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First Stage of Oxygen Aggregation in Silicon: The Oxygen Dimer
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The structure and dynamic properties of the interstitial oxygen dimer in silicon are found using a
combination of infrared spectroscopy aad initio modeling. We find that the stable dimer consists
of a pair of inequivalent weakly coupled interstitial oxygen atoms separated by a Si-Si bond. Two
high frequency modes are decoupled in df@-'*0 combination but are strongly mixed in the other
combination. A third lower lying mode involves the compression of the Si-Si bond joining the oxygen
atoms and gives distinct modes in the miXé®-'30 case. [S0031-9007(98)07293-7]

PACS numbers: 61.72.Bb, 63.20.Pw, 78.30.Am

When Si containing oxygen is annealed at temperaturesver, that there are unique modes due to the dimer in ma-
below 550°C, a family of electrically active thermal terial containing'O-'80 but these modes imply that the
double donor, TDIWV), defects containing oxygen is oxygen atoms are separated by a Si-Si bond. This then
formed [1,2]. In spite of intense efforts for over forty raises the question as to whether the dimer can diffuse
years, there is currently no consensus on their structunapidly.
or the processes involved in their creation [3]. It is The experimental investigation used three types of
believed that the defects are formed sequentially by asamples. The first (a) containedO, while the sec-
activated process in which TOD) is transformed into ond (b) contained mainly*0. The third (c) contained
TDD(N + 1) by the addition of an oxygen species. Theequal concentrations dfO and'30. Samples (a) were
activation energies for the rate of TB®) — TDD(N +  fabricated from commercially grown phosphorus doped
1) lie around 1.7 = 0.2 eV [4,5] and are much lower Cz-silicon with a resistivity of abouf0 () cm and oxy-
than the migration energy of interstitial oxygen ;JO gen and carbon concentrations in the rafge-14) X
about 2.54 eV. It has long been suggested that thi$0'7 cm~3 and(0.5-5) X 10'® cm™3, respectively. Sam-
anomalous growth is due to a rapidly diffusing interstitial ples (b) and (c) consisted of float-zone Si material and
oxygen dimer (@) [6,7] although the evidence for this is were isotopically enriched witH®0;. In (b) the con-
circumstantial. @ is then regarded as a precursor for thecentrations of'°O; and '30; were 6 X 10' cm™3 and
thermal donors and thus there is a great deal of intere§12-18) X 10'7 cm™3, respectively, while (c) contained
in its properties. This paper, through a combinationabout 10'® cm™3 of each oxygen isotope. The carbon
of experimental vibrational mode studies and theoreticatoncentration in samples (b) and (c) was ab@ut4) X
modeling, presents a unique model for its structure. 10'® cm™3 and their resistivities were aboub0 Q cm.

Experimental evidence for 9 has come from previ- The measurements were performed at room temperature
ous infrared (IR) absorption measurements where the in295 K) and at 10 K, to a spectral resolution of 1 and
tegrated absorption intensities (I1A) of two local modes a.5 cm™!, respectively, using a Bruker IFS 113v Fourier
1012 and1060 cm™! were found to be proportional to transform infrared spectrometer. The concentrations of
the square of the oxygen concentration [8,9]. However, &8°0;, '80;, and G were monitored by measuring the
surprising result was that additional modes were not deintensities of the 1107 '{O;) [15], 1058 (%0;), and
tected in material containingO-'30 [10]. This conflicts 605 cm™! [16] absorption bands. In order to increase
with previous theoretical modeling which has suggestedhe intensity of the rather weak dimer related vibrational
that a dimer, capable of diffusing rapidly, consists of twomodes in the as-grown material, the samples were elec-
neighboring @ defects [11-14]. We show here, how- tron irradiated at about 35, using 2 MeVe-irradiation.
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. . . FIG. 2. Absorption spectra of the third oxygen dimer mode
FIG. 1. Absorption spectra of the two highest oxygen dimerggr 160 180 and!6Q + 80 samples.

modes for'%0, 180, and'°0 + 80 samples.

