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Photoionization of the silicon divacancy studied by positron-annihilation spectroscopy

H. Kauppinefi and C. Corbél
Institut National des Sciences et Techniques Naigs, Centre d’Etudes Nuaé@es de Saclay, 91191 Gif-sur-Yvette Cedex, France

J. Nissila K. Saarinen, and P. Hautoja
Laboratory of Physics, Helsinki University of Technology, P.O. Box 1100, FIN-02015 HUT, Finland
(Received 3 October 1997

The optical ionization of the silicon divacancy in 2-MeV electron-irradiated Si was studied by using
positron-lifetime and positron-electron momentum distribution measurements under illumination with mono-
chromatic light. Upon irradiation at room temperature, negative and neutral divacancies are detected in both
float zone and Czochralski Si by positron-annihilation measurements in darkness. The positron-annihilation
characteristics of the divacancy are determined ag=300(5) ps=1.35(2)X7,, Sy
=1.055(3)X S,, andWy=0.75(2)X W, . lllumination at 15 K with monochromatic 0.70—1.30 eV light has a
strong effect on the positron trapping rate to the divacancies. The results can be understood in terms of optical
electron and hole emission from the electron levwéjs® and V3™~ of the divacancy. The changes in the
positron trapping rate are due to the different sensitivities of the positron to the charge\@také;, and
VE*. The spectral shape of the positron trapping rate under illumination reveals an electron I&el at
+0.75 eV, which is attributed to the ionization Iewff[” of the divacancy[S0163-182¢08)10819-9

I. INTRODUCTION lated monovacancy in a negative charge state after electron
irradiation at 20 K. Mascher, Dannefaer, and Renvesti-
Point defects are created in the silicon lattice during thegated the positron trapping to the different charge stifes
crystal growth as well as in the processing of the materialy/, , andv3~ of the divacancy and determined their positron
e.g., by ion implantation. To introduce and study simpletrapping coefficients. They also observed shallow positron
point defects in Si in a controlled way, one generally usegraps inn-type Si, which they associated with the vacancy-
electron irradiation. The most important defects created UPOBxygen pairs or thé centers. The vacancy-phosphorus pair
irradiation and room-temperature annealing are the divag, ‘ihe phosphoru€ center was also studied by Maen

cancy, vacancy-oxygen complexes, and vacancy dopang; o7 pecently, the divacancies and the decoration of vacan-

impurity pairs. The abundances of these defects depend Qs by oxygen and other impurities have been studied by

the oxygen and dopant concentrations in the material. Theit . . L
structures and the electron levels in the forbidden gap ha geveral authors with positron lifetime spectroscagytwo

been investigated by electron paramagnetic resonds), ?lmhen5|oe1n?l a(tjngular correlattlor:c tﬁf r?n?]'h"at'on trad|;at!lo nf
infrared (IR) absorption, and deep-level transient spectros-eC nique,”and measurements of the high-momentum tail o

copy (DLTS) measurements? the e*-e~ momentum distribution®*3

Positron-annihilation spectroscopy offers complemen- In this paper we combine positron-annihilation spectros-
tary information on vacancy defects in silicon and silicon-COPY and photoexcitation to study the optical properties of
based systems. The positron lifetime and the momentum dighe divacancy, thereby adding an important component to the
tribution of the annihilating positron-electron pair depend onstudy of defects in Si by positrons. Using the technique in-
the annihilation state of the positron. Positron trapping androduced earlier to study optically active defects in GAAY,
annihilation at vacancies are manifested as an increase of thée measure the positron trapping rate to divacancies at 15 K
positron lifetime and as a narrowing of tleé-e~ momen- under illumination with monochromatid0.70—-1.30-eV
tum distribution with respect to the free positron annihilationlight. We observe that, depending on the photon energy, the
in the lattice. The positron trapping raie= uc is propor-  positron trapping rate to divacancies can be both enhanced
tional to the defect concentratianand it is sensitive to the and reduced by light and the maximum amplitude of the
charge state of the defect via the defect-specific positrotight-induced changes in the positron trapping is as high as a
trapping coefficienju. Defect concentrations greater than or factor of 2. We show that these effects can be explained by
equal to 1&* cm™2 can be measured and there are no limita-the photoionization of the divacancy.
tions as regards the electrical properties of the specimen. In To separate the divacancy signal from the positron anni-
addition, the chemical identity of the atoms involved in ahilation at impurity-related defects, we have combined the
defect, for example, impurity decoration, can be observed bynformation obtained from positron lifetime and momentum
means of the high-momentum tail of tké-e~ momentum distribution measurements. Such a method shows that, in ad-
distribution. dition to the divacancies, positrons annihilate also at

The ability of the positron-annihilation technique to probevacancy-oxygen complexes, in agreement with earlier
the electron-irradiation-induced defects in Si is well estabinvestigation$. To vary the relative concentrations of the
lished by many studie€sMakinen et al.” observed the iso- two defects, we irradiated both float-zof#Z) refined Si and
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TABLE I. Electron-irradiated silicon samples and positron trapping rates to vacancies measured at 15 K.
SampleF1 was cut from a FZ Si wafefp=10" Q cm, [0]<10®cm %) and sample€1-C3 from a
B-doped CZ Si wafefp=8-150 cm, [0]=10'®cm3). The second column shows the electron-irradiation
fluences. The irradiations were performed with 2-MeV electrons at room temperature. The quantities shown
in columns 3-5 are measured at 15 K and they are, respectively, the positron trapping dtevacancy-
oxygen defects, positron trapping ratg, to divacancies in darkness, and the ratio;@; under 0.95-eV
photoillumination to that under 0.70-eV photoillumination.

