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Czochralski-grown silicon samples subjected to high temperature—high préd3iHe) treatments

in the range of 900 °C were irradiated with fast neutrons. Transmission electron microscopy
measurements revealed the presence of oxygen precipitateg) (&@ dislocation loops. The
purpose of this work is to investigate the effect of these defects on the annealing behavior of
neutron-irradiated induced oxygen-related defects, mainly the VO and the&t@ers. To this end,
infrared spectroscopy measurements were employed to monitor the conversion of the VO center
(828 cm'1) to the VO, center (890 cn! band during isochronal anneals. In the untreated samples
this conversion occurs around 300 °C. In our studies, we found that the annealing tempérgtire (

of the VO centers is lower than 300 °C. The value Tof,, depends on the particular HTHP
pretreatment. Actually, as a result of the precipitation process silicon self-interstitigdy €Be
emitted and a number of them is bound at the Si/{Sif@erface. This region acts as a source @$ Si

and upon their liberation the reaction M(Bi,— O, is activated. The temperature at which this
reaction becomes significant depends on the degree of binding of that3he interface and the
number of the $$ available to participate, which in turn depend on the particular HTHP
pretreatment. Thus, if the reaction MCBi,— O, , precedes the reaction V00, —VO,, theT,,,of

the VO defect will be determined mainly by the former reaction. 2@03 American Institute of
Physics. [DOI: 10.1063/1.1602952

INTRODUCTION location loops can also be generate the precipitates in
order to further relieve the strain. These dislocation loops can
It is well known that heat treatments of Czochralskiact as sinks for the emitted Si Generally, in heat treated
(C2)-Si at T>400°C lead to the appearanceof oxygen silicon the Si/SiQ interface region is considered as a poten-
precipitates, rod-like defects, dislocations, stacking faultstial source of Sk and the precipitates as potential sinks for
etc. The oxygen precipitates themselves are characterized {mcancies.
terms of their morphology, size, and density. These param- The application of external hydrostatic pressure during
eters depend on the temperature and the time duration of thgte-treatments at high temperatures reSuits a stress-
treatment. Due to the volume difference between Si and SiOstimulated oxygen precipitation in the crystal. Depending on
strain fields are created around the precipitates. Requirghe temperature of the HP treatment all the parameters of the
ments for accommodation of the volume expansion and therecipitates, i.e., their size, their number, even their morphol-
reduction of the strain energy impdsean influx of vacan-  ogy change. The number and the dimensions of the other
cies from the bulk towards the growing precipitate particleaccompanying structural defects also change. Apparently,
and an outflow of silicon self-interstitials (S) to the due to the precipitation process the remaining number of the
Si/SiQ interface. Moreover, if these Siare in a oversatu- oxygen interstitial atoms in the Si crystal diminishes.
rated state they tend to agglomerate in order for the systemto According to precipitate morphology three temperature
further lower its free energy. Notice, that above 850 °C dis+egimes could be distinguishiedi) 400—650 °C (i) 650—
950 °C, and(ii) 950—1200 °C. In the middle regime mainly

dAuthor to whom correspondence should be addressed; electronic maiPXygen pr?Cipitates of plateliike morph0|99y form i'j‘ the_
hlontos@cc.uoa.gr crystal. This temperature regime is very important since it
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TABLE I. The annealing temperature3 {,) of the VO defect in Si for EXPERIMENTAL RESULTS AND DISCUSSION
samples subjected to various HTHP treatments prior to neutron irradiation.

A study of the effect of the oxygen precipitates and the

Sample pretreatments ; R )
structural defects on the behavior of radiation-induced

(0 P(kbars)  t(h)  Tamof the VO defect  gyygen-related defects in Cz-Si with treatments in the broad
870 10 5 (271=1) o .
870 12 5 (281 2) temperature range of 400-1200 °C is, in advance, exquis-
960 12 5 (29 3) itely complicated due to the large number of the involved

