Origin of infrared bands in neutron-irradiated silicon
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Infrared absorption measurements were made of the localized vibrational modes due to defects
produced in Czochralski-grown Si material after irradiation with fast neutrons and subsequent
thermal treatments. The investigation was focused, in particular, on three satellite bands in the
region of the A center, located at 839, 833 and 824 tmespectively, the annealing behavior of
which was carefully monitored. Correlation of our results with previous infrared, electron
paramagnetic resonance and positron annihilation studies favors attributing these bands to the
V-0, V30, and \,O, defects respectively. In addition, semiempirical calculations were carried out
for the vibrational frequencies of these defects, and the predicted values are in agreement with the
above assignments. @997 American Institute of PhysidsS0021-89767)05804-0

I. INTRODUCTION Float-zone(Fz) samples with[O;],~10'® cm 2 were also
used in these studies for the sake of comparison.

Fast neutron irradiations were performed inside a pool of
water at~40 °C, with a dose of~1x10 n cm 2. The
samples were wrapped in cadmium foil to eliminate the ef-
?éct of thermal neutrons and were put in sealed quartz tubes

An interesting feature of oxygen in Si, especially in ir-
radiated materials, is that it forms complexes with lattice
vacancies leading to the creation of, @, defects, as has
been established by a variety of experimental technique
particularly by electron paramagnetic resondn@&PR), in- : o
frared (IR) spectroscopyand positron annihilation studiés o a‘éﬁ;‘i:ﬁiﬂ:&gﬁggﬁﬂa anneals. 10 °C incre-
(PAS). In the last three decades IR spectroscopy has played a ' o

R - L ments, over the range from room temperat{®&) to 600 °C
significant role in the study of these defects giving valuable ; S )
information about their structure and properties were performed with the samples in air. The annealing tem-

The VO pair, the so-called A center, is the main defectPSralures were accuratear2 °C. Measurements were car-
induced in irradiated CzochralskCz)-grown Si. In its neu- ried out in RT, with & JASCO-IR 700 double beam disper-

tral charge state, it gives rise to an infrared band at about g2gve spectromete.r. The two phonon absorption was alyvays
ubtracted by using reference samples from Fz material of

cm~ L. After thermal treatment there is evidence of a number® )
of weak bands*°in the region of the A center. These bands equal thickness.
appear as shoulders on either side of the dominant A center
bgﬁd and they are termed satellites. Their origin has beeW' EXPERIMENTAL RESULTS AND DISCUSSION
correlated with multiple vacancy-oxygen defects. Figure 1 presents the region of the A center in the spec-
Bearing in mind the above results, we have ventured tara of the Cz-grown material at various isochronal annealing
find the exact identity of the satellite bands. To this end, Stemperatures. Upon annealing=a230 °C a weak line at the
was subjected to irradiation by neutrons. In our studies, threhigh frequency side of the 828 ¢rh band of the VO defect,
bands at 839, 833 and 824 chwere located and associated with a LVM frequency of~839 cm %, begins to emerge.
with V,0, V30, and \,O, defects respectively. Semiempir- Subsequently, we can make out two other weak lines of
ical calculations of the localized vibrational modeVM ) ~824 cm ! and 833 cm?! appearing at annealing tempera-
frequencies for the structures oh,®, V30, and V,O, de-  tures about 320 °C and 340 °C, respectively. All these lines
fects, as suggested from EPR datare in agreement with appear as shoulders of the much stronger A center band and

our experimental observations. they have been designated in the literature satellites. Ap-
parently, there is an obvious requirement to identify these
II. EXPERIMENTAL DETAILS lines. The overlapping of different peaks is an extra obstacle

