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Local vibrations of thermal double donors in silicon

Y. J. Lee, M. Pesola, J. von Boehm, and R. M. Nieminen
COMP/Laboratory of Physics, Helsinki University of Technology, P.O. Box 1100, FIN-02015 HUT, Finland

~Received 18 April 2002; published 30 August 2002!

The local vibrational modes~LVM’s ! of the oxygen chains assigned to thermal double donors~TDD’s! and
other related oxygen defects in silicon are studied using accurate total-energy calculations. We find that the
calculated LVM frequencies as well as their isotopic shifts and charge-state dependences~temperature depen-
dences! for the oxygen chains agree closely with the corresponding experimental quantities, which supports our
assignments of the O2i-O2r chain to TDD1 and the Oi-Onr-Oi chains to TDDn (n.1) (Oi is an interstitial
oxygen and Or a threefold coordinated oxygen belonging to a ring!.
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Since their first discovery in 1954~Ref. 1! thermal double
donors ~TDD’s! in silicon have attracted constant intere
due to their peculiar properties and technological imp
tance. TDD’s form a family of at least 17 closely relate
members~TDD0–TDD16! ~Refs. 2–4! and appear consecu
tively under thermal heating at 350–550°C.2,5 The structures
of TDD’s have long remained unclear but are commo
believed to consist of aggregated oxygen due to oxygen
persaturation in Czochralski-grown silicon. An importa
achievement in finding these structures as well as in clar
ing the consecutive mechanism between the TDD’s was
assignment of the infrared absorption local vibrational mo
~LVM’s ! of 975, 988, 999, and 1006 cm21 to TDD1, TDD2,
TDD3, and TDD4, respectively.6–8 Also the isotopic shifts
when 16O is replaced by18O have been measured: the shi
are243–244 cm21.8 The LVM frequencies on one hand a
as useful fingerprints in following the kinetics of TDD’s, an
on the other hand serve as a stringent test for structural m
els for TDD’s.

It has been suggested both experimentally9 and theore-
tically10 that an interstitial Si atom should be involved in th
cores of the TDD’s. However, more recent total-energy c
culations indicate that oxygen-only structures for TDD’s a
those energetically most favorable.8,11–13On the basis of ac-
curate total-energy calculations we recently put forward
oxygen-chain-like model for TDD’s.13 This consists of adja-
cent four-member rings~R’s! and flanking interstitial oxy-
gens (Oi ’s). TheR unit consists of two threefold coordinate
O atoms (Or ’s) bonded to two common Si atoms.14 The O
chains obtained by us for TDD0, TDD1, and TDDn ~n.1!
are Oi-O2r , O2i-O2r , and Oi-Onr-Oi (n.1), respectively.13

We have shown that a rate-equation model for the
chains is able to produce the experimentally observed
nealing kinetics of the TDD’s.15,16 However, the agreemen
may depend on the parameters we use in the kinetic mod
is therefore of paramount importance to compare the ca
lated LVM frequencies and modes of the O chains direc
with the corresponding experimental quantities for t
TDD’s.

The aim of this paper is to report calculated LVM’s fo
the O chains. We find that the relevant calculated LV
frequencies originate from the asymmetric stretching vib
tions of the flanking Oi ’s of the O chains and agree system
atically with the experimental LVM frequencies quote
above.
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The total-energy calculations are performed using
self-consistent plane-wave pseudopotential method~PP!.17

For Si we use the norm-conserving Hamann PP.18 The PP is
of the fully separable Kleinman-Bylander form19 and thes
component is used as the local one. For O we use the u
soft Vanderbilt PP.20 A kinetic-energy cutoff of 28 Ry and the
G-point sampling are used. We use an elongated 162-at
site supercell that gives an intercell distance of 35 Å alo
the @11̄0# direction of the O chains. All ionic coordinates a
allowed to relax without any constraints until the largest
maining Hellmann-Feynman force component is less th
0.1 meV/Å. However, in the case of the O2i-O2r chain we
had difficulties in stabilizing the ground-state structure
reasons that are not clear to us. Therefore, in this case we
an elongated 108-atom-site supercell that gives an inter
distance of 22 Å along the@11̄0# direction. The procedure
and program by Ko¨hler et al.21 used earlier for Oi and
vacancy-oxygen complexes,22–24 are used in calculating the
present LVM’s. Every atom vibrating in an LVM is displace
to all six Cartesian directions from its equilibrium positio
the electronic structure for this configuration is optimize
and the resulting Hellman-Feynman forces are calcula
The coupling constants for the dynamical matrix are form
from these forces and displacements. Since we are intere
in localized modes it is sufficient to include in the calcul
tions only those atoms that have a significant vibrational a
plitude. We have tested this approximation systematically
O3i , Oi-O2r , and O2i-O2r . It turns out that the inclusion o
only the flanking Si-Oi-Si-O atom group results in an erro
less than 2 cm21. At least these four atoms are always i
cluded in the LVM calculations.

