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The VO defect is one of the major defects produced by irradiation in Cz-grown Si. Its presence in
the infrared spectra is manifested by a localized vibration md®) band at 829 cm!. Upon
annealing, the decay of this band is accompanied by the emergence in the spectra of another LVM
band at 890 cm' generally attributed to the VOdefect. The annealing of the VO center is
discussed in the literature by considering mainly two reaction processes in neutron irradiated
material, that is, V& Sij— O; and VO+ O;— VO,, which could occur in parallel. There are some
points, however, which cannot be explained within the above reaction scheme. In this article we
report infrared, x-ray, transmission electron microscopy and selective etching investigations on the
annealing behavior of the VO defect, in neutron-irradiated Cz-grown Si samples, subjected to
various high temperature—high press(dHP) treatments prior to the irradiation. The contribution

of each of the above two reactions to the whole annealing process of the VO defect and its
conversion to the V@defect is studied. The results are discussed by taking into account that the
state of the self-interstitials, adjacent to the oxygen precipitates and the structural defects formed
due to the HTHP treatment, is different for each sample because of the different treatments.
© 2002 American Institute of Physic§DOI: 10.1063/1.1430529

INTRODUCTION The presence of such pairs in Cz-Si is manifested by an

o infrared absorption band at 828 cf They are stable up to
The scope of the study of radiation-induced defects and_3p0 °c. Annealing at this temperature results in the de-

their interaction with lattice defects and impurities present increase in the intensity of the 828 cmband, which is cor-
the substrate is generally twofold. First, for the purpose ofg|ated with the growth of another absorption band at 890
knowing and understanding the nature, the properties, th@m—1, generally attributed to the ViQefect''2 Other defects
mechanisms of the formation of the defects, and their intery o 4150 formed at these temperatdres.

actions, and second, because it is necessary, with the help of However, there are some poifiis the whole behavior
the acquired knowledge, to control the yield and improve theys the 890 cmi! band that cannot easily fall into the picture
performance of the .c_orrespor)ding devices..This is .particubf the assignment of this band to the Y@efect. Such a
larly important for silicon, which is the basic material for sint is for instancé, the failure in detecting isotopic split-
electronic devices. A-centers are created as the dominant dﬁﬁg for the defect in°0 and®0 implanted silicon samples.
fects in Cz-Si, by any kind of irradiation. The main reason isyost of the experimental results, concerning the decay of the
that the silicon monovacanci&produced by irradiation are  gog cni band and the growth of the 890 cfband could
mobile at room temperature, and besides annihilation by siliye | nderstood by mainly considerfhghe reactions VO
con interstitials, or by pairing with each other to prOduce+Si|HOi and VOt O,— VO, , which should be held in par-
divacancies/, are trapped by interstitial oxygen atomst® 56 4t least in a part of the whole annealing process. How-
form vacancy—oxygen pairs VO, the well-known A-Centers.qyer there is data that could not easily fit the above picture.
More specifically, the analysis of the annealing data concern-
dElectronic mail: hlontos@cc.uoa.gr ing the loss of the VO center indicates proce$$eading to
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a local rearrangement of the defect, which is not easily recTABLE I. The oxygen interstitial concentration, thé,, and theNyo,
onciled with the above reaction scheme. Thus the phenoniotensities, and the intensity ratidyo/Nyo, for the various samples, re-

enon is not fully understood. In addition, the degree of the®Pectively-
contribution of each one of the above two reactions to the

Sample A B C D
annealing of the VO defect and the growth of the Mf@fect  T(°C),P(kbar)t(h) [O;]x 10" Nyo Nvo, Nyvo/Nyo,
is another issue pending investigation. (arb. unit$  (arb. unitg

It is well-established in the literat @ that heat treat- 1 — 0.0788 0.0380 5074
ments of silicon at various temperatures lead to the formation  yntreated
of thermal donors, oxygen precipitates, and various structural S2 7.71 0.0771 0.0370 2.084
defects, as, for example, rod-like defects, dislocations, stack- 900,33
ing faults, etc. The presence of these defects is expected to 90591’2 . 595 ooesl  0.0228 2.987
a_ffect the anngahng behavior of rad|at|pn-|nduced defects, sa 4.82 0.0612 0.0172 2363
since the environment, where the various processes take 1027125
place, has been changed. Noticeably, the concentration of S5 3.91 0.0424 0.0105 4.038
interstitial oxygenNg, in heat-treated samples is decreased  900,12,10
due to the oxygen precipitation. Concerning the VO defect, 9575162 10 3.02 0.0304  0.0042 7.238

investigation&’ of its behavior on samples subjected to pre-

heat treatments have shown substantial changes in the an-

nealing temperature of this center. It has been concluded that

oxygen-related precipitates and structural defects, which caeentration and the VO intensity after this process are also

trap and release vacancies and self-interstitials, have a prehown in Table I. Finally, the samples were subjected to a

found effect in the annealing temperature of the A-centersheat treatment at 400 °C, for 4 h, for the purpose of complete