0 1073 0 (300=1) parameters. The demand to understand and clarify the above

effects has led us to restrict the temperature range of the
thermal treatments. We chose the middle temperature regime
(650-950 °Q for two reasons: for its particular importance
includes the temperature of maximum nucleation rdee ~ Mentioned in the Introduction and with the intension to deal

oxygen precipitation. Moreover, at temperatures around 90®/ith precipitates of the same morphology, that is platelets
°C thermal oxidation and diffusion are usually performed. Inhere. Moreover, since the rod-like defects are not sfable
this sense, it would be particularly interesting to know the@bove 750 °C, in order to avoid their presence, we decided to
effect of the structural defects formed in the middle temperafurther confine the investigations at temperatures above 750
ture regime on the properties of radiation-induced defects inC- To this end, we selected two temperatures at 870 and 960
Si. On the other hand, since the application of HP during the C, one lower and another higher than the characteristic tem-
thermal treatments alters the parameters of the structural déerature of 900 °C. In the same line of thought, the duration
fects, it would be interesting to investigate the additionalof the HTHP pretreatment was chosen to be short enough,
induced changes in the radiation defects. that is 5 h, for all samples, in order to secure the same pre-
The main defect formed upon irradiation in oxygen-rich Cipitate morphology. In this way, our study focuses on the
Si is the VO center, besides divacancies. This center in theffect of the magnitude and the number density of the plate-
neutral charge state is characterized by an infréieilband  let precipitates and the other structural defects, i.e., the dis-
at 828cm L. The center is stable up te 300°C, where it location loops, on the behavior of the centers introduced by
becomes mobile and convétts the VO, center (890cm?) irradiation.
mainly through the reaction V®0O,— VO, . Other reactions Figure 1 depicts the TEM images for all samples sub-
as VO—-V+0O;, VO+Sj—0;, VO+V—V,0 could also jected to pretreatments. Figure 2 depicts the evolution of the
take part and have been considéram the literature. The 828, 890, and 1106 cnt lines, attributed to the VO, the
presence of precipitates due to the high temperature—higdO,, and the @ centers, respectively. Table | indicates the
pressurg HTHP) pretreatments is expected to affect the be-different pretreatments performed and thg,, of the VO
havior of the VO defect in Si. The purpose of this article is todefect found for each sample. We immediately observe that
investigate the effect of various HTHP pretreatments in théhe T,,, in the pretreated samples is lower than that of the
range of 900 °C on the annealing behavior of the VO defectintreated sample and its value depends on the particular pre-
and its conversion to the ViQdefect. treatment. In an attempt to explain these results we shall
recourse to a previously usédnodel which takes into ac-
count the presence of Sibound at the interface of the oxy-
gen precipitates and the Si matrix (Si/Siibterface. Actu-
ally, the degree of binding of th®i;s at the Si/SiQinterface
Cz-grown Si samples of 2 mm thickness were used irand the number of & available to react with the VO defect
this experiment. The initial oxygen concentration in theare different at each pretreated sample. These two factors
samples wag0;],=8.3x 10'"cm™3, a value well above the mainly determine, in our opinion, the,,, of the VO center,
critical’® concentration for oxygen precipitation to occur in the corresponding sample.
upon heat treatment. The samples were subjected to thermal In the sample treated @870 °C, 1 bar, 5 hthe TEM
anneals with or without the application of high pressure aimageqFig. 1(a)] reveal the presence of small oxide precipi-
temperatures in the range of 900 °C as indicated in Table ftates. These precipitates are seen as small dark dots repre-
Afterwards, the samples were irradiated by fast neutrons at senting strain associated with them. No dislocations are ob-
fluence of about 1 n/cn?, at a temperature 6£50°C. 15  served. As mentioned previously the precipitates in this case
min isochronal anneals were performed after the irradiatiorare amorphous platelet SiQ@articles, with Sis bound at the
in open furnaces with the aim to investigate the evolution ofSi/SiQ, interface. Upon annealing, the liberation of these
A centers. The evolution of these defects as well as of th&is to the crystal bulk activates the reaction ¥Sij— O, .
oxygen interstitials was monitored by IR spectroscopy meaReasonably, the temperature at which this reaction becomes
surements performed after each stage of the annealing prsignificant will affect the annealing behavior of the VO cen-
cedure. A JASCO-700 IR spectrometer of dispersive kinder. If the liberation of the $& occurs at a lower temperature
operating in the range of 4605000 cm !, was used. The than that the VO centers become mobile, then the reaction
structural defects, i.e the oxygen precipitates, the dislocatioO+ Si;— O; will characterize theT,,, of the VO center.
loops etc, were studied by means of transmission electroApparently, this is the case for the sample pretreatd8#
microscopy(TEM). A JEOL 200CX microscope was used °C, 1 bar, 5 f; the reaction VG- Sij— O; precedes the reac-
operating at a voltage of 200 kV. tion VO+ O;—VO,. This explains the decay of the VO at a