The calculated highest LVM frequencies for the O cha
are given in Table I together with the experimental freque
cies and the frequencies calculated by Coutinhoet al.8 The
calculated LVM frequencies related to TDD’s are given f
the doubly positive charge state of the corresponding O ch
because almost all TDD’s have donated two electrons to
conduction band at temperaturesT.100 K ~for the Oi-O2r
chain T.200 K). We first note that by increasing the siz
of the supercell from 32 to the present 162 atom sites we
a closer agreement with the experimental LVM freque
cies for monomers and dimers: for Oi

01098→1138 cm21

~experiment 1136 cm21) and for O2i
01033, 984→1043,
©2002 The American Physical Society19-1
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1013 cm21 ~experiment 1060, 1012 cm21).22–24 Also, the
calculated isotopic shifts for O2i

0 when 16O is replaced by
18O agree within 1 cm21 with the experimental shifts
~Table I!.

According to the kinetic simulations15,16 one of the two
experimental 1005 cm21 bands29 should originate from an
LVM of the staggered O3i

0 chain. The three calculated high
frequency LVM’s for the staggered O3i

0 chain are shown in
Fig. 1 ~we call the modes having a frequency higher th
900 cm21 high-frequency modes in the following!. The
highest frequency of 1072 cm21 originates from the asym
metric stretching vibration of the flanking Oi bowed towards
the center of the chain@Fig. 1~a!#. The next highest frequen
cies of 987 and 945 cm21 originate from the coupled asym
metric stretching vibrations of the center Oi and the right
flanking Oi bowed outwards from the center@Figs. 1~b! and
1~c!, respectively#. The two modes in Figs. 1~b! and 1~c!
resemble those of the staggered dimer.22,23 The calculated
frequency of 987 cm21 lies closest to the experimenta
frequency of 1005 cm21 and is thus identified with this
~Table I!.

Our calculations predict a LVM frequency of 973 cm21

~Table I! for the highest mode of the Oi-O2r
21 chain, as-

signed to TDD0.13 In this mode the flanking Oi per-
forms asymmetric stretching vibration similar to the mo
shown in Fig. 1~a!. To the best of the authors’ knowledg
no experimental frequency is available for TDD0. Th

TABLE I. High-lying LVM frequencies (cm21) for thermal
double donors and related oxygen chains in silicon. The isoto
shifts, when16O is replaced by18O, are given in parenthesis. Th
value for the Oi-O5r-Oi

11 chain is an estimate.

Structure This work Experiment Coutinhoet al.a

Oi
0 1138 1136b

O2i
0 1043~-48! 1060~-48!c

1013~-44! 1012~-43!d

O3i
0 1072~-49!

987~-45! 1005e

945~-41!

Oi-O2r
21 973~-43!

O4i
0 1010~-46! 1020f

955~-44!

920~-41!

O2i-O2r
21 978 975g ~TDD1! 940 (O5)

942
Oi-O2r-Oi

21 992~-45! 988~-43!g ~TDD2! 951 (O6)
Oi-O3r-Oi

21 988~-45! 999~-44!g ~TDD3! 963 (O7)
Oi-O4r-Oi

21 1000~-45! 1006a ~TDD4! 969 (O8)
Oi-O5r-Oi

21 '1006

aReference 8.
bReferences 25 and 26.
cReferences 27 and 28.
dReferences 8, 27, and 28.
eReference 29.
fReference 30.
gReferences 7 and 8.
07521
n

may be due to the fact that the Oi-O2r
21 chain has about

0.4 eV higher formation energy than the staggered O3i
0

chain for values of the electron chemical potential abo
0.48 eV.13,31

Hallberg and Lindstro¨m find experimentally that TDD1
and TDD2 form bistable systems with a common electrica
inactiveX-state configuration that has an IR absorption ba
at 1020 cm21.30 On the basis of the total-energy calculatio
we assign the electrically inactive staggered O4i

