is shown in Table IV.
range between 340 and 580 K. An annealing of shallow trap3here is a good agreement and the small difference is due to
was detected in this temperature range for undopednand the shallow traps still acting at room temperature. This can
type samples. Tha center anneals out at about 573KThe  be concluded because no saturation of positron trapping was
positron trapping at the irradiation induc@dcenters is cov- reached at a sample temperature of 30(s&e Fig. 1D
ered by the competitive trapping at the boron acceptors Figure 11 shows the temperature dependence of the aver-
which exist in a high concentrationpE4x10*° cm™3).  age positron lifetime in electron-irradiatéd K, 10" cm™2,
Therefore, theA centers cannot be detected by positrons in2 MeV), differently doped Cz-Si:B after annealing at room
these samples. temperature. It is clear that the boron content decisively in-
The trapping rate of the neutral vacancy defect decreasdhiences the dominant defect structure in the sample and,
in this annealing range. The corresponding defect concentrdherefore, also the temperature-dependent behavior of the av-
tion varies between 1x410'® and 1.3x10' cm 2 taking  erage positron lifetime. For the highly doped samle, the
into account a trapping coefficient ofx710'* s71.3% After  temperature behavior ofis determined by the positron trap-
treatment at 900 K, the annealing of the vacancy defects wasing in shallow traps which were attributed to the boron
completed. In the whole range between 340 and 900 K, difacceptor, and in several neutral defects containing vacancies,
ferent annealing stagdsee Fig. 7 were observed, support- boron, and/or oxygefsee the discussion abgve
ing our assumption that the defect-related lifetime is an av- The weakly doped samplg&5x 10 cm™3, O) shows
erage of different vacancy defects. The trapping rate ofhe typical behavior which was found for competitive posi-
vacancylike defects was also determined at a measuremembn trapping in shallow traps(boron acceptor and
temperature of 300 K from the average positron lifetime. Thdrradiation-inducedA center$ and in negatively charged va-
one-defect trapping modélwas used and, therefore, the in- cancy defects. After irradiation with an electron dose of
fluence of shallow traps was neglected at this temperature. A0*® cm ™2, this sample is compensated for, and the diva-

TABLE IV. Annealing temperatur@ , and fitted values for positron binding energy at shallow tifagsconcentratiorC, and trapping
coefficientug, of shallow traps, and trapping rate of vacancy defegtsn electron-irradiated Cz-Si-Bp(=0.0025() cm).

Ta (K) Est (meV) Cst (10 cm™) pst (10574 xy (101°s7Y) Ky cal (300 K) (10°s7)
340 18.0-1.6 4210 6.3-1.1 2.0+0.1 15
430 17.2:138 4.9-0.9 5.2:0.7 0.54-0.02 0.41

580 17.7#5.3 5.8:2.5 59-2.2 0.18-0.01 0.14
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cancy is negatively charged. The defect-related positron life- '
time was determined to be 38& ps, and this value is in a 280
good agreement with experimental and theoretical lifetimes
for the divacancy’*® The concentration of the dominant di-
vacancy at 300 K can be estimated from the trapping rate
k=6.3x10° s™* and the trapping coefficientu=1.9

x 10* s71 according to Eq(1) to be Cy=1.7x10% cm™2,

The positron annihilation in shallow traps can be neglected at
this measurement temperature.

The course of the temperature dependence @r the
moderately doped Si:B samplegp£1.5x10%8 cm ™3, #)
shows a saturation behavior at the bulk vatyeat low tem-
perature and an increase in the average lifetime for sample
temperatures above 150 (§ee Fig. 11 The defect-related
positron lifetime was determined to be 299 ps, and this 220}
value is equal to that of the neutral divacariéyhe sample . . . .
was partly compensated for by the electron irradiation, so 0 200 400 600 800
that the Fermi level was shifted toward the midgap and was annealing temperature (K)
located above the ionization levét-/0) of the divacancy.