Note that the clustering and precipitation of oxygen in siliconconversion of the VO to the VOdefects. Infrared spectra

is accompanield by the emission of self-interstitials, which were taken at room temperature by a dispersive kind of spec-

are expecteld to aggregate adjacent to the precipitates. trometer. X-ray investigations were performed using a high-
On the other hand, the application of hydrostatic stressesolution diffractometer in double configuration. Rocking

can inducé® changes in the structure of the defects. Morecurves and reciprocal space maps were recorded for all

specifically, the application of uniform stress at various tem-samples. A high-resolution experimental setup was realized

peratures has significant influence on the concentration of by employing a four-crystal G€220) Bartels-type mono-

interstitial oxygen and generally on the concentration of thechromator in the primary beam and a channel-cut double-

structural defects formed. It has also been demonstfatedreflection Gg220) analyzer in the diffracted beam. Selective

that high temperature—high pressuit€THP) treatments re- etching measurements were performed in the Sirtle solution

sult in an enhanced concentration of very small defects, deg33%CrO3: HF in proportion 1)2for 5 min. Transmission

tected only in x-ray reciprocal lattice maps. It is thereforeelectron microscopyTEM) measurements were also carried

expected that treatments of Si crystals under various HTHBuUt on the samples in the course of this investigation.

treatments would affect the annealing behavior of the VO

defect. The study of this phenomenon is the main object 0RESULTS AND DISCUSSION

this work. We shall also try to answer the following question. o . )

Is it the decrease in the concentration of interstitial oxygen  DOtS in Fig. 1 represent experimental results showing the

due to the precipitation or is it the structural defects formed‘ariations of the intensities @) the VO defect(b) the VO,

that have a greater impact on the annealing behavior of th@€fect, andc) the intensity ratidNyo/Nvo, versus the oxy-

VO defect? gen concentration of the samples prior to the annealing stage

at 400 °C for 4 h. Notice that the intensity ratio/Nyo, is

not the same for the various samples. In the following we

shall try to understand the above exhibiting behavior first by

modeling of the anneals and then by considering the effects

wafer were used. The material wastyped, boron doped of the various HTHP pretreatments on the annealing curves.

with resistivity p~9 Q cm(B]~1.3x 10cm~3). Their The most important reactions occurring during the decay

initial oxygen concentration wagO,]o~8.3x 107 cm 2. of the VO defect and the growth of the \Q@lefect are the

The samples were subjected to various combinations dP!loWing:

EXPERIMENTAL DETAILS

Six samples cut form a 2 mmthick, 001 oriented Si

HTHP treatments as shown in Table | and then irradiated by ki

fast neutrons to a fluence of 1x10cm 2 at T~50°C. VO+Si— 0, 1)
Afterwards, they were subjected to a heat treatment at 220 °C ks

for 150 min aiming at a complete annealing of the large  yo+0 — vO,, )
cluster of defects and disordered regions, present in neutron-

irradiated material. As it is expectéthis process resulted in k3

changes in the VO and th®;] intensities due to the libera- VO+V = V,0, )
tion of vacancies, which react with oxygen atoms to form ka

additional VO centers. The establishing values of thed- 0,+V — VO, (4)
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FIG. 1. (a) and (b) The variation of the VO concentratioN(,o) and the
VO, concentration r(\lvoz) of each sample vs the oxygen concentratiNg)
prior to the conversion of the VO defect to the Y@efect.(c) The variation
of the Nyo /Nyo, ratio of each sample correspondingly N .

Ks
VO,+Si — -+ 20, 5

whereky, k,, k3, ks, andks are the rate constants charac-
W
assume that Eq$1)—(5) constitute a more or less complete
reaction scheme describing the phenomenon. Thus the wh

terizing each one of the above reactions, respectively.

process concerning the VO and the Y@efects is repre-
sented correspondingly by the following rate reactions:

—7 = KaNoNy—Kk;NyoNsj, —kaNyoNo—ksNyoNy,

dt
(6)

th

Londos et al.