Positron trapping rates to vacancies at 15 K

e -irradiation
fluence Ky, (ns™Y)
Sample (cm™?) Ky.o (NsY) in darkness Ky, (0.95 eV)lky, (0.70 eV)
F1 1x10'® 0.805) 3.23) 2.02)
c1 3x 10" 2.6(3) 1.52) 2.8(5)
c2 1x10'8 3.05) 3.03) 2.6(6)
c3 5x 108 6(1) 14(1) 2.013)

Czochralski(CZ) grown Si materials where the oxygen con- matic light, as a function of the photon energy from 0.70 to
centrations are different. 1.30 eV. At a photon energy of 0.95 eV the measurements
were carried out as a function of the photon flux from 1
X 10 to 1x 10 cm™?s7L. In all other illumination experi-
ments the photon flux wasx10'® cm™2s™1. At photon en-

For the electron irradiations, four sample pairs were cugrgies 0.70 and 0.95 elr 1.0 eV) the positron lifetime and
from (100 oriented FZ Si and CZ Si wafers, as shown inthe Doppler broadening were also measured as a function of
Table I. The FZ Si was undoped and slighfiytype before temperature from 15 to 300 K.
irradiation (p=10"* O cm). The CZ Si was boron doped and The positron lifetime  spectra — (dn/dt) =sM,

p type before irradiation d4=8-150 cm). The oxygen- (l;/r)exp(—t/n) were analyzed with one component (
impurity concentrations are0]<10"°cm 2 in FZ Si and =1) in the unirradiated samples and with two components
[0]=1x10¥cm 2 in CZ Si. The samples were irradiated (M =2) in the electron-irradiated samples. Decomposition to
with 2-MeV electrons at room temperature in a van de Graafthree components was not possible because of the proximity
electron accelerator. One FZ Si samplel( was irradiated of the different lifetimes. The average positron lifetimge,

to an electron fluence X 10* cm™2. Three CZ Si samples Wwhich coincides with the center of mass of the lifetime spec-
(C1, C2, and C3) were irradiated to electron fluences trum, is calculated from the fitted lifetimes and their in-

Il. EXPERIMENTS AND DATA ANALYSIS

3x10Y, 1x 10" and 5<10'® cm™?, respectively. tensitiesl; as
The electron-irradiated samples and unirradiated refer- M
ence samples were subjected to positron lifetime and = [—dn
Doppler-broadening measurements at temperatures between Ta"e:f t(T)dtzzl lii. (1)

15 and 300 K. Two apparatuses were used. Sanifileand ) o N o
C2 were measured with a 60€i 22Na positron source in The average positron lifetime is insensitive to uncertainties
one apparatus where the time resolution of the positron lifel" the decomposition pr(_)cedure.
time spectrometer was 225 ps. Samp®b and C3 were The Doppler broadening E,, of the 511-keV annihilation
measured W|th a 4%C| source in another apparatus Where L(Ey) Iine iS related to the momentum diStI’ibution Of the
the time resolution was 250 ps. The source compon@3@ annihilating positron-electron pair byE = cp,/2, wherep,
ps/5.4%, 500 ps/0.8%, and 1500 ps/0.15%&re subtracted IS the momentum component along the line of emission of
from the positron lifetime spectra before further analysisthe two annihilation photons. We characterize te-e”
The Doppler-broadened annihilation lik¢E,) at 511 keV momentum distribution with the usual shape_parameﬁers_
was measured with a high-puritfiP) Ge detector. The en- andW. The S andW parameters are the fractions of posi-
ergy resolutions of the HP Ge detectors were 1.2 keV in botfirons annihilating with electrons in the low-momentum range
apparatuses. p,=(0-2.8)x10 3myc and in the high-momentum range
The responses of the positron annihilation signals to thd,=(11—-20)x 10" >mqc, respectively.
illumination were studied as follow4:'® The cryostats of
both apparatuses were equipped with a quartz window to . RESULTS
enable the back illumination on both samples of the sample
sandwich during the measurements. The light obtained from
a halogen lamp was monochromafet{hv)<0.02 eV] and In unirradiated FZ and CZ Si the positron lifetime is 221
guided on the samples by two branches of a trifurcated opps at 15 K and it increases slightly to 222 ps at 300 K. $he
tical fiber. The illuminating photon flux was measured with aand W parameters in the unirradiated samples &g
Si/Ge photodetector connected to the third branch of the op=0.4548(2) and\,=0.023Z1), respectively, at tempera-
tical fiber. The positron lifetime and the Doppler broadeningtures between 15 and 300 K. In the following, tBeand W
were measured at 15 K under illumination with monochro-parameters are presented as ragS, and W/W,, respec-

A. Unirradiated Si
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“ezsi i S ence of 1X10'® cm 2. In FZ Si sampleF1 the average pos-

2 MeV itron lifetime 7, continues to increase as the temperature

1x10'%m?2{240 decreases from 150 to 50 K, below which it is almost con-

stant except for a slight dip at 30 K. The second lifetime

componentr, decreases somewhat as the temperature de-

1230 creases and it is 285 ps at 15 K. TWeparameter decreases
in a continuous way as the temperature decreases from 150
to 15 K. In CZ Si sampleC2, the average positron lifetime
TavelNCreases as the temperature decreases from 150 to 90 K
and then it decreases when the temperature decreases from
90 to 60 K, below which it increases again. The decrease of
Tave DEtWeen 60 and 90 K is accompanied by a rapid de-
crease int, and at 15 K,7, is 265 ps. TheW parameter

350 decreases as the temperature decreases from 150 to 90 K,
below which it increases strongly, and at 15VKis at the

300 same level as that at 300 K.

In CZ Si sampleC1, the behaviors of,,., 7, andW at
temperatures between 15 and 150 K are similar to those in
sampleC2. At 15 K, 7, has decreased to 250 ps antis at
a level even higher than that at 300 K. In sam@l8, 7,
increases and, decreases in a continuous way as the tem-
perature decreases from 150 to 15 K. TWeparameter de-
creases as the temperature decreases from 150 to 90 K, be-
low which it increases again. At 15 K, is 280 ps and the
0.96 W parameter is almost at the same level as that at 300 K.
0.92
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FIG. 1. Average positron lifetime,., the second component ~ The illumination has a strong effect on the positron life-
r, of the two-component lifetime spectrum, and the high-time and Doppler broadening at 15 K in all electron-
momentum paramet&¥ of the Doppler-broadened annihilation line irradiated samples. The FZ and CZ Si materials are com-
vs measurement temperature in electron-irradiated @) FZ Si  pared in Fig. 2, where the results are shown for samiples
(sampleF1) and(O) CZ Si(sampleC2). The solid lines are guides and C2 irradiated to the fluence of*410® cm~2. The am-
to the eye. plitudes of the changes in the average positron lifetirpg
vs photon energy are around 15 ps. This is much larger than
tively. In the unirradiated samples, neither the positron lifethe experimental uncertaint ,,.=0.3 ps of the average
time nor theS or W parameters showed any response tdlifetime.
illumination at the photon energies between 0.70 and 1.30 In FZ Si sampleF1 under illumination with 0.70-eV
ev. light, 7eis 2 ps above the valug®* measured in darkness.
As the photon energy increases above 0.75®),increases
B. Electron-irradiated FZ and CZ Si at 15-300 K in darkness radgrikdly and levels off at 0.90 eV, where it is 17 ps above
The description of the temperature dependence of the pogave* As the photon energy increases above the Si band gap

itron lifetime and the Doppler broadening in the electron-=¢, . a;gne;(\'eTS\ﬁeo?()e;f:esr:/ i;a?'gg et{;Jthht:yssegor?jli?ebtci)rxi

irradiated samples can be divided in two temperature rangeSwve - )