The shallow positron traps act in this sample up to 300 K FIG. 12. Average positron lifetime as function of annealing tem-
and, therefore, the divacancy concentration cannot be accperature for electron-irradiated-Si:P with different doping con-
rately determined. The effect of shallow traps of a very highcentrations. The irradiations were performed with 2-MeV electrons
concentration up to 550 K was also detected in electronat 4 K to adose of 18® cm™2 The positron lifetime was determined
irradiated GaAs? We still see from the temperature depen- at 90 K.

dence that the dominant vacancy defect is neutral and the

defect-related positron lifetime points to a divacancylike deg|ated lifetime when annealing starts. Therefore, other

fect. defects with higher defect-related positron lifetimes, such as

For the latter three boron-doped Cz samples, the coursgsy|ated monovacancy, divacancy, and/or vacancylike com-
of the temperature dependence of average positron I'fet'mﬁlexes containing oxygen, exist besides fheenter. The
(see Fig. 11remain unchanged during the annealing on prin-,

ciple. 7 decreases by the annealing and, after an annealing 'ée}mperature—dependent positron-lifetime measurements show
. T , . . ]
750 (O) or 950 K (A and ), respectively, it is temperature so the presence of shallow positron tradpse the discus

independent and equal g sion below.
P | ' The average positron lifetime continuously decreases in

N the annealing range between 90 and 470 K. Individual an-
C. n-type silicon nealing stages cannot be separated in this range. We con-
Silicon n-type samples differently doped with P, As, and clude that the annealing of théP complex takes place in
Sb were available for positron-lifetime measurements. In adthis temperature range. This is in a good agreement with
dition to the annealing experiments, temperature-depende®PR and IR results, which prove an annealing temperature of
investigations were performed in phosphorus-doped silicon400 K for theE center*344
The average positron lifetime is then constant in the tem-
1. Si:P perature range from 470 to 570 K. This plateau is followed

Figure 12 shows the annealing behaviometype silicon by an annealing stage that goes up to 620 K. This annealing
with different phosphorus concentration. The behavior of theStage corresponds to that found in undoped material, and is
very weakly doped sample& 50000 cm, M) was already attributed to the divacancy. The defect-related lifetime could
discussed in Sec. Ill A 1. The P concentration is too low tonot be determined in this range for Si:P due to the very low
influence the positron-lifetime results. intensity of the component. The positron lifetime of the bulk

The highly doped Cz-Si sample wigh=0.001Q cm(A)  was measured after 620-K treatment. The annealing of va-
was stronglyn conductive prior to irradiation. The Fermi cancylike defects was then completed.
level was located in the conduction band. The semiconductor The sample with the low doping levek(10'® cm™3, p
remainedn type after electron irradiation with a fluence of =0.6() cm, @) was ofn-type conductivity prior to irradia-
10'® cm™2, i.e., the Fermi level was not shifted significantly. tion. The Fermi level was located &, +0.67 eV, and was

The average positron lifetime was measured to be 259 pshifted in a midgap positionH, + 0.56 eV) by electron irra-
at 90 K after irradiation. A defect component could only bediation (2 MeV, 4 K, 138 cm™?). In this case, monovacan-
separated after annealing at 260 K. The defect-related lifecies and divacancies are negatively charged and, therefore,
time was constant 2555 ps up to a treatment at 500 K. This they can act as deep positron traps just like in weakly doped
value corresponds to the defect-related positron lifetime oSi:P (H). The average positron lifetime was determined to be
the E center P").8 We conclude that th& center is the ~260 ps after irradiation and annealing up to 90 K. This
dominant defect detectable by positrons in electronvalue corresponds with that measured for highly doped Cz
irradiated silicon with a very high P concentration. The av-silicon (A). However, the annealing behavior and so the
erage positron lifetime is higher compared to the defectdominant vacancylike defects distinctly differ.