) , ) ) ) to their identification. In order to recover the individual con-

Cz-grown Si samples with typical dimensions of 20 yihtion of each line we have made computer deconvolu-
x12x2 mm were used without being subjected to any postyjons ysing Lorentzian profiles. Figure 2 presents the anneal-
growth heat treatment. The samples, purchased fromhg penavior of the three satellite bands at 839, 833 and 824
MEMC, were initially p type (B doped with resistivity cm ! together with the evolution of the VO, VO[887
po~10 Q cm. The carbon concentration wa$Cs] .yt (Ref. 2] and Q (1106 cm ) bands.
<1x10'® cm‘83. Tpseir initial oxygen concentratiofiO, ], The appearance in the spectra of the 839 trband
was~1.1x10"* cm™* as was found by measurements of the,m 230 °C onwards coincides generally with the tempera-
9 um absorption band according to the relevant American,re range where divacancies, which are the main species
Society for Testing and MaterialéASTM) procedures. o gefects besides VO, are expected to become mbBile.
On the other hand Qs the main impurity in Cz-grown Si.
dElectronic mail: nsarlis@atlas.uoa.gr The following reaction therefore could be put forward:
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FIG. 2. Absorption coefficient of LVM bands: VA828 cm?!), O
(1106 cm'1), VO, (887 cn't), 824 cm't, 833 cmi ! and 839 cm* bands

as a function of the isochronal annealing temperature. VO ang &t@ves

are displaced vertically for the sake of clarity. For the same reason, the
” X evolution of the bands of the Vi@lefect, appearing in the spectra when VO

- . .- T e » begins to decay, are not shown.
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defects observed above 200 °C should be correlated with
vacancy-oxygen complexes.

In addition, the MO defect due to its suggested
structure® is expected to give rise to a LVM frequency close
to that of the VO center. A picture therefore emerges favor-
ing the notion that the YO defect gives rise to the 839 cm
~1line. To support this we have performed a semiempirical
calculation of the LVM frequency of the XD defect that is
presented below.

Frequency (cm™) The VO pair is characterized by €01) off-center
configuration®*3where the oxygen atom is displaced about
FIG: 1. Decon_volution of tth center region infrared bands into Lorentzi:?ml A (see Table )| towards the two Si atoms to which it is
profiles at various selected isochronal annealing temperatures. Dotted lines 1.
represent experimental results; solid lines the best fitting curves; dash onded. The LVM frequency located at about 828 ¢nin
lines the Lorentzian profiles our studies arises from the oscillation along ¢{4é&0) axis of
the oxygen atom placed near the substitutidwakcancy Vf
site. Figures &) and 3b) exhibit the atomic configurations
of VO and W,O defects as suggested by Lee and Cofbett
V,+0,—V,0. Thus, at first glance, it seems not unreasonfrom EPR investigations. We shall try to calculate the LVM
able to pursue a correlation of the 839 chiine with the V. frequency of the YO defect from that of the VO defect by
,0 defect. The loss of Qduring annealing between 230 and using the modification caused on the Si-O-Si bond in the V
300 °C(Fig. 2 covers the increase of VO indicating that the ;O structure, as a result of the attachment of an extra va-
main reaction at this temperature range i$®—VO. No-  cancy next to the Si-O-Si unit of the VO. According to the
tice, however, that after irradiation the concentration of di-covalent bond theor}:*® the oxygen atom in the Si-O-Si

T=390°C

!
835

, @

tration after annealing would be even lower than that of VO, o4 (o2
7 -7
creation of the YO defect.

vacancies is expected to be considerably lower than the V@nit interacts with each of the two neighboring Si atoms by a
concentration, maybe by a factor of 10. ThusOv/concen-  power law potential of the form
a fact that is consistent with the experimentally observed V=¢
intensities of the lines. The oxygen concentration loss seems
sufficient to account for the observed increase of the VO and
In order to assist the overall interpretation we furtherTABLE I. Theoretical results for the off-center displacement of the oxygen
studied spectra received from Fz-Si material subjected to th@°m in the VO defect, according to various investigations.
same irradiation and subsequent heat treatment procedurés.