150-300 and 15-150 K. Between 150 and 300 K all irradi-COMponentr; shows a pattern similar to that in.. In CZ

ated sample§1 andC1—C3 show rather similar behavior Si SampleC2, we observe the same behaviorgfe and 7,

and the results can be summarized as follgfig. 1). The VS photon energyr,,. and 7, increase when the photon en-

average positron lifetime, is higher than the value 221— €rgy increases above 0.75 eV and they decrease near the

222 ps in unirradiated Si and it increases as the temperatuR@nd-gap energy. There are, however, two marked differ-

decreases. The second lifetime componsnts 3005) ps. ~ €Nces with respect to FZ Si. First, thg,e vs photon energy

The S parameter increases aWd parameter decreases when CUrve is now shifted ddole(/nward with respectie’. At 0.70

temperature decreases. ev, Ta\,eiS 7 ps belovv;-af,‘g and between 0.90 and 1.0 E¥e
Between 15 and 150 K the temperature dependences i 9 ps abover® The second difference is that in CZ Si the

the positron lifetime and the Doppler broadening are morelecrease of,,. near the band-gap energy begins already at

complex and we describe the results sample by sample. THeO eV and it continues until 1.25-1.30 eV.

S parameter shows behavior that is consistent with th&y of In CZ Si sampleC1 andC3, the ,,, and r, vs photon

and we discuss here only the latter. The FZ and CZ Si maenergy curves have shapes similar to those in sa@p|édut

terials are compared in Fig. 1, where the results are showthe levels of the curves with respect to the values in darkness

for samplesF1 andC2, both irradiated to the electron flu- are different. In sampl€1, at 0.70 eV,7,is 2 ps below
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FIG. 2. Positron lifetime in electron-irradiated Si at 15 K under T

illumination with monochromatic light. The photon flux is 1 . : . , -
X 10 cm~2s7L. The average positron lifetime, . and the long 06 08 10 12 14
lifetime componentr, are presented as a function of the illumina- PHOTON ENERGY (eV)
tion photon energy: (®) FZ Si (sampleF1) and (O) CZ Si
(sampleC2). The dotted lines show the positron lifetime in dark-
ness at 15 K. The solid lines are guides to the eye.

FIG. 3. Positron lifetime and Doppler broadening measured in
the electron-irradiated CZ Si samgld at 15 K under illumination
with monochromatic light. The photon flux isx110'® cm 2s1.

The average positron lifetime,,, and theS andW parameters are
Tg\"’,‘gk and between 0.90 and 1.0 e¥,is 12 ps abovgg%k_ presented as a function of the illumination photon energy. The dot-
In sampleC3, at 0.70 eV, 74, is 10 ps beIOWTg\"’,‘gk and tedlines show the values ef,., S, andW measured in darkness at

between 0.90 and 1.0 ¥, is 4 ps abover®@* Incz si, K The solid lines are guides to the eye.

the 74,e vs photon energy curve thus shifts more and more  \, metastability was observed in the illumination effects.

downward with respect ta,;, when the electron-irradiation Tpis was tested in CZ Si samp@2. The sample was first
fluence increases. The lowest valte=242 ps of the second  annealed at 300 K and then illuminated foh at 15 K,after
lifetime component in CZ Si is found in samp&l under  which the light was switched off and the positron lifetime
0.70-eV illumination. The highest valug=288 psin CZ Si  and Doppler broadening were measured in darkness at 15 K.
is observed in sampl€3 under(0.90-1.0-eV illumination.  After such illuminations with 0.70-, 0.95-, or 1.25-eV pho-
The Doppler-broadening paramet&@sand W show also  tons, 7., S, andW were the same as the respective values
strong responses to the illumination at 15 K. In all irradiatedin darkness before any illumination.
samples S increases an#fV decreases when,, increases.

Figure 3 shows this behavior in sampld. Moreover, the IV. POSITRON TRAPPING TO DIVACANCIES AND
correlationsS(7,,9 and W( 7,9 measured under illumina- VACANCY-OXYGEN DEFECTS
tion at 15 K are straight lines. This property is discussed in

In the unirradiated material, the positron lifetime is 221

Sec. IVB 3, is, which is the free positron lifetims, in the Si lattice’ In

The flux dependence of the positron annihilation signal
was investigated at a photon energy of 0.95 eV. Figure
shows that in sampl€1, 7, S, andW level off at a
photon flux of X 10'® cm ? s 1. We found that the photon
flux of 1x10'® cm 2 s~ ! was sufficient to drive the illumi-
nation effects in saturation in all samples.

Figure 5 shows the temperature dependence,funder
illumination in samples=1 (1.0 eV) andC2 (0.70 and 0.95
eV). The strongest response to illumination is observed at 15
K, above which the effects decrease. As temperature in-
creases above 220 K, the effect of illumination is no longer To determine the number of defects and their positron
visible. Similar behaviors were observed in samfldsand annihilation characteristics we use the following two meth-
C3. ods.

he unirradiated material positrons thus annihilate in the
loch state in the Si lattice and the parame®&yandW, are
those of the lattice. In electron-irradiated FZ and CZ Si, the
result 7,,> 7, indicates that positrons are trapped at
irradiation-induced vacancy defects. In the following, we
show that there are two defects that act as the dominant
positron traps.

A. Defect annihilation characteristics 74, Sq, and Wy
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0.0 015 1'0 FIG. 5. Average positron lifetimer,, in darkness and under
illumination vs the measurement temperature in electron-irradiated
PHOTON FLUX (10'6 cm2s™ " ; . P !
( em™s ) Si. FZ Si sampléF1, (@) in darkness andO) under 1.0-eV illu-
FIG. 4. Positron lifetime and Doppler broadening measured inMination, CZ Si sample2, (@) in darkness(O) under 0.95-eV
the electron-irradiated CZ Si sampld at 15 K under illumination illumination, and(CJ) under 0.70-eV illumination. The solid lines
with 0.95-eV light. The average positron lifetimg,.and theSand ~ a@re guides to the eye.