This increased their intensities by about an order of mag?56 cm_ ' mode, whose intensity is correlated with the
nitude compared with as-grown material [10]. ot_her dimer ban_ds, is Si related as it shifts only slightly
The experimental results are shown in Figs. 1, 2, andvith the oxygen isotopic mass. ,
3 for (a) 10, (b) 180, and (c)'0O + 80 samples. For T_hg theorethal analysis was performed with an
material (a) or (b) containing onlY°O and '%0, these @b initioc modeling program (AIMPRO), based on
figures show four dimer related IR vibrational bandsdensity functional theory and utilizing large 88-atom
positioned at about 1060, 1012, 690, &b cm™! for H-terminated clusters containing pairs of oxygen atoms.
(a), and 1012, 969, 680, ari6 cm~! for material (b), The method [17_] ha_s been used previously to explore the
in agreement with previous studies [8,10]. However, theStructure and vibrational modes 10, defects [18] and
spectrum for the mixed-isotopic sample (c) shown inshallow therma'l donors '[19] as well as oxygen ;hmers
Fig. 1 has not been reported previously. This spectrunil3]- The basis was similar to that used previously,
shows that additional dimer bands occur at 1003.6 an§xcept additional bond centered basis functions were
1021.1 cm~!. These represent coupled modes and theplaced between second shell neighboring Si atoms within
prove that the defect contains at least two coupledhe defect core. ,
O atoms. We have found that the strength of these We first note that the two frequencies at 1012 and
bands correlates with those of the other dimer related060 cm™' are close to that of interstitial oxygen, sug-
modes and they have the same very special temperatu@€sting that the oxygen atoms are close to their normal
dependence as the 1060 ar@12 cm~! modes [8]. bond ce_nter_ed sites. This suggests that the dimer consists
That is, their positions increase by sos-1.5 cm! of a pair of interstitial oxygen atoms and refutes the old
when the temperature is increased from 10 K to room
temperature. These shifts are unusual and opposite to 1.2 e e
what is usually encountered. The ratios of the IA I
intensities of the 1060, 1021, 1012, 1004, &6& cm™!
modes in the mixed®O + 80 case are approximately
2:1:2:1:2, respectively. Thus the intensities of the mixed
modes at 1004 andi021 cm™! are one-half those of the
160-180 and '*0-'80 bands. Normally, a mixed mode
between equivalent oscillators would be expected to be
twice as intense as the other bands. This follows as
the number of'°0-'30 defects is twice that of°O-1°0
or 80-80 in samples such as (c) which contains equal
amounts of'®0O and'®0. These unusual ratios will be
explained below.
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Figure 2 shows a broadband due to a coupled motion ol b b
of the oxygen atoms also occurse5.7 cm™! (1°0-180) 545 550 555 560 565
as this is related to modes at 690@-'°0) and680 cm™! Wave number (cm )

('*0-'%0). The ratios of the IA intensities of the 690, FIG. 3. Absorption spectra of the lowest frequency oxygen
686, and 680 bands are 1:2:1. Figure 3 shows that théimer mode for'®0O, 80, and'®O + 30 samples.
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in the (011) plane occupied by atoms 1, 2, and 7 and a
tensile strain field in th€011) plane occupied by 2, 3, 4,
and the second O atom. Itis important to note that the two
O atoms are not equivalent and there are small differences
in the Si-O bond lengths and angles. The O atom bonded
to 3 has a slightly shorter bond (1.617 A) than with atom 4
(1.640 A) while the O atom between 1 and 2 has a shorter
bond (1.622 A) with 1 rather than 2 (1.647 A). The Si-O-
Sibond angles are very close to 266I'he defect does not
possess any deep electronic gap levels.