0 chain to the
X-state configuration.13 We find that the calculated highes
LVM frequency originates from the asymmetric stretchi
vibration of the flanking Oi similarly to the 1072 cm21 mode
of the staggered O3i

0 chain in Fig. 1~a!. This highest LVM
frequency is 1010 cm21 and agrees closely with the exper
mental value of 1020 cm21 ~Table I!.30 The agreement is
thus consistent with our assignment of the staggered O4i

0

chain to theX-state configuration.13 Similarly to the stag-
gered O3i

0 chain the staggered O4i
0 chain has also two othe

high-frequency modes~Table I!.
The calculated two highest LVM’s for the O2i-O2r

21

chain ~TDD1! are shown in Fig. 2. They are qualitative
similar to the two highest LVM’s of the staggered O3i

0 chain
in Fig. 1. The higher frequency of 978 cm21 originates from
the asymmetric stretching vibration of the flanking Oi and
agrees closely with the experimental value of 975 cm21 for
TDD1 ~Table I!.7,8 This agreement is thus consistent with o
assignment of the O2i-O2r chain to TDD1.13

The highest LVM’s of the O2i-O2r
21 chain resemble

those of the staggered O chains as follows. The O2i-O2r
21

chain has two adjacent flanking Oi ’s that can generate
two high-frequency modes~compare Figs. 1 and 2!. How-
ever, a third high-frequency mode is not allowed beca
the third O atom (Or) is threefold coordinated which soften

ic

FIG. 1. The calculated highest local vibrational modes for
staggered O3i chain: ~a! 1072 cm21, ~b! 987 cm21, and ~c!
945 cm21. Oxygen atoms are drawn in darker gray, silicon atoms
lighter gray.
9-2
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LOCAL VIBRATIONS OF THERMAL DOUBLE DONORS . . . PHYSICAL REVIEW B 66, 075219 ~2002!
the third highest mode of the O2i-O2r
21 chain down to

866 cm21.
The calculated highest LVM for the Oi-O2r-Oi

21 chain
~TDD2! is shown in Fig. 3~a!. The LVM originates again
from the asymmetric stretching vibration of the flanking Oi .
The corresponding LVM frequency is 992 cm21 and agrees
closely with the experimental value of 988 cm21 for TDD2
~Table I!.7,8 This agreement is thus consistent with our a
signment of the Oi-O2r-Oi chain to TDD2.13 The structure in
Fig. 3~a! is symmetric and the asymmetric stretching vib
tions of both flanking Oi ’s give the same frequency. Sinc
the two flanking Oi ’s are coupled to the threefold coord
nated Or ’s other high-frequency modes do not occur and
next highest LVM frequency is softened down to 788 cm21

as in the O2i-O2r
21 chain.

In the same way, also the next Oi-Onr-Oi
21 chains

(TDDn, n.2) have two similar symmetric flanking Oi ’s
whose asymmetric stretching vibrations give rise to o
high-frequency LVM. This is shown in Fig. 3~b! for the
Oi-O3r-Oi

21 chain ~TDD3!. The highest calculated LVM
frequencies for the Oi-O3r-Oi

21 and Oi-O4r-Oi
21 chains are

988 and 1000 cm21, respectively~Table I!. The calculated
LVM frequencies agree closely with the corresponding
perimental values of 999 and 1006 cm21 ~Table I!.7,8 This
agreement is consistent with our assignment of

FIG. 2. The calculated highest local vibrational modes
the O2i-O2r

21 chain ~TDD1!: ~a! 978 cm21 and ~b! 942 cm21.
Oxygen atoms are drawn in darker gray, silicon atoms in ligh
gray.

FIG. 3. The calculated highest local vibrational modes for
Oi-O2r-Oi

21 chain ~TDD2, 992 cm21)~a! and the Oi-O3r-Oi
21

chain ~TDD3, 988 cm21)~b!. Oxygen atoms are drawn in darke
gray, silicon atoms in lighter gray.
07521
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Oi-Onr-Oi chains to TDDn (n.2).13 However, the calcu-
lated frequency for the Oi-O3r-Oi

21 chain (988 cm21) is
lower than that for the Oi-O2r-Oi

21 chain (992 cm21)
whereas the corresponding experimental frequency
TDD3 (999 cm21) is by 11 cm21 higher than that for TDD2
(988 cm21). We believe that this inconsistency is due to t
insufficientk-point sampling~we use onlyG point!.