W parameters are presented as a function of the illumination photon
flux. The dotted lines show the values af,, S, andW measured of at least two different types of positron traps. One should

in darkness at 15 K. The solid lines are guides to the eye. note that the experiment&?(F2') data can form a straight
line even in the presence of two positron traps, as we shall
First, we calculate the so-called model bulk lifetime see in Sec. IV B 3. Therefore, to confirm that there is only
Tmoa=(11/71+1,/7,) " from the two fitted lifetimes and one type of defect that traps positrons, one should also have
their intensities. Ifr,,q= 7,, there is only one positron trap Tmod™ b -
and the two-component fit is physically meaningful. The TheS(7,,9 andW(r,, plots are presented in Figs. 6 and
presence of more than one positron trap is manifested ag respectively, for the data measured in darkness between 15
Tmod™ T~ IN the measurements performed in darkness beand 300 K and undef0.70—-1.30-eV illumination at 15 K.
tween 150 and 300 K, we found that,,;=222-225ps The data points that are closest to the bulk valugs, £p)
~71,. As the temperature decreases below 150rKq in- and W, ,7,) correspond to measurements at 300 K. In the
creases in all samples and it is 230—265pg, depending temperature range 150-300 K, where the second lifetime
on the sample and the illumination conditions. component isr,=300(5) ps, theS(7,9 andW(7,,o data
Second, we use the property that the three mean annihildall on straight lines that are common to all the electron-
tion quantitiesF2e[F1=r,, F2=S, F3=W] can be ex- irradiated samples. As in additiofy,,s=7,, we can con-

pressed as linear functions of annihilations states clude that in the range 150—-300 K there is only one type of
vacancy defectll that traps positrons and the characteristic
N N positron lifetime of this defect is4; =300 ps. By extrapo-

Fa= anngE ngiFa;  With 77b+2 ng;=1, (2) lating theS(7,,0 andW(,,9 data to 300 ps we obtain the
=1 =1 characteristicS and W values of this vacancy defect &,
=1.055(3)X S, andWy;=0.75(2)X W, .
The temperature range 15-150 K offers additional effects.
As temperature decreases from 150 to 15 K,3be,, ) data
lal in Fig. 6 and even more clearly th&(r,, data in Fig. 7
deviate from the straight lines observed at 150-300 K.

where the subscripb corresponds to the free annihilation
state in the lattice, the subscrigt$=d1, d2, ... dN corre-

spond toN defect states, ang, and 5g4; are the fractions of
positrons annihilating in the corresponding states. This rela

tion can be investigated by plotting the measured dafa®as
g yp ¢ samplesC1 andC2 the deviation from the straight lines is

a'#a ;
;’SF E ' t2he:th|st,8 \r/1$ Ta"e‘IW Vs Tta"e’ orfS VS \{V Otne notest particularly abrupt when temperature decreases from 90 to
rom Eg. ( ) that when only one type of positron trap exists, 15 K. Such a nonlinear behavior & (1., and W(7,,9,

the F3(F2") functions are linear. The nonlinearity of the ex- further confirmed by the observatiaf,,g> 7, , indicates the
penmentalF"‘(Fa ) data is a clear indication of the presence presence of at least two types of positron traps. We notice
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FIG. 6. Low-momentum paramete® measured in electron- FIG. 7. High-momentum paramet&/ measured in electron-

irradiated FZ Si(sampleF1) and CZ Si(samplesC1-C3) pre- irradiated FZ Si(sampleF1) and CZ Si(samplesC1-C3) pre-
sented as a function of the average positron lifetimg: (O) sented as a function of the average positron lifetimg,. The
measurements in darkness at temperatures between 15 and 300m€anings of the symbols are as in Fig. 6.
and (@) measurements und€®.70—1.30-eV photoillumination at
15 K. The dashed lines are extrapolated to the divacaficyThe  yse the results obtained under illumination at 15 K, where
solid Iil_qes_are guid(_es to the eye. The determination of the defege variations of the defect-related lifetime componentan
states is discussed in the text. also be ascribed to the mixing of two lifetimeg, and 7,.
The lowest value ofr, is measured in sampl€1 under

also that the decreasing o below 300 ps, when tempera- 0.70-eV illumination at 15 K and it is,=242 ps. In this
ture decreases from 150 to 15 K, correlates with the nonlinmeasurement we have, .= 230 ps$>7,, which indicates
earity of S(7,,¢9 andW(r,,0. Obviously, the variations in that the valuer,=242 ps is still a mixture ofy, andry, and
signal 7,, whether as a function of temperature or electron-we can infer that-4,<<242 ps. On the other hand, the behav-
irradiation fluence, result from a combination of different ior of the S(7,,¢9 andW( ., data in Figs. 6 and 7, respec-
defect-specific positron lifetimesy;. Below we show that tively, implies that the defect stat¥ is distinctly different
the results can be understood by positron trapping to twdrom the Si lattice and we must thus havg > r,. Within
defects, namely, to the defedfl determined above and to the constraints 221 psry4,<242 ps, we assign for the defect
another defecti2. d2 a characteristic positron lifetime;,=230(10) ps.

To estimate the positron lifetime,, at the defectl2, we Once the positron lifetime,, at the defectl2 is known,
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we can determine its characteristic momentum parametetgpe defects in semiconductors. We conclude that the 300-ps
S42 and Wy, by using the method presented in Ref. 16. Wedefect found in electron-irradiated FZ and CZ Si is the sili-
assume that detrapping of positrons from the defects does nobn divacancy,.

occur. The second lifetime component can be approximated The observation of divacancies in electron-irradiated FZ

by an average ofy4; and 7y, as and CZ Si is expected. It is known from EPR measurements
that electron irradiation and room-temperature annealing cre-
K1 Kdp ates divacancies and vacancy-impurity pairs in+8i¢° In
27 PR Td1 T ka1t Kaz Td2: @ Fz Si, the impurity concentration is low and the divacancy is

the dominant positron trap at all temperatures. In CZ Si, both
weighted, respectively, by the positron trapping raigs divacancies and vacancy-impurity complexes are formed.
and x4, to the two defects. The total positron trapping rateThe divacancy is the dominant positron trap in the high-

K= Kg1T Kq2 IS temperature range also in CZ Si, but as we shall see below, at
low temperatures positrons are trapped at both divacancies
Tave— Tb and vacancy-impurity complexes.
K=Np To— Tove (4) Mascher, Dannefaer, and K&rrand Avalos and