. Off-center displacemer(®) Reference
No evidence emerged for the 828 chand 839 cm* bands
(or for the 824 cm*® and 833 cm? bands, indicating oxy- 11 10
gen involvement in the structure of the corresponding de- 1'33 12
fects. It is worth noting at this point that results from posi- 0.934 13
tron annihilation studi€s also indicate that secondary
1646 J. Appl. Phys., Vol. 81, No. 4, 15 February 1997 Sarlis, Londos, and Fytros
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FIG. 3. The structural models fga) VO, (b) V.0, (c) V30, (d) V,0,, and(e) V50, centers.
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wheree,o are empirical parameters aRdthe length of the each other by rotation, tending to drag along with them
Si-O bond. Employing this power law potential, the depen-bonds b-c and e-f in order to keep the coupling between the
dence of the force constant on the equilibrium length sp® hybrids* of atoms b and e minimal. This tension is
Ry, for small oscillations, is found to be equivalent to the application of additional compressive stress
2¢ along the(110) axis to the Si-O-Si unit of the YO defect.
K= —5. (2)  Thus, the O LVM frequency is expected to be even higher
Ro than that of the YO defect. However, the concentration of
Using a molecular X¥ model®® the frequency of the oscil- V3O defects created through the reactioptWO—V;0 is
lation of the oxygen atom in the Si-O-Si unit is related to €*Pected to be even smaller than the concentration@ V
« and to the angle? between thg110) axis and the Si-O defects created through the reactionNO,—V,0 since

bond (Fig. 3(@)) according to the formula [O;]> [VO]. This adds more weight to the argument that the
V,0 defect is the most likely candidate to be related to the
K Ms; 839 cm ! IR band.
©= \/m_s, 1+2m_o cos 6)’ ®) The appearance of the 824 thline at ~320 °C may

h d th f the sil q be correlated to reaction processes related to the decay of the
wherems; andmo ?re S ebm.asges Oh €sl |cor} a?] OXygeny,q signal. The decrease of the VO signal in neutron irradi-
atoms respect|ye y. Su stltut|ng the ratio of the atomicyieq material is probably dominated especially at the initial
masses and using E(R), we obtain

stages by the destruction of VO pairs by Si self-interstitials

2¢ J1+3.5cof ¢ released from clusters of defedt¢O+Si,—O;), in agree-
0= m_sR—o 4 ment with the observed increase of oxygen concentration
|

(see Fig. 2. Other reaction channels are related to the migra-
This relation also holds for the Si-O-Si unit in the® de-  tion of VO pairs as entities where either they are captured by
fect. If Ry and ¢’ are the structural parameters of the latterQ, to form the VG centef giving rise to the 885 cm® band

defect andw’ its LVM frequency, we finally have and/or they act as traps for each other leading to the forma-
Ry V1+3.5 co & tion of Ehe VL0, defect. The latter defect, due to its
=0 ———— (5) structure; is expected to have a LVM frequency close to that
Ro V1+3.5co$ ¢ of the A center. Consequently, it seems reasonable to pursue

whereR, 8 and o refer to the VO defect. A reced,first (e correlation of the YO, defect with the 824 cm' band.
principles cluster calculation analysis gave the values, O €stimate the vibrational frequencies of theOf
Ry=1.754 A, 6=21° for the VO defect an®}=1.725 A Structur@ (Fig. 3(d)), we shall assume that the two oxygen
9’ =18.5° fo; the \bO defect, which when insoerted into qu atoms are locate1 A off-center from the corresponding va-

(5) together with our experimental value eflead to a value cancy sites, as in the case of .the VO: The motion of j[he

for ' equal to 852 cril. oxygen qtom of the VO defect is described by an effective
A significant point of the above analysis is that the ad_Hamlltonlan:

dition of an extra vacancy in the VO structure, in order to

form the \,O defect, results in an increase of the corre- H=5Mod2+;koq2, (6)

sponding LVM frequency. This increase is in accord with

previously reported experimental findiffshat the com- .