Coutinho et al. have reported LVM frequencies for O
chains, summarized in Table I.8 Even though the calculate
differences between the adjacent LVM frequencies ag
closely with the corresponding experimental differences
tween TDD’s in Table I, the calculated frequencies lie abo
35 cm21 below the experimental ones, showing a less sa
factory agreement. Coutinhoet al. assign O41n to TDDn,
which differs from our assignments given in Table I in th
we have less O atoms in our corresponding chains: 4 O
oms in TDD1 and TDD2, 21n O atoms in TDDn for n
.2. The experimental kinetic study by Åberget al. indicates
that TDD2 forms directly from TDD1 via reconfiguration.29

Both TDD1 and TDD2 are found experimentally to b
bistable with thesameelectrically inactiveX state,30 showing
that these structures are closely related and are probably
ferent configurations of the same complex. These experim
tal findings are difficult to explain if TDD1 and TDD2 hav
a different number of O atoms as is the case in the mode
Coutinho et al., but are natural to understand with our
chain model where O2i-O2r ~TDD1!, Oi-O2r-Oi ~TDD2!,
and ~the staggered! O4i ~the X state! are different configura-
tions of the same O4 complex.13,15,16

At low temperatures the electrons donated to the cond
tion band return to the TDD’s making them electrically ne
tral ~the TDD’s change from the doubly positive state to t
0 state!. It may be expected that the LVM frequencies of t
TDD’s undergo a positive shift whenT becomes low becaus
two more localized electrons strengthen the interatom
bonding. In fact, it is found experimentally that the 97
~TDD1!, 988~TDD2!, 999~TDD3!, and 1006 cm21 ~TDD4!
frequenciesincreaseby about 3, 3, 3, and 0.5-1 cm21, re-
spectively, whenT decreases from the room temperature
10 K ~Ref. 32! whereas during the same temperature cha
the experimental 1060 and 1012 cm21 frequencies (O2i) de-
crease slightly~2 and 0-0.6 cm21, respectively!.32,33 This
behavior may be understood qualitatively by means of
change in the charge state. The calculated frequencies fo
Oi-O2r ~TDD0! and Oi-Onr-Oi (TDDn, n.1) chains all
undergo—similar to the experiments—positive shifts wh
the charge state changes from doubly positive to neu
~Table II!. On the other hand, O2i does not have a donor sta
and O2i remains, therefore, always neutral. As a conseque
the calculated frequencies for O2i ~Table I! also remain con-

r

r

e

TABLE II. Calculated LVM frequency shifts (cm21) when the
charge state changes from doubly positive to neutral for Oi-O2r

(n50), and Oi-Onr-Oi (n.1). The shifts for the18O isotope
chains are given in parentheses.

n 0 2 3 4

Shift 5~4! 17~16! 10~9! 12~11!
9-3
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stant in qualitative agreement with the experiments32,33. ~We
do not expect here a quantitative agreement because al
culations are performed at 0 K.!

In conclusion, we find that the calculated LVM freque
cies as well as their isotopic shifts and charge-state de
dences~temperature dependences! for the oxygen chains
agree closely with experiments and support our assignm
of the O2i-O2r chain to TDD1 and the Oi-Onr-Oi chain to
le

&

Ni

h,

ys

pl

07521
al-

n-

ts

TDDn (n.1) as well as the staggered O4i chain to theX
state.
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4W. Götz, G. Pensel, and W. Zulehner, Phys. Rev. B46, 4312
~1992!.

5Early Stages of Oxygen Precipitation in Silicon, edited by R.
Jones~Kluwer Academic, Dodrecht, 1996!.

6J.L. Lindström and T. Hallberg, Phys. Rev. Lett.72, 2729~1994!.
7T. Hallberg and J.L. Lindstro¨m, J. Appl. Phys.79, 7570~1996!.
8J. Coutinho, R. Jones, L.I. Murin, V.P. Markevich, J.L. Lindstro¨m,
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