Dannefaef! have assigned a characteristic positron lifetime
where \p,=7,* is the annihilation rate in the lattice. The 74=290-320 ps for the divacancy, in good agreement with
trapping ratesky; and «q4, are related to the annihilation our valuery;=300(5) ps. Avalos and Dannef4thave also

fractions 7, 741, and 4, in Eq. (2) by the formulas reported a valu&s;=1.067(3)X S, for the characteristiS
parameter of the divacancy in electron-irradiated FZ Si,
Np=Ap/(Np+ Kg1+ Kg2), (5)  which is somewhat higher than the val®3;=1.055(3)
X S, we obtain for the divacancy.
1= K1/ (NpT Kg1+ Ka2), (6) In earlier studies values such §g=1.034< S, have been
reported for the divacancie.g., Ref. 31 These estimates
Nd2= Kaz! (\p+ Kq1+ Kap) . (77 are based on Doppler-broadening measurements in ion-

implanted Si after a high implantation dose. In this type of
We use in our analysis the positron lifetime and Doppler-experiments both the defect-type trapping positrons and the
broadening data measured at 15 K. At this temperature, posrapping fractions cannot be determined unambiguously be-
itron detrapping from any defect is negligible. The positroncause the contributions of various positron states to the an-
trapping ratescyq; and x4, can be solved from Eq$3) and nihilation line shape cannot be decomposed using Doppler-
(4) and they are presented below in Sec. IV B 3. The annibroadening data alone. Hence the estimated valu&g wiay
hilation fractionszy;, and 74, are then calculated from Egs. be inaccurate and the res@§=1.034x S, represents rather
(6) and (7), which completes the information necessary tothe lower limit of theS parameter at the divacancy. By com-
solve the characteristic paramet&gs andW, from Eq.(2). bining positron lifetime and Doppler-broadening data as ex-
From samplesF1 and C1-C3, we obtain S;,=(0.984, plained above or in earlier worke.g., Ref. 21 or 3Pwe can
0.987, 0.981, and 0.982S, and Wy,=(1.15, 1.12, 1.18, (i) conclude that in the temperature range 150—-300 K diva-
and 1.20XW,. The values in the different samples are cancies act as the only positron traps in our samplegiand
similar, which justifies the model of the two defects. We determine the trapping fractions. We thus obtain more reli-
calculate the characterist®&andW parameters of the 230-ps able values for th& parameter at the divacancy in Si than in
defect as averages of the values in the four samples and vibe earlier studiege.g., Ref. 3], where only Doppler-
obtain Sy,=0.984(3)X S, andWy,=1.16(4)XW, . broadening experiments have been used.

2. Vacancy-oxygen complex
B. Properties of the defects Yoy P

In the low-temperature range 15-150 K there exist two
‘positron traps: the divacana¥, characterized above and an-
other defectd2. The positron annihilation characteristics of
the defecd2 arery,=230(10) ps,Sy,=0.984(3)XS;, and
Wy,=1.16(4)}XW,. The positron lifetime ratiory, /7y

The positron-annihilation characteristieg; =300(5) ps, =1.04(4) tells that the defect has an open volume, which is
Su1=1.055(3)X S,, and Wy;=0.75(2)<x W, of the defect smaller than that in a monovacancy. On the other hand, for
dl are, within error bars, the same as the valugs this defectS;,<S, and W4,>W,, which means that the
=300(5) ps,Sq=1.052(3)XS,, andWy=0.78(2)XW, we  e*-e~ momentum distribution at the 230-ps defet? is
obtained in our earlier wofk for the divacancy in proton- broader than that in the Si lattice. Theoretically, one would
implantedn-type chemically vapor deposited Si. The param-expect thee™-e~ momentum distribution at an open-volume
etersry; =300 ps,Sq; =1.055< S, andWgy,=0.75X W, are  defect to be narrower than that in the Si lattice. Therefore,
close to the recent theoretical valueg=299 ps,S3=1.051  the 230-ps defeai2 cannot be a pure vacancy, but the mo-
XS,, and Wy=0.76XW, calculated for the divacancy in mentum signal must reflect an impurity atom attached to the
(100 crystal orientation by Hakala, Puska, and Niemif&n. vacancy. We attribute this behavior to the oxygen decoration
The parametersy;=1.35(2)X 7, and S4;=1.055<S, are  of the vacancy. The broadening of tle¢-e~ momentum
also clearly higher than the valueg=(1.1-1.2)X 7, and  distribution with respect to that in the Si lattice is observed in
S¢=(1.02-1.03K S, usually assigned for monovacancy- oxygen-rich environments such as $i@hd oxygen clusters

In the following, we discuss the properties and the iden
tification of the 300-ps and 230-ps defects.

1. Divacancy V4
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in Si.222The most abundant impurity in the CZ Si samples isu4 to a negatively charged vacancy increases as the tempera-

oxygen and the effect of the 230-ps defect is much smaller inure decreases, whereas the trapping coeffigignio a neu-

FZ Si where the oxygen concentration is low. In conclusiontral vacancy is constant as a function of temperature. When

we identify the 230-ps defect as a vacancy-oxygen complethe positron trapping into the ground state of a negative va-

V-0O. cancy takes place through a shallow Rydberg-like precursor
A variety of oxygen-related defects have been identifiecstate, the positron trapping rate can be writtef? as

in electron-irradiated CZ Si by EPR measurements, such as

the vacancy-oxygen pair or th& center?® the divacancy- KR
carbon-oxygen complex V,-CO,2 and higher-order Ky (T)= /N (M kg T (8
vacancy-oxygen complexa,-O, V,-O,, etc?* According 1 ; ( o7 )exp(—ER/kBT)

R

to EPR measurements, the most abundant of these defects is
the A center. Its structure is that of a nearly substitutionalyhere kp= ko T2 and ur=uroT Y2 are the positron

oxygen atom and it contains a small open volume. Therapping rate and the trapping coefficient from the free state
230-ps defect measured by positron annihilation, containing, the Rydberg precursor state{= wrC,), respectively.T

a small volume and oxygen, is most probably theenter. g temperatureN,, is the atomic density of the materiajg
) _ is the transition rate from the precursor state to the positron
3. Positron trapping ratesey, and ky.o ground state at the vacancy* is the positron effective
and the defect charge states mass, andR, is the positron binding energy to the precursor
The positron trapping rate, to a defect state is defined as State.
kq= p4Cq, Wherecy is the defect concentration and is In the temperature range 150—300 K, where the divacancy

the defect-specific positron trapping coefficient. If the trap-iS the only positron trap, it is straightforward to see from
ping coefficientuy is known, the positron trapping rate, Figs. 1, 6, and 7 thaty, increases with decreasing tempera-
can be used for deducing the defect concentratipn We  ture. Equation(8) can be fitted to all data in the temperature
calculate the positron trapping rates to the 300-ps and 230-pange 150—300 K and the estimated values of the fitting pa-
defects from theS(r,,9 andW(r,,¢ data of Figs. 6 and 7, rameters are Eg=10x2meV and wugre/7r=(6%*2)
respectively, by using Eq$2), (6), and (7). In all samples X 10° K2, The temperature dependencesrgf,, S, andW