pression of the Si-O-Si unit of the VO, along th&10) axis, Where Mo=16 amu is the mass of the oxygen and

leads to an increase of the vibrational frequency. Indeed, théo=40.4 eV/& is the force constarif In the case of the

distance R}, cos#', between the Si atoms of the unit in the V20 defect, the two oxygen atoms oscillate along the same

V,0 structure is smaller than the distanRg cosé in the  direction. Modification of the frequencies of the oxygen at-

VO defect. In this sense, the association of the 839 tm ©mS in V,0, is related to the polarity of the Si-O-Si bond.

band with the O defect is in general agreement with both Pue to the dipole moment of this bond, the two oxygen

theoretical and experimental predictions. a_toms are coupled throug_h a d_|pole—d_|pole interaction. The
Another potential candidate for the 839 clrband is the ~ dipole moments of each Si-O-Si bond in theQ structure

V30 defect. Its formation may be related to a reaction pro-2re given by the formulae

cess like J+VO— V;0. The structurkof the V50 defect is R R R .

shown in Fig. &). In order to estimate its LVM frequency pr=Z*(—rk+q:q), p,=2Z*(rk+0a,q), (7

we shall consider the effect of the attachment of the extra

vacancy V to a \,0 defect. Due to this attachment, an ad-wherek,q are the unit vectors along th®01) and (110

ditional modification in the structure of the Si-O-Si unit axis and r is the vertical distance of the oxygen atom from

should be considered with respect to that of th@®©\efect.  the straight line that connects the two Si atoms in the Si-O-Si

Notice that the formation of a neutral vacancy in Si is ac-unit. The effective charg&€* concentrated on the oxygen

companied by a Jahn-Teller distortion that displaces its neaatom of the Si-O-Si bond, assuming an anglef about 18°

est neighbor&'218 The weak bond that is formed by the (this is the mean value df=15.5° from Ref. 12 an@=21°

elimination of the dangling bonds that remain after the vafrom Ref. 13, is found® to be Z*~1.1e, wheree is the

cancy formation makes atoms a and d of Fi@) &pproach electron charge. The mutual potential energy of these two

each other. Bonds a-b and d-e will then converge towardsdipoles is given b$*
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pl.p2_3(ﬁ.pl)(ﬁ.p2) V,0 LVM frequencies vibrating independently, considering
W= e : (8)  that the bonds g‘ga’-a and g-g-c’-c (Fig. 3(e)) allocate the
distortion, due to the vacancy attachment, equivalently on

wheren is the unit vector along the direction that connectseach of the two oxygen atoms in the®, geometry. Again,
the two dipoles, and the distance between them. Assuminga dipole-dipole interaction is established between the two
the dipoles to be on the oxygen sites, we easily find that oxygen atoms originating from the polar Si-O-Si bonds. The
= 3.9 A. Theg-dependent part of the dipole-dipole interac- situation is similar to that of the 30, defect, and the dis-
tion is found by combining Eqg7) and (8) to be equal to tance between the two oxygen atoms is found td be 3.8 A
[(Z2*)2/d®]q,0,. This interaction introduces a coupling be- leading to a value fok equal to 0.3 eV/A. The correspond-
tween the two oscillating oxygen atoms in the effectiveing effective Hamiltonian now has the form
Hamiltonian that describes their motion

, 1 2 1 r 2 1 2 1 1 ~2
H :EMoql"' Ek0q1+ EMOQZ+§k0q2+)\qlq21

1,01 L, 1,1
H:—MOQ1+EKOQ1+§MOQ2+EKOQ2+7\Q1Q2, 9 1

2

where A\=(Z*)2/d*=0.3 eV/&. This well-known Hamil- _ .
tonian has two normal modes: a symmetric one whereko=40.9 eV/R& is the force constant corresponding to
(91+02)/2, with a frequencyws,n= v(ko—A)/Mo, and an the 833.5 cm* frequenpy. This Hamiltonian has a symmet-
antisymmetric_one, d,—@,), with a frequencywantisym  "'C (g, t qz_)/2 mode_ with a LVM fre_quency at 831 cm
= (Ko+N)/Mo. Substituting the values d;,A and Mg, and an antisymmetric mode{—q,) with a LVM frequency
we getws, =826 ceni?! and @antisym=832 enil . at 837 cml. Again, due to the long, with respect th