EXPERIMENTAL DETAILS
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FIG. 1. TEM images of samples treated@t870 °C, 1 bar, 5 tib), 870 °C, \/,./ \\
12 kbar, 5 h andc), 960 °C, 12 kbar, 5 h. \
2é1 /—\»«"\/
0.00 T T ; . T T T 0.28
lower temperature, i.e., at 271 °Eig. 2@)] and also the 10 150 200 250 300 30 400 450 500

observed delayed growth of the Y@efect at around 300
°C, when the reaction V® O,— VO, becomes active.

In the sample pretreated 870 °C, 12 kbar, 5 hthe FIG. 2. 15 min isochronal apneali_ng curves of the VO,'theZVGnd the @
precipitates shown in the TEM imaggsig. 1(b)] are larger defects of the samples depicted in Fig. 1, correspondingly.
and also surrounded by dislocation loops. This new picture
was expectétidue to the fact that generally pressure en-
hances the precipitation process, manifested in our case t8tacking faults are not observed in our sample. Note that,
the formation of larger magnitude precipitates. Accordingly,although stacking faults have been observed at 870 °C, in
larger compressive strains around the precipitates are devehost studies they were not detectédAs we mentioned
oped. As a consequentedislocation loops form as an ad- previously? the precipitation process is enhanced under pres-
ditional means of strain relief, besides the emission ¢§.Si sure. This means equivalently, that thermal treatments at high

temperature (°C)
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pressure cause the same effect with thermal treatments at 4031
atmospheric pressure but at higher temperatures, provided — 006
that the time duration of the treatment is the same. Thus, the
situation of the Sk in the HTHP treated samples is certainly
different than that of the HT treated sample. At first, the
degree of binding of the & at the interface has been
changed because the magnitude of the precipitates is differ-
ent and the strains around them as well. The surface energy,
the elastic energy and the strain energy are diffeteSec-
ondly, the number of the 3§ at the interface is also differ-
ent. We know? that with increasing temperature the ratio
C|(Rp)/C,eq, whereC|(Rp), C}Y are the Siconcentration at

the Si/SiQ interface and the Sthermal equilibrium concen-
tration, respectively, decreases. Since HP pretreatments at a  0.00{— . . . . : —{0.28
certain temperature correspond to thermal pretreatments at a %150 200 " 250 " 300 " 350 400 " 450 " 50
higher temperature, we conclude that the ra(ﬁQRp)/qu temperature £C)

also dgcrease; In-our sgmples. This res.ults in a lower CO[EIG. 3. 15 min isochronal annealing curves of the VO, the,Y@nd the @
centration of Sk at the interface, assuming that the actualyefects in the untreated sample.

oxygen concentration, the actual 8oncentration and the Si

thermal equilibrium concentration in the Si matrix are the

same for all the samples used. Third, another important fac-

tor that explains the results is that the dislocation IoopsCorr

formed are potential sinks for the,Si Upon increasing the o . .
temperature of the isochronal annealing sequence, tlse SiOf the VO defect accurs at 300 °C(Fig. 3 accqmpanled, as
expected, by the emergence of the 890 ¢nsignal of the

bound at the interface begin to liberate. Understandably\,/O defect formed according to the reaction V@
2 i

there is a competition between dislocation loops and VO . .
P b —VO0O,. The observed concomitant increase of the

centers in capturing them. It is not unreasonable to considef106 cn? signal of the oxygen band strongly indicates that

that at the initial stage of the emission of SSifrom the . . i
Si/SiQ interface, a sizeable percentage of them are trappethe reaction V& Si—0; alsq oceurs in parallg I.‘ We con-
’ glude therefore that alternative sources ogfsSxist. Such

by the dislocation loops. At higher temperatures of the an- . . .
nealing procedure, more Siare available for the reaction sources are large defect clusters present in neutron-irradiated