F1 andC1-C3 theS(7,,9 andW(7,,e data, measured as a can thus be consistently explained by positron trapping at
function of temperature and under illumination, give consis-negatively charged divacancies in electron-irradiated FZ and
tent results. This gives further justification for the model of CZ Si.

two defects and the values of the defect parameters. In the The divacancy is known to have three ionization levels
following, the presented trapping rates are averages of the3 /=, v, andVY" in the band gap of Si. According to
two values determined from tH&( 7,9 andW(7,,J data. the EPR measurements of Watkins and Corbatie accep-

We first examine qualitatively the response of the positrortor levelV3 ™/~ is located aE,— 0.40 eV and the donor level
trapping ratescy, (divacanciep and «y.o (vacancy-oxygen v9'* at g, +0.23 eV, whereE, and E, are the energies at
complexeg to photoillumination at 15 K. We see in Figs. 6 the bottom of the conduction band and at the top of the
and 7 that in all samples th#(7,,) andW(7,, data mea- valence band, respectively. Thég’o level is between these
sured under0.70-1.30-eV illumination show a linear be- two levels, probably near the midgap. In our earlier study of
havior. Moreover, the lines on which the data points are loproton-implantedh-type Si” we observed for the divacancy
cated go through the divacancy poin&{, 74;) and Wy;,  atemperature dependence of the positron trapping rate that is
741). The equation of such lines in the 7., and W-7,,.  theoretically expected for a negative defect. The positron an-
planes isnqy,=cons z,. This, when combined with Egs. nihilation results were in accordance with the presented level
(5) and(7), means that the positron trapping ratg o to the  scheme: Positrons are trapped at singly negative divacancies
vacancy-oxygen defects is constant. The illumination thusvhen the Fermi leveE; has receded below,—0.40 eV.
affects only the positron trapping raie,, to divacancies, The present results are again in agreement with the this level
whereas the trapping rate to vacancy-oxygen defects remais¢éheme. Irp-type Si the Fermi leveEg rises near the mid-
the same under illumination and in darkness. We shall studgap after the high-fluence electron irradiation. Consequently,
this interesting result, which can be ascribed to the photoionthe V; " electron level becomes filled and the temperature
ization of the divacancy, below in Secs. V A-V D. dependence of the positron trapping rate is due to the singly

The temperature dependenceKQ,f2 measured in darkness negative divacancie¥, . The filling of thevz”O level has

can be used to determine the charge state of the divacandjideed been seen in several EPR studi€s* of irradiated
After the irradiations, the samples are highly resistive and?-type boron-doped [B]=10""-10"°cm™) CZ Si speci-
the Fermi leveE; is close to the middle of the band gap. All mens. Wherp-type Siis irradiated to a high electron fluence
defects can be expected to remain in their charge states in tff& 10'* cm™?), the EPR measurements detect the singly
temperature range 15—-300 K. Hence the variations in th@egative divacancy, instead of the positive divacanags
positron trapping ratecy= u4Cq VS temperature can be as- usually seen imp-type Si by EPR.

cribed to the temperature dependence of the trapping coeffi- Another level scheme is based on DLTS measurerfients
cient uq. According to the theory of Puska, Corbel, and and it locates the two acceptor levels to higher energies:
Nieminen?® the temperature dependence of the positron trapvg”’ atE.—0.23 eV and\/z”O at E.—0.40 eV. According
ping coefficientuy of a vacancy defect depends on theto this scheme, the divacancies in highly irradiated silicon
charge state of the defect. The positron trapping coefficientvould be neutral. Kawasuo and Okddwve found the pos-
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itron trapping ratexy, to decrease with temperature in ac-

cordance with our experiments. They, however, assume the
charge state of the divacancy to be neutral on the basis of the
DLTS level scheme. A temperature-dependent positron trap-
ping coefficientuy for a neutral divacancy, however, would

2
- = N
@ N o o

0.75 eV

E,=1.17eV

.,

u. il at 15 K

(074
5x10'%m™

e-irr. Si
2 MeV

be difficult to understand from theoretical grounds. Also,
both positron annihilation and EPR measurements detect
negative divacancies in high-dose electron-irradigiegipe
Si. We show below that also the illumination experiments
are in accordance with the level assignmevigs’~ at E,
—0.40 eV andv,° at midgap.

We estimate the divacancy concentrations from the posi-
tron trapping ratesy, measured in darkness at 15(Kable

I) as follows. The discussion above implies that both singly
negative and neutral divacancies can exist in electron-
irradiatedp-type Si, although the temperature dependences
of e, S, @andW are only due to the negative divacancy.
According to experiment and thedty® the ratio
MVO: iy 2= of the positron trapping coefficients of the

different charge states of the divacancy is approximately
1:35:70 at 20 K. This means that at 15-20 K the positron
trapping coefficient of singly negative divacancies is about _ _ _ o
one order of magnitude higher than that of neutral divacan- F'C- 8- Positron trapping ratey, to divacancies in electron-
cies and the positron signal comes dominantly from thdradiated FZ SisampleF1) and CZ Si(samplesC1-C3) at 15 K
negative divacancies. By using the positron trapping Coeffi-lfnder_ |IIL_Jm|nat|on with monothomatlc light. The dotted hc_Jrlz_ontaI
cient - =4X 10 5% for singly negative divacancies at lines indicate the values ofy, in darkness at 15 K. The solid lines
2

. ) are guides to the eye.

15 K by Mascher, Dannefaer, and K&me obtain negative
d|vacancy_cc_)ncentratlons>41015, 2x10%, 4x10%, and 2 haye shown by Doppler-broadening measurements that the
X 10* cm™3 in samplesF1, C1, C2, andC3, respectively. jefect indeed contains oxygen
Taking into account the neutral divacancies, the total diva- '
cancy concentrations are slightly higher. The resulting intro-
duction rate 0.004—0.006 cmh of divacancies by 2-MeV
electron irradiation is in reasonable agreement with the value |n the following we discuss the changes in divacancy con-
~0.01 cm* given by Watkins and Corbetf. centrations observed by positron annihilation measurements