—ai~ keNvoNo—ksNyo Ns;,- (7)

In the steady state, the concentrations are given by the equa-
tions

kaNoNy—kiNyoNs;, —KaNyoNo—ksNyoNy=0,  (8)
kaNvoNo— I(stost,ilzoy 9
from which we receive

Nyo= : 10)
VO™ kyNgj, +koNo+ksNy (
k2NVONO
vo,= —kSNSil (11)

Putt'ng k2/(k4Nv) =7 and (klNSil + k3Nv)/k4NV: az, Eq
(10) becomes
No

:alNo+ a,’ (12

Nvo

Upon replacing Eqg.(12) with Eg. (11) and putting
alkSNSil /k2=a3 and a2k5NSi1/k2=a4, we get

N2
Nyo = ——— (13)
VO™ agNpta,”
Upon dividing Egs(12) and (13) we get
N as;Npta
vo  aglNoTay (14)

=2 _
Vvo, aiNg+axNo

We have solved numerically Eq&l2)—(14) and the re-
sults for parametera;=1.833,a,=8.333x 108, @3=3.45
X 10, anda,=1.555x< 10°" are depicted in the Figs(d)—
1(c) as curves for th&lyo, Nyo,, and the ratidNyo/Nyo,,
respectively, versus the oxygen concentration of each sample
prior to the(400 °C, 4 h annealing stage. The chosen values
for the parameters,, a,, a3, anda, are the most appro-
priate in order to obtain best fit curves for the experimental
results. Apparently, it is reasonable to discuss the relations
between the rate constants of the reactiths-(5) for the
used values of the parameterg, a,, az, anda,. In the
following we shall assume that,, and Ns;, are of the same
order of magnitude. From the relatidg /(k,N,) =@, and
by consideringNy and Ng;, of the order of 5<10', the

selected value ofr;=1.833 leads tdk,/k,=9.165x 10,
This means that the rate constant of react{@nis much
larger than that of reaction(4). From the relation
a1ksNg; /ky= a3, the selected value;=3.45% 10'8 leads
to ks /k,=37. This means that the rate constant of reaction
?5) is larger by one order of magnitude than that of reaction
52). The same value for the ratlg /k, is also obtained from

e relation a2K5NSiI/k2=a4, when selectinga,= 1.555
x 10*” and a,=8.333x 10'8 Notice that the values of the
parametersa;, «,, a3, and a, are compatible with the
relation «y/as= a3/ a,, as expected from the expressions
of the parameterg;; and 4. Finally, by combining the re-
lations k, /(ksNy) = «, and (klNSi,+ ksNy)/ksNy=a,, we
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FIG. 3. Surface image after selective etchifigft) and plan-view TEM
image(right) for sample §treated at 900 °C fo5 h at 1.2 GPa. TEM image

FIG. 2. Reciprocal space map around the 004 reciprocal space (jefint size is 1X0.75 4.

and plan-view TEM imagéright) for a nontreated Ssample. The axes are
marked in\/2d units, \ is wavelength and is lattice interplanar distance.
TEM image size is 0.20.15um.

space maps around the 004 reciprocal space point and plan-

view TEM image of the untreated sample. Small stressed
get the relation K; +ks) a;Ny/k,= a,, which leads to the areas are observed in the TEM image. Reciprocal space maps
relation (;+ks)/k,=91, showing that the sum of the rate also show considerable concentration of defects or stressed
constants of reactiond) and(3) is larger, by approximately areas in the sample. The observed stressed areas are most
one order of magnitude, than that of reacti@h As one can |ikely related to clusters of defects introduced by neutron
see from the figures, the experimental results do not exactliradiation and subsequent annealing. We notice that selec-
fit the theoretical ones, especially for the VO. It means that itive etching measurements on this sample showed no defects
is necessary to take into account that the HTHP treatments @fresent.
the samples before irradiation do not only lead to a decrease Selective etching studies of the samplgsaBd S show
in the oxygen concentration but also to changes in the strughe appearance of hillockexygen precipitateson their sur-
tural defects, which act as sinks for vacancies and interstiface. The increase in the applied pressure and the time dura-
tials. tion of the treatment leads to the increase in the hillock size.

Physically the decay of the VO defect occumainly  The image of the $sample surface after selective etching

through the destruction of the VO by the self-interstitialsand the TEM image of this sample are given in Fig. 3. Small
[Eq. (1)] and the coupling of the VO with Jor the produc-  stressed areas do not appear in the TEM image, although
tion of the VO, defect[Eq. (2)]. The first reaction depends relatively large oxygen precipitates with dislocation loops
on the number of the self-interstitials being present at theyround them are seen. The oxygen precipitate density is

aggregates adjacent to the interface of the oxygen precipfound from selective etching measurements to be about 2
tates and the Si matrix and their ability to release from thesex10° and 2.5¢10° cm™? for samples $ and S, corre-

