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Vibrations of the Interstitial Oxygen Pairs in Silicon

M. Pesold J. von Boehnt,and R. M. Niemineh
"Laboratory of Physics, Helsinki University of Technology, P.O. Box 1100, FIN-02015 HUT, Finland
2LTAM, Helsinki University of Technology, P.O. Box 1100, FIN-02015 HUT, Finland
(Received 7 December 1998

First-principles methods are used to calculate the structures and local vibrational modes of interstitial
oxygen pairs in silicon. The staggered;-6i-O; and skewed @Si-Si-O; structures are nearly
degenerate in energy. The calculated local vibration frequencies and their pure and'#ixed 'O
isotopic shifts agree closely with experiments: the highest frequency is assigned to the skewed and the
four lower ones to the staggered structure. This result may clear up the controversy of oxygen dimers
in silicon, and also suggests a mechanism for fast oxygen diffusion. [S0031-9007(99)09205-4]

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

Approximately 10'® oxygen atomgcn?® appear in as- accurate density-functional-theory [11] based methods.
grown Czochralski silicon, supersaturated and highlyThe calculations give rise to a new interpretation for the
inhomogeneously distributed. During subsequent heaneasured LV frequencies and the structure ef. ONVe
treatments oxygen atoms become mobile at temperdind that the four measured frequencies originate from the
tures >350 °C and begin to cluster. Individual oxygen staggeredconfiguration and the frequency &t05 cm™!
atoms occupying interstitial bond center positions)(O from the skewedO;-Si-Si-O; one. Especially, we find
are known to diffuse by hopping between the neighboringa new local oxygen-induced silicon mode that explains
bond center sites with an activation energy of 2.54 eV in ahe vanishing of the'®*0 — '°O isotopic shift of the
large temperature range of 300—12Q0[1,2]. However, lowest measured frequency. This is the first time #iht
aggregation of oxygen takes place at a much lower acti-
vation energy of about 1.8 eV [3] and oxygen-containing
fast diffusing species are needed to explain the aggrega-

tion [4,5]. The interstitial oxygen pairs (© have been 2) (110 ®) [110)
suggested to be a fast diffusing species [4,5]. The local
vibration (LV) frequencies of the structures of,;Ccan o o
play an important role as fingerprints in clarifying the ag- 0 0
gregation mechanisms of oxygen.
1 (d) [110]
H
W(‘
o)

When two Q’s approach each other their mutual in-
teractions cause splittings in the LV frequencies of O () [110]
at 1136 and517 cm™! [6,7]. Four LV frequencies at —
1060, 1012, 690, and56 cm ! assigned to the same 0
configuration of GQ; were recently detected and iden- 0
tified experimentally by Hallberget al. [8] and Murin
et al. [5]. Murin et al. [5] also detected an LV frequency
at1105 cm™! which they associated with another configu- ~ ©

ration of O;. The subsequent study by Obesgal. [9]

using the mixed and puréO — '°0 isotopes actually 0
proved that the defect giving rise to the four LV frequen- 18)

cies above contains at least two coupled O atoms.

The lowest-energy configuration ohChas earlier been
assigned to the staggered one [two O atoms having a

EQmTon]_OS' ag)m Io:i‘ategbln thte Tar;e (1102 gliﬂef SeEIG. 1. Calculated vibrational modes for the interstitial oxy-
ig. 1] [10]. Recently, Obergt al.[9] reported their  on nair in the staggered configuration. Black and grey circles

finding that askewedO;-Si-Si-O; configuration [two O  denote silicon and oxygen atoms, respectively. The types
atoms separated by two Si atoms located in different (110and frequencies of the modes are as follows. Asymmetric

planes; see Fig. 2] is, in fact, the ground state. Theytretching-type local vibrational modes: (ap33 cm™' and
assigned the four measured LV frequencies (see abovéY) 934 cm”; symmetric stretching-type local vibrational

, g . . odes: (€)697 cm™! and (d) 661 cm™!; and (e) oxygen-
to the LV's of the skewed ©Si-Si-O; configuration. The — ig,ceq "asymmetric silicon vibrational modei66 cm .

purpose of the present Letter is to report LV frequenciesf) Schematic conventional Si unit cell with two,®. (a)—
for these two configurations of £ calculated using (d) are in the (110) plane. (e) is slightly tilted for clarity.
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(@) analyzing the infrared (IR) absorption experiments. This
result also suggests a new fast diffusion mechanism for
O,; provided that the diffusion barrier between the two
configurations is low enough: Instead of moving both
O;'s simultaneously as in the model by Ramamoorthy
and Pantelides [22] one could move them alternatingly,
first O in the skewed ©-Si-Si-O? configuration to
form a staggered [3Si-O? configuration and then ©to
form again a transferred skewed!-Si-Si-O? configu-
ration [cf. Figs. 2(a) and 1(a)] and so on.