The fact that the positron trapping to the vacancy-oxygennder illumination at 15 K and the optical processes in-
defect is observed only at temperatures below 150 K can bgglved.
ascribed to the small open volume at the defect complex. The
p_03|tron binding energ§, at SUCh center may be low. At A. Positron trapping rate to divacancies under illumination
higher temperatures the positrons trapped at the vacancy-
oxygen complexes may thus escape back to the lattice. The As shown in Fig. 8, the positron trapping rake, to
detrapping ratedst of positrons from shallow positron traps divacancies under illumination at 15 K has a photon energy
can be written dependence similar to the average positron lifetime presented
above in Fig. 2. We observe the following features. First,
when the photon energlyyv increases above 0.75 e¥y,

increases rapidly and levels off at about 0.90 eV. Second,
near the band-gap energy;, decreases again. In CZ Si this
decrease begins at 1.0 eV and it seems to be more rapid

where ksr is the trapping rate to the Shé}"OW trap ang is when the irradiation fluence increases. Third, in FZ Si the
the shallow trap concentration. In CZ Si the temperature de- dark 1 oacured in darke

pendence of the average lifetime can be quantitatively mod'sz(hV) cgrve IS .above t_he Valusz ok
eled with Eq.(9) as in Ref. 5. The analysis yields the posi- Ness, butin CZ Sky,(hv) is partly belowx, . The down-

tron binding energy ofE,=40+4 meV at the vacancy- shift of «y,(hv) with respect tm{’,irkin CZ Si increases with

oxygen defec'g. (iycreasing irradiation fluence.
This behavior was also found by Mascher, Dannefaer, and 1, ,nderstand the changes in the positron trapping rate

Ker?® in their positron lifetime measurements of electron- sz(hv) under illumination at 15 K we need to consider the

irradiatedn-type Si. They assigned a lifetime ef=225 ps . : S

for the shallsé‘\iv positronytrapsgdetected in theiﬁcj experi%entéaft that th_e divacancies can exist n different charge St‘.’ﬂes
and they associated the traps to thecenters. Their value Y2+ We write the total positron trapping rate to divacancies
225 ps is, within error bars, the same as the positron lifetim&S Ky, = Zquvg V3]. As the individual trapping coefficients
T42=230(10) ps we obtain in this work. In addition, we g are not affected by illumination, we see that the changes
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in ky, under illumination are due to changes in the concenthe charge-state balance of the divacancy. As discussed be-
trations[V]. In other words, the illumination changes the |OW in Sec. V C, carrier capture processes become important
occupations of the charge states of the divacancy from thod8 CZ Si when the photon energy is above 1.0 eV.
in darkness. Below we shall examine the mechanisms re- » .
sponsible for this effect. C. Identities of the optical processes
We now identify the processes involved in the ionization
of divacancies and discuss the relation of these processes to
B. Photoionization and charge states of the divacancy the electron level scheme of the divacancy. We show that the

Photoillumination can, in theory, change the charge statefgatures in thecy, (hv) curves can be explained by optical
of the divacancies either by optical electron and hole emisionization of theV,’® andV3 ™/~ electron levels of the diva-
sion from the electron levels of the divacancies or by capturgancy. We proceed by analyzing the different photon energy
of photogenerated electrons and holes on the electron levetanges in Fig. 8.
of the divacancy. We ascribe the ionization of divacancies in
the photon energy range 0.70—1.0 eV to direct optical elec- 1.0.76-0.75 eV
tron and hole emission processes on the basis of the follow- Experimentally, the illumination at the photon energies

ing experimental observations. 0.70-0.75 eV changes the positron trapping rate at negative
(i) In the photon energy range 0.70-1.0 eV, #g(hv)  divacancies. In principle, the difference betweep, and

curve has a shape that is characterlstlg: of the optical ionizagdark i this energy range could thus be attributed to the

tion cross section of a deep level defétThe optical elec- h2 S f either the="° or theV2~'~ levels of th

tron and hole-emission cross sectiar($iv) increase sharply Photolonization of either th¥, ~or theV; °  levels of the

when the photon energy increases above a threshold energ?/:;cancy. Howgver, since Wﬁ_ dhetecthanother ion_izaté)o%evleg
E,. The energ)E; can be the distance of the defect electron®! € Negative divacancy at higher photon energies 0.75-1.

level from either the conduction-band minimugp or from eV (see beloy, the illumination effects at 0.70—0.75 eV can

the valence-band maximuE, . In Fig. 8 we observe such a ©Nly be due to the photoionization of thé{’o level. We
threshold energy at 0.75 eV. The shape of the(hv) curve denote the optical electron and hole-emission cross sections
. . s

-10 -/0 -10
can also be characterized by the rati0<Q1; measured under of the V" level by the symbolsr, "~ and o, ~, respec

p
. o ) o tively. Under illumination in steady-state condition, the con-
0.95-eV illumination to that under 0.70-eV illumination. We cantration ratio of singly negative and neutral divacancies

see 1t I Al sarple andCLC3 i ral 15 wiin_ghanges rom the themal equiibrium 8V, V2l
) . _ o, _—/0 e 7
sz(hv) in different materials and after different irradiations |, * fo ™, which is Lr;(rjkependent of the sampfeThe

p
- ) ) _downshift ofxy,, below k" is easily understood as follows.
suggests that this shape arises from an optical cross secti 2 2

n . . .
o(hv) rather than from carrier capture. We attribute the?n darkness, the Fermi levéle is near the divacancy level

7/0 . . -
threshold energy 0.75 eV to an electron level of the diva-Y2 &t ~Eg4/2 and both singly negative and neutral divacan-

cancy. The increase of the positron trapping ragg(hv) cies coexist in all silmpl%s. The Fermi le¥g! and the con-
above 0.75 eV means that divacancies are converted to centration ratio{[V J/[Va]}gan in darkness increase with
more neéative charge state tﬁe electron-irradiation fluence. The decreasexog(hv)

(i) We observed that under 0.95-eV illuminatiffig. 4,  With respect tox{2™ is thus due to the fact that the ratio

the effect of illumination on the positron annihilation signals {[V, ]/[V3]},, becomes smaller than the value

is in saturation at the photon _ﬂUXXllOlG cm ?s™% Such a {[V5 V[V3]}gar- This result is in agreement with the idea
saturation suggests that at this photon energy and flux, optiiscussed in Sec. IV B 3 that ip-type Si theV; " level of

cal ionization processes dominate whereas the effect of cafhe divacancy becomes more filled when the irradiation flu-
rier capture is small. Photogeneration of carriers by ionizingance increases.

another defect than the divacancy would, just like the ioniza-
tion of the divacancy, have a threshold energy. Thus, if pho- 2. 0.75-1.00 eV
togeneration and trapping of carriers are not observed at 0.95

eV, they also will not contribute at photon energies lower As mennon_ed above in Sec. VB, this part of l"Iﬂ@z(hv) .
than 0.95 eV. curve is ascribed to the energy dependence of the optical