aggregates. If one assumes that the activation energy for thgyondingly.
liberation of the self-interstitials in order to break away from ~ TEM images of samples,S S, and § also show the
the agglomerates is smaller than the activation energy for thgxygen precipitates surrounded by dislocation lo@e Fig.
movement of the VO defect and its subsequent trapping by). The increase in the temperature and/or the time duration
an Q atom to form the VQ defect, then the reaction VO of the HTHP treatment leads to the increase in size of the
+Sii—O; occurs earlier than the reaction M@, —VO,.  dislocation loops. The same observations come freray
Of course, there appears no reason why both reactions cann@liprocal space maps on these sampkg. 4) while the
operate in parallel, at least for a part of the annealing prodefect dimensions increase. Selective etching studies show
cess. Notice that the first reaction will stop when the supplythe appearance of small defect clusters additional to the oxy-
of self-interstitials is ceased. On the other hand, the numbejen precipitates. It is observed that the increase in the tem-
of self-interstitials and their ability to participate in the reac- perature of the HTHP treatment on samples S;, and S
tions depends on the form, the shape, and the density of theads correspondingly to the increase in the size of these
oxygen precipitates and the interstitial-type defécts, dis-  defect clustersFig. 5). It is important to note that these
location loop$, which in turn depend on the HTHP treatment small defect clusters detected by selective etching, when of
performed on each sample before irradiation. This meangigh concentration, mask the observation of the oxygen pre-
that the effectiveness of the reaction ¥@i— O, changes cipitates.
according to the treatment each sample has been given. As one can see, the HTHP treatments of silicon samples
Therefore the number of VO defects reacting with the Olead to very complicated changes in the defect structure of
atoms for producing the VOdefects is different for each the samples. The decrease in the oxygen concentration of
sample. In other words, the ratdyo/Nyo, is expected to be  samples $-S; in comparison with that of the untreated
different for each sample due to the different HTHP treat-sample $ is caused by the formation of oxygen precipitates
ments. This was observed experimentéfyg. 1(c)]. during the HTHP treatments. The utilization of high pressure
Let us now concentrate on the defects formed in thestimulates the precipitation process resulting in a higher con-
investigated samples as a result of the HTHP treatments arméntration of oxygen precipitates in the silicon sampfds.
subsequent neutron irradiation. Figure 2 shows reciprocadther words, the lower the ;@oncentration existing in the
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FIG. 4. Reciprocal space map around the 004 reciprocal space (fefint
and plan-view TEM imagéright) for samples $-S;. The axes are marked
in A/2d units, A is wavelength andl is lattice interplanar distance. TEM
image size is X0.75um.

samples after the HTHP treatments, the more oxygen precipff'rgr'nst'o Surface images after selective etching for sampiesS, and §

. L . ) p to botton.
tates are created. The self-interstitials liberatddring the
formation of the oxygen precipitates are usually rejettad
the growing interface of the precipitate and the Si matrix.which can have relatively low temperature stability. For ex-
Along with this, other structural defects are formetf ad-  ample, di-interstitials are known to ann&aat 400 °C. No-
jacent to the precipitates, like stacking faults and dislocatioriice that the neutron irradiation introduces high concentration
loops. These structural defects attract the self-interstitialsof self-interstitials as well. They are expected to annihilate
Thus, in our case, in the samples with more oxygen precipivery effectively with vacancies at the first annealing stage
tates we shall have a higher number of self-interstitials pro220 °Q. Therefore the conversion of the VO defect to the
duced, and therefore more self-interstitials could be rejecte¥O, defect will be determined by the remaining self-
from the precipitates and collected in tangles of dislocatiorinterstitials. Furthermore, as already mentioned, the selective
loops. These dislocation loops are formed adjacent to thetching studies show the additional formation of another
precipitates if the temperature of the treatment is higher thakind of small defect cluster in the HTHP treated crystals
850°C for atmospheric pressufe,as well as for high (samples $-S). It is concluded that the concentration of
pressuré?® The self-interstitials collected at the dislocation the available self-interstitials in samples-S; is decreased
loops most likely do not take part in the conversion processlue to the treatments and therefore the contribution of the
of the VO to the VQ defect during the 400 °C annealing reactions(1) and (5) in the conversion process of the VO
stage, since the temperature that the self-interstitials are relefect to the V@ defect is reduced.
leased from the dislocation loops cannot be lower than the It is evident from the above discussion that due to the
temperature of the loop formation. But a part of the rejectecpresence and the effect of the defects mentioned in the HTHP
self-interstitials can be present in the form of small clustersireated samples, a perfect fit of the experimental points and
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the theoretical curves should not be expected. This is seegonversion of the VO to the VQdefect. Thus this conver-
for instance, in Fig. (g), which exhibits the variation of the sjon is mainly affected by the decrease in the oxygen con-
Nyo versus the Qconcentration. In our analysis, the varia- centration due to the enhanced formation of the oxygen pre-
tions of theNyo and theNyo, are described by a simple cipitates.

function of the @ concentratioEqgs.(12) and(13), respec-
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