T T
FZ 8i, p=5000Qcm |
Cz Si, p=0.6Qcm
Cz 8i, p=0.001Qcm |
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US————T—T————— annealing steps. This sample is degenerated and alse of
L] Si:P (p=0.001Qcm) type conductivity, with the Fermi level located in the con-
e clectron irradiated: 1 duction band after electron irradiatiés K, 10 cm™2). The
2 MeV, 4K, 10"%cm™ dominant deep positron trapping center is Eheenter with a
240 . - defect-related lifetime of 255 psee the discussion abgve
This is in a good agreement with results from other
N 1 authors’* The V-P complex introduces a single acceptor
level at E,—0.43 eV® and in highly n-type material it is
235+ . therefore negatively charged.
The behavior observed after annealing at 340 and 430 K
shows the presence of shallow and déEentej positron
traps. The decrease in average positron lifetime with increas-

average positron lifetime (ps)

230- A ing measurement temperature above 150 K is typical of a
* aprealecat negative vacancylike defect, tMP defect. Below 150 K, the

" m 430K ] positron lifetime decreases with decreasing temperature due
V“o«.} ¢ 580K to the reduced detrapping from shallow traps. The solid lines

225+ 2 A Y . in Fig. 13 correspond to the trapping model taking into ac-
"0\’ - count a negative vacancy defect and shallow traps. The fit-

"~N ting parameters have large errors, but it is distinct that the

* binding energy of the Rydberg state of the vacancylike de-

22 " 1 L 1 L 1 L 1 L 1 L
0 100 200 300 400 500 600
measurement temperature (K)

fect Egr (=200 meV is larger compared to the undoped Cz-

Si. This can be explained by the different dominant deep

positron trapping centers in hightydoped Cz-S(E centej

FIG. 13. Average positron lifetime as a function of the measure and in undoped Cz materiédivacancy.

ment .tenl‘lperatu?e P in electron-irradiated E<2 MeV, & Th(? positron binding energy of th? ShaIIovy trﬁg (~20

— 10" cm 2, T=4 K) Cz-Si:P (o= 0.0010) cm) after differ,ent an- meV) is lower than in undoped Cz-Si, and this points to the

nealing steps. The solid lines correspond to fits according to thénfluentce ofﬂ:he Fr)]oflltlont()f thiflt:ermll Ietvel a_nd/c(j)_r t(')f thethP

trapping model taking into account a negative vacancy defect and opar_1 on X e sha 0\_N re_lp. er (_a_ec ron irradiation, (_a
ermi level is located in midgap position for undoped Cz-Si,

shallow positron trap. ] - - -
P P and into the conduction band in degenerated P-doped silicon.

Here the average positron lifetime is nearly constant up td" the latter sample, thé center is negatively charged, and
an annealing temperature of 580 K. The defect-related pos@nother binding energy of the shallow trap can be expected.
tron lifetime is typical of a monovacancylike defect, and it ~ After annealing at 580 K, the average positron lifetime
amounts to 280 ps. The isolated monovacancy andEthe increases with depreasmg measurement temperature in the
center are no candidates for this defect due to its high thefvhole range, the influence of shallow traps is disappeared.
mal stability. The dominant defects must be complexes off his is an |.nd|cat|on that thé center acts as shallow trap,
oxygen and vacancies. The annealing temperaturés,of because this dgfect anneals ab0\_/e a temperaturée of ?:5:70 K.
V30, andV,0, were determined to be in the range between! € concentration ok/P defects is about 3:610'° cm*,