(iii) The positron trapping rate ratios, (0.70 W}/« hole emission from a negative Ievgl/oqf the divacancyat

dark (\hich b |2 lated f é 5 +0.75 eV. As the ionization of th¢, ™ is observed already
and«y,(0.95 eWlxy, " (whic can be calculated from Fig. S pejow 0,75 eV, the level aE,+0.75 eV must then be the
for samplesC2 andF1) remain approximately unchanged v/~ |evel and the shape af,,(hv) between 0.75 and 1.00

when the temperature increases from 15 to 60 K. This means, - e 2/~
that under the illuminations between 15 and 60 K, the con-gv ISE,UE o the opt!cal hole ?ITPISSIOH cross segtr@n of
V5 level. This result is in agreement with the level

centrations of differently charged divacancies do not depenI‘Pe . . .
on temperature. If the light-induced changes in divacancf'?heme pr%§?[1ted n Sec. IVB 3, according to which the
concentrations were due to carrier trapping, one would exdivacancyV, * level is atE.—0.40 eV.
pect the changes to depend strongly on temperature. 3. 1.00-1.25 eV

It is thus fair to say that at 15 K, under illumination at
photon energies below 1.0 eV and with a flux of 1 In FZ Si, ky (hv) remains constant up to the band-gap
X 10' cm~?s™, only optical ionization processes determine energyE . In CZ Si, xy,(hv) starts to decrease at a photon
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energy of 1.0 eV and the decrease becomes steeper witltease steadily between the ionization thresHigldnd ;.
increasing irradiation fluence. This decrease continueslowever, thexy (hv) curve, the shape of which in our ex-

smoothly to photon energies above the band edge, whicferiments between 0.75 and 1.0 eV reflects mainly the hole
suggests that the effect is not an intrinsic property of theamission cross sectiom®>'~, levels off in all samples al-
divacancy or any other defect. It rather reflects the high overready at 0.90 eV. This could be due to the onset of the
all defect density in high-fluence electron-irradiated CZ Si.gptical electron emission from thé) " level atE, +0.23 eV.
This may cause the deformation of the band edge, which ify earlier IR absorption measuremeffisthe optical hole

seen as trapping of carriers generated with sub-band-gap egmjssion from thev9* level has been observed. A more

ergies. Such absorption tails that can extend to photon ene&)mprehensive view of the ionization of WQH level could

gies down to 0.8 e\( _have_ been seen in photoconductlw%e obtained by combining positron annihilation with IR ab-
measurements of Si irradiated with 1.5-MeV electrons to

. _ sorption measurements.
high electron fluences%10' cm~?).28 P
4 195130 eV VI. CONCLUSIONS
.4 . e
Vacancies and their photoionization were investigated in

Above the band-gap energi_g, the light 'S obviously . 2-MeV electron-irradiated silicon by positron annihilation
absorbed and the dominant optical process is the generation : .
ectroscopy. To introduce pure vacancies and vacancy-

of electron-hole pairs. The charge states of the divacancie? . . .
are then determined by carrier-capture processes. For e%xi’gegdefeCts’ \éve 'gag'laéﬁ-,d atigoom-t%mpgrzeuurg FBSi
ample, considering only th\a!z_/o level, the occupancy ratio :8—15()Cr2m :rr:d[o[]—]l\olg Crﬁ_r?,) s)amarI]es o electrlon(?lu-
of the level becomeg[V; 1/[V3]}h,=cqan/c,p, wherec, o P

) he ol 4 hol ) 4ences of (X 10')— (5% 10'%) cm™2.
andc, are the electron and hole capture cross sectionsiand -4, the electron irradiation at room temperature, we ob-

andp are the electron and hole concentrations, respectivelysapeq negative and neutral divacancies in both FZ and CZ

The net effect in FZ Si seems to be the electron capturegj The characteristic positron lifetime and the characteristic
whereas in CZ Si it is the hole capture. low [for p,=(0—2.8)x 10~3m,c] and high-momenturfifor
p,=(11-20)x 10 3myc] parameters of the divacancy are

D. Discussion and comparison with other studies determined as 74,=2300(5) ps=1.35(2)x Th, Sy1
The important consequence of the illumination experi-=1.055(3)XS;,, andWq;,=0.75(2)XW,,, respectively.
ment is that the/,, ° ionization level of the divacancy must  lllumination with (0.70-1.30-eV monochromatic light

be lower than 0.40 eV below the conduction-band minimumhas a strong effect on the positron trapping to the divacancy
The DLTS level schemésee Sec. IV B § where thev;©  at15K. Depending on the photon energy, the positron trap-
level is atE.—0.40 eV, cannot explain the changes in thePing to divacancies can be enhanced or reduced by illumina-
positron trapping ratecy, under illumination with photon t_|on_ andi the maximum amplitude of changes in the positron
eneraies below 0.75 eV On the other hand. our results arln‘etlme is 15 ps. The results can be understood in terms of
full gies t fent '.th th .EPRI | sch ’ here Yhe? Sptical electron and hole emission from the electronic levels
Iu ylgonS|s en/2W| g ﬁ 2,,,?Ve ISC eme, where V,™ and V3~/~ of the divacancy. The photoionization
evel s at~I_EQ an thevs evelis at;—0.40 eVv. ... changes the populations of the neutral, singly negative, and

It is also interesting to note that in the photoconductmtydoub|y negative divacancies. The spectral changes in the
measurements of Young and Coréllan electron level of

: ositron trapping rate are due to the different sensitivities of
the divacancy was detected at a photon energy of 0.75 e

> DT . / he positron to detedtd, V, , andV2 . The spectral shape
The phqtogonductmty solgnal was associated with thg elecbf the positron trapping rate reveals an electron level of the
tron emission from th&/;" level. We observe by positron

S . divacancy atE,+0.75 eV. We assign this level to the ion-
annihilation an electron level of the divacancy at the Same, ion levelv2 '~ of the divacancy. Th¥  level must be
2 ' 2

photon energy of 0'7.5 eV and we have ghqwn that the optic elow this energy and we find it to be at about midgap.
process can t_)e ascribed 10 the hole emission fronvﬁwé In addition to the divacancy, we observed positron trap-
level of the divacancy. o _ ping to oxygen-related defects, particularly in CZ Si. The

The contribution of theVy™ ionization level is 1€Ss  getected vacancy-oxygen complex has a small open volume
clearly seen in thervz(hv) curve. The shape of tha,z(hv) [ 742=230(10) ps-1.04(4)x 7,] and the decoration by oxy-
curve may, however, indirectly imply the ionization‘fbg”. gen is revealed by the broad momentum distributiSg,
According to the simple model by Lucovsk{the optical —=0.984(3)xS, and Wg,=1.16(4)XW,]. The defect com-
ionization cross sections of deep levels are expected to irplex is probably theA center.
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