. ' = Si. The disordered regions also haves3iound at their pe-
VO+ Si,— O; to become significant. As a result, the decay of 9 ¥ b

. : . . N riphery and upon dissociation at these temperatfiresuld
th_e VO signal is manifested in the spectra at abod81 C liberate them. Thus, there are two stages in the emission of
[Fig. 2(b)]. In other words, theT,,, of the VO center is

. . ] the Sjs: one occurring at temperatures below 300 °C, where
higher in the samples subjected to thermal treatment und%iIS are emitted from the Si/SjOnterface and another oc-

high pressure, in comparison with that of the samples treategurring from 300 °C onwards, where,Siare emitted from
under atmospheric pressure, at the same temperature. Both|gfe gefect clusters. Both stages occur in the pretreated
the above annealing temperatures are lower than that in t'?amples while only the latter stage occurs in the untreated
untreated sample. sample.

In the sample pretreated &360 °C, 12 kbar, 5 hthe  The HT pretreatment causes a large shift of Thg, of
TEM technique detects even larger oxide precipitates withne vO center towards lower temperatur@®m ~ 300 to
more extended dislocation loops surrounding thEfflg. 271 °Q. The shift of theT,,,is smaller with the application
1(c)]. The penetration area of the dislocations accompanying HP (12 kbaj, under the same temperature of 870(fOm
the precipitates is significantly larger. Besides them, dislocagpg to 281 °@, and even smaller with the increase of the
tion loops not containing any precipitates were observediemperature of the heat treatmeg860 °C) under the same
The larger size of the precipitates and the higher complexityyressurdfrom 300 to 291 °G. It does not take a lot to figure
of the loops around them, are expected to have a greatgjt the potential here. Under the proper HTHP treatments we
impact on the situation and the number of thesSit the  can control the evolution curve of the VO defect and most in
interface. In other words, since the morphology of the preparticular its annealing temperature. Of course, these obser-
cipitates has not been changed, the number of tredithe  vations refer to the temperature regime were the morphology
Si/SiQy interface and their degree of binding to it is expectedof the precipitates is practically the same, that is platelets in
to alter. In addition, the capacity of the dislocation loopsour case.
which are now larger, in capturing the emittedsSiis ex- It is important to note that an inverse annealing stage
pected to be bigger. As a consequence, the competing reagecurring prior to theT ,,,in the evolution curve of both the
tion VO+ Sij— O, becomes profound at a higher tempera-untreated and the HT treated sample does not seem to appear
ture, i.e., at 291 °QFig. 2(c)], where the decay of the VO in the HTHP treated samples. This stage is the r&softthe
signal begins to appear in the spectra. On the other hand, thepping of some additional vacancies, available in the bulk,
reaction VO+ O,— VO, occurs at~300 °C, indicating the by O atoms, which leads to the formation of the VO centers.

10.30
0.04

0.02

Qabsomption {arb. units)

y §0.29

VO, VO, absorption (arb. units)

esponding appearance of the y/€ignal in the spectra.
In the untreated sample, the decay of the 828 timand
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Sources of these vacancies are large defect cluteisso-  perature where the VO defects begin to anneal out, since the
ciated divacancies, and also disordered regtdwe argue reaction VO+Si—O; precedes the reaction VO,

that in the case of HTHP treated samples, on increasing the:VO,. The absence of a reverse annealing stage in the
temperature during the isothermal annealing sequence, tleyolution curve of the VO defect in the HTHP treated
liberated vacancies are absorbed by the oxygen precipitateamples was attributed to the presence of precipitates and
and also to some extent by the dislocation loops. Thereforegther structural defects, which absorb any liberated vacancies
any additional formation of VO defects is inhibited. How- from large defect clusters.

ever, in the case of HT treated samples, where the precipi-
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