620 und 670 K by EPR measureme#t&he main annealing determined at a measurement tergperature of_ 300 K b_y the
appears between annealing temperatures of 550 and 700 K §e-defect trapping mod¢Eq. (1)].” The trapping coeffi-

our sample. An exact and free separation of the defect confient for rsleg?tlve'y Char%ed vacancies at room temperature
ponents is not possible. Kawasusbal. found annealing ©f 1X10'°s™* was used: The annealing of the vacancy
temperatures o¥,0 andV50 at 650 K by fixing the defect- defect is completed after a treatment at about 65@&¢m-
related lifetimes. But we have to take into account that re- Pare the discussion of Fig. 1.2

sults obtained by fixing components cannot be safely inter-
preted. The annealing of vacancylike defects of the low-
doped Cz-Si:P(®) was completed after a temperature Figure 14 shows the dependence of the average positron
treatment at 800 K. lifetime on the annealing temperature for electron-irradiated

To summarize the annealing experiments for phosphorus-Si:As with different doping concentrations. Cz samples
doped silicon, it may be said that the impur{tyxygen and  with specific resistivities of 1.2 and 0.00Ibcm were stud-
the dopant atoms distinctly influence the formation and anied in the temperature range from 90 to 1100 K.
nealing behavior of electron-irradiated Si:P. The annealing The weakly doped samplep&1.2Q cm, () was of n-
of monovacancies and divacancies was observed at 170 atgpe conductivity =310 cm %), and the Fermi level
550 K in very weakly doped Si:P. THe center is the domi- was located 0.91 eV above the valence band before irradia-
nant defect in very highly doped Si(Begeneratedand this  tion. The Fermi level was then shifted in the direction of
VP complex disappears at about 400 K. Oxygen atoms themidgap by electron irradiation, and was pinned B
mally stabilize the vacancies up to 800 K in weakly P-doped+0.78 eV at room temperature. The monovacancies and di-

2. Si:As

Cz silicon. vacancies are negatively charged, and can trap positrons in
Figure 13 shows the temperature-dependent positron lifethis case.
time in the electron-irradiated Cz-Si:Po£0.001Q cm) The average positron lifetime of 275 ps was measured at

with a carrier concentration of 810'° cm™2 after different 90 K after electron irradiation. The defect-related positron
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280 . — T . lifetime of 248 ps dominates the trapping behavior. This de-

O CzSi:As, p=1.2Qcm fect can be assigned to tlecenter. This conclusion is sup-

® CzSi:As, p=0.0016Qcm ported by the high doping concentration of the investigated
1 sample 6=3.5x10'° cm ), by the fact thaE centers are

formed by low-temperature irradiation,and by the defect-

. related lifetime being typical of a complex consisting of a

vacancy and a doping atom of the fifth grdup.

No distinct annealing was observed up to 300 K. The
weak decrease af in this range can also be attributed to the
monovacancy becoming mobile at about 170 K. The average
4 positron lifetime distinctly decreases above room tempera-
ture, and then it increases again between the annealing tem-
peratures 450 and 550 K. This increase can be attributed to
the dissociation of th& center. The released vacancies react

to thermally more stable defects with a larger open volume.
220 I = : - The defect-related positron lifetime also increases to a value

L ' ' L Lo of 75>290 ps above an annealing temperature of 570 K.

0 200 400 600 800 1000 1200 This value is again an average of lifetimes of several vacancy
annealing temperature (K) defects. The further annealing of divacancies ¥p®, com-
plexes proceeds up to 950 K. The annealing behavior above

FIG. 14. Change of the average positron lifetime with the an-570 K is similar to that of the weakly arsenic-doped sample.
nealing temperature for differently arsenic-doped silicon after 2- The annealing studies of electron-irradiated Si:As show,
MeV electron irradiation (18 cm™) at 4 K. The measurement in accordance with electrical investigations, that no defects
temperature was 90 K. The bulk lifetime, is indicated by the anneal in the temperature range between 90 and 300 K. The
dashed line. E center {/As) with a defect-related positron lifetime of 248

ps is the dominant defect up to an annealing temperature of
lifetime was determined to be 290 ps. This component can b&50 K in highly doped material. Divacancies and complexes
considered as an average value of different vacancylike davith vacancies and oxygen are formed after dissociation of
fects existing in this sample state. Since the positron lifetiméhe VAs complexes, and then they anneal up to 900 K. A
of the monovacancy is between 270 and 280 ps, we concludéide annealing stage between room temperature and 800 K
that divacancies or complexes containing divacancies alsyas observed in weakly doped Si:As, but no assignment to
exist at 90 K. Furthermore, one can assume aenters vVacancy defects is possible. o
(VAs) are also induced in arsenic-doped silicon by the low- Temperature-dependent positron-lifetime measurements
temperature irradiatio?? alsq detect, for arsenlc—doped silicon the existence of _shallow