The results from the LV calculations are given in
Tables | and Il and the relevant LV modes are shown in
Figs. 1 and 2.

The calculated LV’'s in the staggered configuration
FIG. 2. Calculated asymmetric stretching-type local vibra-2PP€ar in pairs and bear a clear resemblance to the
tional modes of the interstitial oxygen pair in the skewedcorresponding LV’s of @ The two LV'’s of the highest
0;-Si-Si-O; configuration: (a)1104 cm™' and (b)1091 cm™'.  frequency pair of 1033 an®84 cm~!' [Figs. 1(a) and
(c) Two schematic conventional Si unit cells with twg'®©  1(p)] are of the asymmetric stretching type. In the 1033
Black :?mdI grey circles denote silicon and oxygen atoms(984) cm~! LV mode the oxygen atoms vibrate roughly
respectively. 180° out of phase (in phase). The two LV modes of

the next highest frequency pair of 697 andl cm™!
experimental frequencies _forzpcan be explained within  [Figs. 1(c) and 1(d)] consist analogously of coupled
one and the same theoretical approach. _ symmetric stretching modes of the two-Gi-Si groups.

The total energy calculations are performed in the lo-Finally, Fig. 1(e) shows the localized oxygen-induced Si
cal density [12] approximation using a self-consistentmode of the next highest frequency 66 cm™! located
plane-wave pseudopotential method. The Perdew-Zung@iist above the region of delocalized vibrations. The Si
[13] parametrization of the Ceperley-Alder data [14] isatom between the two & and its two neighboring Si
used for the exchange-correlation energy. For silicon Wetoms vibrate in an asymmetric stretching mode with
use the norm-conserving Hamann pseudopotential [15kuch larger amplitudes than the other atoms.

The pseudopotential is of the fully separable Kleinman- The calculated LV's in the skewed; (i-Si-O; configu-
Bylander form [16] and the component is used as the ration also appear in pairs. The LV's of the highest fre-
local one. For oxygen we use the ultrasoft Vanderbiltquency pair of 1104 anth91 cm™! (Fig. 2) consist of two
pseudopotential [17]. The valence-electron wave funcpuyckered SiO;-Si groups vibrating in asymmetric stretch-
tions are expanded in a plane-wave basis set up to jag modes with very different amplitude sizes such that
kinetic-energy cutoff of 28 Ry. We use the Monkhorst-the oxygen atoms vibrate roughly 186ut of phase and
Pack2® k-point sampling [18] and a 32 atom-site super-in phase, respectively. The two LV’s of the next highest
cell in CalCUlating the LV modes. The total energy iSfrequency pair of 643 and27 Cm_1 consist ana|ogous|y
minimized by allowing all ionic coordinates to relax with- of two puckered SD;-Si groups vibrating in symmetric
out any constraints until the largest remaining Hellman-stretching modes. The mode of the next highest frequency
Feynman force component is less thameV/A. The  of 558 cm! is again an oxygen-induced Si mode consist-
LV calculations are always performed in the zero pressurghg mainly of the large vibrations of the two Si atoms be-
configuration using the procedure and program by Kohlefween the two @s and their neighboring Si atoms.

et al. [19] Every atom is displaced to all six Cartesian We compare first the upper (asymmetric Stretching_
directions from the equilibrium position, the electronic type) LV pairs. The calculated LV frequencies for the
structure for this configuration is optimized, and the re-staggered configuration agree more closely with the ex-
sulting Hellman-Feynman forces are calculated. The CoUperiments than do those for the skewedS$DSi-O; con-
pling constants for the dynamical matrix are calculated byiguration (within 30 an0 cm™!, respectively, Table ).
finite differences using these forces and displacements. The calculated'*0 — 60O isotopic shifts (all silicon

We find that the calculated total energy of theatoms are of thésSi isotope in this paper) for the stag-
32 atom-site supercell including the skewegdE-Si-O;  gered configuration {46 and —42 cm™!) agree again
configuration is by 0.38 eV below that including the more closely with the experimental isotopic shifts4@
staggered ©Si-O; configuration. However, improving and—43 cm™!) than do those for the skewed-Gi-Si-O;
the accuracy (see Ref. [20]) by increasing the superceionfiguration (50 and —50 cm™') (Table I). The cal-
to 128 atom sites and using tHeé point we find that culated separation of the asymmetric LV frequency pair
the latter configuration is by 0.1 eV more stable thanfor the staggered configuration and tH&© — 90 iso-
the former one [21]. Thus, it is important to considertopic shift of this quantity (49 and-4 cm™!) agree
simultaneously the LV's of both configurations when much more closely with the corresponding experimental
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TABLE |. Local vibration frequencies (cm) of O,,. S denotes the staggered configuration and SK the skewesi-Si-O;
configuration. The symbol “18-16" denotes a mixétD; — '°O;-type O,. All silicon atoms are of the’®Si isotope. The
isotopic shifts are given in parentheses in the sixth and seventh column.