The dynamical matrix for the cluster was then con-
structed from theab initio second derivatives of the en-
FIG. 4. The stable oxygen dimer. The two oxygen atomsergy be.‘Wee” the two O atoms and their Si neighbors
have slightly different Si-O bond lengths and are inequivalemaIong with ones between more remote f'ﬂoms found from
(see text). a Musgrave-Pople potential given previously [20]. The
vibrational modes of the dimer are then found from the
idea, based on volumetric considerations, that aggregatiatynamical matrix and are given in Table I.
of two O; defects necessarily kicks out a Si interstitial. The calculated frequencies lie withit cm™' of the
Furthermore, the distinct modes detected in the isotopiebserved modes and this error is typical of the method.
cally mixed samples imply that the O atoms are close toThe two upper modes, at 1085 an@36 cm™!, are
gether. This suggests three possibilities: (i) when the Qlue to an asymmetric stretch of the O atom with the
atoms lie at neighboring bond center sites-(3, 3—4 in  shorter (i.e., between 3 and 4 in Fig. 4) and longer (i.e.,
Fig. 4), (ii) when they are separated by a Si-Si bond andetween 1 and 2) bonds, respectively. This follows as
lie in parallel Si-Si bonds&—2, 3—4 in Fig. 4), and (ii) the 1085 cm™! mode shifts by only3 cm™!' when the
when they are separated by a Si-Si bond but lie in skewetfO atom between 1 and 2 is replaced BYD, while
Si-Si bonds (—2, 3—4 in Fig. 4). More distant dimers the 1036 cm~! mode shifts byt4 cm™!. These shifts are
analyzed in a larger cluster possessed decoupled modes.very good agreement with the observed ones~of
It is found that the third cluster has the lowest energyand 43 cm™'. The difference of50 cm™! between the
but the energy difference with the first is not significant.two modes agrees well with the observed difference of
Structure (i), in which the oxygen atoms lie at neighboring45 cm™!' and primarily arises from the inequivalence in
bond centered sites, has an energy only 0.14 eV greaténe local structure around each O atom. In the-'80
than (iii) while the energy of (ii) is greater by 1.3 eV. case, the two highest modes are shiftedb¥7 cm™!,

The actual energy differences are dependent on the distriespectively, in reasonable agreement with the observed
bution and number of bond centers. However, we shovshifts of 48 and3 cm™'.

below that the calculated vibrational modes of structure Replacing the second oxygen atom between 3 and
(i) are inconsistent with the experimental values. 4 by 80 might be expected to reduce thé85 cm™!

It seems that the stability of structure (iii) comes from amode t01038 cm~!. However, this frequency is almost
partial cancellation of the long range compressive straimlegenerate with the mode of the fifD atom. In this
field of one oxygen atom by the other. The O atomcase the coupling between the two O atoms becomes
between 1 and 2 in Fig. 4 gives a compressive strain fieldtery important and mixed modes at 1053 aifi@0 cm ™!

TABLE I. Calculated and observed local vibrational modes for the oxygen diamar!).
Bracketed value shows downwards shift of the mode from't@e!®O case. The last column
gives the frequencies when the two Si atoms connecting the dimer are replaétsi.byND:
not detected.

160_160 I80_16O 160_180 180_I8O 29Sil60_160
Calculated
1084.9 1082.2 (2.7) 1053.2 (31.7) 1038.1 (46.8) 1080.8 (4.2)
1035.7 991.4 (44.3) 1020.2 (15.5) 988.3 (47.4) 1032.8 (2.9)
636.6 634.2 (2.5) 627.3 (9.3) 624.6 (12.1) 630.6 (6.0)
580.7 579.4 (1.4) 578.2 (2.5) 577.0 (3.8) 574.8 (5.9)
574.1 569.8 (4.3) 573.9 (0.1) 569.4 (4.7) 570.6 (3.4)
Observed
1059.7 ~1060 (ND) 1021.1 (38.6) 1011.9 (47.8)
1012.4 969.6 (42.8) 1003.6 (8.8) 969.3 (43.1)
690.1 685.7 (4.4) ~685.7 (~4.4) 679.8 (10.3)
555.9 ~555.8 (ND) ~555.8 (ND) 555.7 (0.2)
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are found. The 32 andi6 cm™! drop in the frequencies tion experiments on mixed isotopic specimens combined
from the '°0-1°0 case are in fair agreement with the with ab initio modeling provides a powerful tool for the
experimental shifts of 39 ar@icm™!. identification of defects.

We can now understand the observed 2:1:2:1:2 ratio of We thank HPC2N, PDC, and NSC in Sweden, and the
the intensities of the modes. From Table | we see that thelPCI in the UK, for computer time on the SP and the
mode at about085 cm™! occurs twice: once fol°0-1°0  T3E, respectively. We also thank TFR, FOA, KVA, and
and once for'80-1°0. Modes around053 cm™! occur Sl in Sweden for financial support.
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