The average positron lifetime is nearly unchanged up td°Sitron trapsno figurg. Analogous to the results on highly
an annealing temperature of 300 K. This behavior was als§oPed Si:P(see Fig. 13 the average positron lifetime de-
proved in arsenic-doped silicon by electrical measurefr€ases with deqreasmg sample temperature below 200 K
ments3® The monovacancies becoming mobile below 170 kand, after annealing a_t 58_0 K, the mf_luence of s_hallow traps
cannot play an important part in this material, but can caus§annot be observed in highly arsenic-doped Si. The nega-
the weak decrease afbetween 90 and 200 K. Then, a wide t|yely chargedA center can be assigned to this defect type in
annealing stage was observed in the temperature range H8iS degenerated-type Si:As sample. The temperature be-
tween 300 and 800 K. The defect-related lifetime decreasdg@vior of 7 for the weakly doped sample is similar to that for
in this range and reaches a value of 260 ps at 700 K. Théndoped Cz silicorisee Fig. 3. In this case the neutra
vacancylike positron traps cannot be attributed to micro-C€Nter can act as shallow trap.
scopic structures without further assumptions. A continuous _
annealing of irradiation-induced defects between 400 and 3. Si:Sb
800 K was also observed by electrical measurem@rithie The annealing behavior of two differently Sb-doped Cz-Si
annealing of thd= center in Si:As was shown at about 450 K samples = 0.025 and 0.0089) cm) which were irradiated
by EPR studies. Divacancies aWgO, complexes anneal out with 2-MeV electrons and with a fluence of #&m™2 at 4 K
above 450 K. The observed annealing stage proves the amas also investigated. Both samples were strongipnduc-
nealing of all detectable vacancy defects. tive, and the Fermi level was located within the conduction

The highly doped Si:As samplep&0.0016Q) cm, @) band before and after electron irradiation. Monovacancies
was degenerated, and the Fermi level was also located in thend divacancies should be detectable in these samples. The
conduction band after electron irradiation. The monovacancannealing behavior is similar for both samples, and the fol-
and divacancy are double negatively charged, and can act &swing discussion applies to all.
positron traps in this sample statélhe average positron The average positron lifetime was determined to be
lifetime was measured to be 253 ps at 90 K after electror267.5-1 ps at 90 K after irradiation. The temperature-
irradiation. This value is distinctly lower than the averagedependent measurements show that the positron annihilation
positron lifetime determined in weakly doped Si:As. A two- in shallow traps only occurs below a sample temperature of
component fit was not satisfactory due to the nearly complet80 K (no figure. The trapping at shallow positron traps is
positron trapping at defects. A defect with a specific positrortherefore negligible at a measurement temperature of 90 K,

270

260

250t

average positron lifetime (ps)
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TABLE V. Defect-related positron lifetimes and annealing ranges of the diffé&em@nters in electron-
irradiated silicon.