In the dipole approximation, the coupling energyof wavelength of the IR radiation only the low frequency sym-
the \,O, defect with a plane electromagnetic wave metric mode is expected to be detected in our spectra. We

E(r,t)=Eoe ® =29 is given by attribute, therefore, the 833 crh satellite band to the YO
, structure.
U=—E(ryt)-p1—E(rat)-ps. (10) In summing up, we have tried to calculate the LVM

Substituting Eq.(7) into Eq. (10), we obtain the following frequencies of YO, V30, and \,0, defects. First, for the
expression for theg-dependent part, of the interaction Y20 defect, we have made use of a molecular,Xodel of

Hamiltonian f[he Si-Q-Si unit together with a power law potential for the
interaction between the O and Si atoms, and calculated the
H,=—Z*Ey-ke'® o~ cogk-d/2)(q,+q,) LVM frequency shift of the VO defect with respect to the
o VO by using results for the defect structures obtained by first
+i sin(k-d/2)(a;-a2)], (D principles cluster calculations. In any case, it must be

wherery=(r;+r,)/2, d=r;—r,, andr; andr, are the po- stressed that the molecular model used for th©\defect
sition vectors of the two dipo|es respective|y_ Apparenﬂycan only give qualitative indications. In the next step, for the
from Eq. (11), the ratio of the coupling constants of the V20, and V50O, defects, a simple effective Hamiltonian that
antisymmetric and symmetric modes is proportional totakes into account the dipole-dipole interaction between the
tan(k. d/2) For e|ectr0magnetic waves in the region of thep0|ar Si-O-Si units of the defect has been used. Our theoreti-
IR (=10 pum), tankz-d/2) is smaller than 1.810 *. cal analysis was extended to the case of th@® \Wefect.
Therefore the antisymmetric mode of the( defect is ex- Based on(i) the temperature of the appearance and the evo-
pected to be much weaker than the symmetric one. Thus odition curves of the bandsii) the absence of the signals in
semiempirical calculations agree well with the correlation ofFz-Si materialj(iii) the results from previous IR, EPR, and
the 824 cm ! infrared band to the YO, defect. PAS studies, anéiv) our calculations, we finally proposed a
It is worth noting that the emergence in the spectra ofcorrelation of the 839 cm' line with the \,O defect, the
824 cnm ! occurs at about the same temperature as that of th833 ¢ * line with the V30, defect and the 824 crit line
887 cm ! band of the VQ defect. This is consistent with the With the V,0, defect.
assignment of the 824 ¢m band to the YO, defect con-
sidering that in both cases the moving agent is the same
defect_ i.e., the VO cent_er which in the case o_f_887‘&m IV. CONCLUSIONS
band is trapped by an isolated oxygen interstitial atom to
form the VO, defect (VO+0O,—V0,), whereas in the case We have presented a study of defects in neutron irradi-
of the 824 cm! band it is paired with another VO center to ated Cz-grown Si material. Infrared spectra were examined
form the \,LO, defect. as a function of isochronal annealing temperature. The sig-
In principle, one would also expect in this temperaturenals from three satellite bands of the A center at 824, 833
range signals arising from thez®, defect® An attempt to  and 839 cm*® were obtained by fitting data to Lorentzian
calculate the LVM frequencies of this defect is given below.functions. The bands were correlated with thedy, V50,
In the present analysis, it is sufficient to consider that the twand \,O defects respectively. These assignments were cor-
equivalent oxygen atoms of the YO, defect oscillate along roborated by semiempirical calculations of the LVM fre-
the (110 axis with a frequency of 833.5 cm. This fre-  quencies caused by the vibration of the oxygen atoms in the
quency is the average828+839/2 cm ! of the VO and above structures.
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