160, (S) '°0y; (SK)  18-16;16-18 (S) 18-16; 16-18 (SK) 180, (S) 180, (SK)
This work 1033,984 1104,1091 1032,942;993,978 1103,1043;1094, 19¥52—46),942(—42) 1054(—50),1041(—50)
697,661 643,627 693, 655; 691, 658 641, 626;642,625686(—11), 653(—8) 640(—3),624(—3)
566 558 566; 566 558; 558 566(0) 558(0)
Oberget al.
calculation§ 1101,926 1085,1036 1072,907;1087,895 1082,991;1053,1020 1038(—47),988(—47)
637 634,627 625(—12)
581 579;578 577(—4)
574 570;574 569(—5)
Experiment&®
(10 K) 1060, 1012 1105 ~1060,970;1021, 1004 1012(—48),969(—43)
690 686; 686 680(—10)
556 ~556; ~556 556(0)

®Reference [9].
PReferences [5,8].

values (48 and-5 cm™!) than do those for the skewed frequency pair of theskewedO;-Si-Si-O; configuration
0;-Si-Si-O; configuration (13 and) cm™!) (Table Il). to the experimental frequency of105cm™!. The
Also, the calculated separations [23] of the asymmetrid091 cm™! frequency lies58 cm™!' above the highest
LV frequency pairs for the staggered mixed isotope confrequency of1033 cm™! of the staggered configuration
figurations 90; 15 cm™!) agree much more closely with which matches well with the corresponding experimental
the corresponding experimental valu@8;(17 cm~!) than  difference of1105 — 1060 = 45 cm™! (Table I). The
do those for the skewed;C5i-Si-O; ones 60;42 cm™!)  upper frequency would then be masked by the IR absorp-
(Table Il). And finally, the calculated shift of the averagetion peak of Q (or might be seen as a weak feature on
of the asymmetric LV frequency pair and the change in-either flank of the peak).
duced by the replacement &fO by 'O to this quantity As to the lower (symmetric stretching-type) LV pairs
for the staggered configuratior-89.5 and6 cm™!) agree  the calculated upper frequency of the staggered configu-
much more closely with the corresponding experimentatation of 697 cm™! and its 'O — '°O isotopic shift of
values 100 and6.5 cm™!) than do those for the skewed —11 cm™! agree closely with the next experimental fre-
0;-Si-Si-O; configuration 0.5 and0 cm™!) (Table 1l).  quency of690 cm™! and its '*O — °0 isotopic shift
Thus this comparison strongly suggests that the measured —10 cm™! (Table 1). Since the corresponding quan-
IR absorption peaks at 1060 an@12 cm™! are due to tities of the skewed @Si-Si-O; configuration (643 and
the asymmetricstretching-type LV’s of thestaggeredO,; —3 cm™!) show a less satisfactory agreement the re-
[Figs. 1(a) and 1(b)]. sult strongly suggests that the experimental frequency of
The experimentally detected LV frequency of 690 cm™!is the upper frequency of treymmetricstretch-
1105 cm™! belonging to a different configuration ing LV pair of thestaggerectonfiguration.
[5] than the other four frequencies listed in Table | occurs The fourth experimental frequency 6656 cm™! has
below the large IR absorption peak of @ 1136 cm™!  no '0 — !90 isotopic shift and is characterized as Si
[6]. Itis natural to associate the lower frequency (the cal+elated [9]. We find a locabxygen-inducedi mode of
culated value 01091 cm™!) of the asymmetric stretching this type just above the region of delocalized vibrations

TABLE Il. Separations and shifts of averages of the asymmetric stretching-type local vibration frequency palsofc@,;.
The shifts of averages are given in parentheses and are calculated from the calculated values of 580&mnd of '°0; and
1048 and628 cm™! of 180; [21]. S denotes the staggered configuration and SK the skew&i&i-O; configuration. All silicon
atoms are of thé®Si isotope. The symbol “18-16” denotes a mixé@;, — '°O;-type O,;.

100, (S) 160,; (SK) 18-16;16-18 (S)  18-16;16-18 (SK) 180,, (S) 180,; (SK)
This work 49(—89.5) 13(-0.5) 90; 15 60; 42 45(—83.5) 13(=0.5)
Oberget al.
calculatiort 175 49 165; 192 91:33 50
Experiments (10 K)  48(—100)2bec 90;17 43(—93.5)3b

aReference [9].
bReference [8].
‘Reference [5].
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at566 cm™! for the staggered configuration [Table | and Computing (CSC), Espoo, Finland. M.P. acknowledges
Fig. 1(e)]. The facts that this frequency agrees closelyhe financial support of the Vaisala Foundation.

with the experimental value and in agreement with the

experiment shows nd*0 — '°0 isotopic shift (Table 1)
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