VB VP VAs VShb

defect-related lifetiméps) 285 255 248 252
annealing rangéK) 200, .. .,250 300...,470 450. . .,550 400. . .,500

and the concentration of vacancy defects can be calculatetbncentrations of the sample. The annealing of the isolated
by Eq. (1). The defect-related positron lifetime was deter-monovacancy and divacancy was observed in pure FZ-Si at
mined to be 280 ps, and this value is the average of70, and between 450 and 650 K, respectively. The stabili-
irradiation-induced vacancylike defedilso see the discus- zation of vacancy defects by oxygen was proved in undoped
sion above The determined defect concentration is thenCz silicon. _ _

Cy=4.8x10% cm™3 by using the trapping coefficient of Irradlat_lon—lnduced vacancylike defects in boron doped
negatively charged VP centes=1.8x 10® 5124 This re- Fz materlal completely anneal be]ow room temperature due
sult corresponds to an introduction rate of 0.05 érdeter- {0 the disappearance of the domin&ntenter VB) at 260
mined at 90 K for vacancy defects in low-temperature/<: IN 0xygen-rich Cz-Si:, the vacancies and also Eneen-
electron-irradiated Si:Sb. ter are stabilized by oxygen and boron atoms, and the anneal-

A continuous decrease in the average positron Iifetimeing of these defects s finished up to 950 K depending on the

: . . .rboron concentration.
and thus in the vacancy concentration, was observed in the

annealing range between 90 and 240 K. The defect-relategoxafeilcgl':(ne a(jj?jfieti((:)tr? tlg nﬁg:(lj)(/aigﬁiidescgl:usjl:givg'::?ncies
positron lifetime is constant up to 190 K80 ps, and de- P ' '

- ... anneal out up to 600 K. In Cz-Si with a low phosphorus
creases then to 2675 ps. The monovacancy anneals in this . .
. content, vacancylike defects are thermally stabilized up to
range and after that the dominant defect-type changes to

defect with a lower open volume compared to a monova—go 0K because the dc').mmant defects are combined with oxy-
cancy gen. ThekE center in Si:Sb anneals out at about 400 K, and in

. e . Si:As above 450 K. The annealing of irradiation-induced va-
The average positron lifetime is constant in the tempera:

ture range from 240 to 400 K. The next annealing stag cancy defects containing oxygen occurs up to about 800 K in

follows above 400 K. Both, the average and the defeC(?these samples. Table V summarizes the defect-related posi-

: e tron lifetimes and the annealing ranges for the different
related positron lifetime decrease, andreaches a value of . ' . o
252 ps. This stage can be attributed to the annealingSif centers in electron-irradiated doped silicon.
compléxes The%efect component of 252 ps is similar to that The temperature-dependent behavior of the average posi-
decopm oséd for the center Fi)n SiP. and thz annealin tem_atron lifetime is typical of the competitive positron trapping in
peraturl?a corresponds to that detér;nined to be 470 Kgby EP allow and deep positron traps for all electron-irradiated
experiments in Si:S# An annealing temperature of 500 K sllicon samples. In highlp-type Si:B, the dominant shallow

measured by positron lifetime spectroscopy is also known i rg:)ositron trap can be attributed to the boron acceptor. It was
, 9 y p P by 15 shown that the boron acceptor in silicon acts as a shallow
literature? In this case, the defect-related lifetime of 240 ps

: positron trap. The concentration of shallow traps depends on
Wa%fg( ebci”isvzrllugvgfrazﬁg V?s,it\r/oonzylh?er;idn\(esibs' reached at anthe oxygen concentration in undoped andype material.
annealing temperature of gbout 650 K, aris then tempera- The negatively charged center can be assigned to the shal-

. . : low positron trap in highlyn-doped silicon. On the assump-
ture mdepgnder(hot shown. The sample with thg hlgher Sb tion that the neutrah center can act as shallow trap due to its
concentration §=0.0089Q) cm) shows an additional an-

. ; .._small open volume, we attribute the temperature dependence
nealing stage above 600 K. The defect-related positron Ilfe(-)]c the average positron lifetime in undoped and weakly

time cannot be separated due to the too low intensity of th‘Eioped Si to this defect in addition to vacancy defects. How-

defect component. It is known from EPR measurements thaéver it cannot be excluded that thecenter is modified by
V,0, complexes anneal above 600°KThese defects defi- impL;rities for example

nitely exist in electron-irradiated undoped Cz silicon.
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