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A general kinetic model based on accurate density-functional-theoretic total-energy calculations is
introduced to describe the aggregation kinetics of oxygen-related thermal double donors (TDD’s) in
silicon. The calculated kinetics, which incorporates the reactions of associations, dissociations, and
isomerizations of all relevant oxygen complexes, is in agreement with experimental annealing studies.
The aggregation of TDD’s takes place through parallel-consecutive reactions where both mobile oxygen
dimers and fast migrating chainlike TDD’s capture interstitial oxygen atoms.
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Aggregation of supersaturated oxygen in as-grown
Czochralski silicon occurs in the temperature range
350-550 °C via a fast diffusion (FD) mechanism, resulting
in a family of electrically active complexes called thermal
double donors (TDD’s) [1,2]. FD has a considerably
lower activation energy (by ~0.8 eV) compared to that
of normal interstitial oxygen (O;) hopping diffusion. The
mechanism of this technologically important and scientifi-
cally challenging phenomenon has remained obscure [1].

Combined infrared (IR) spectroscopy and resistivity
measurements are commonly used in studying the cluster-
ing of oxygen and the TDD formation kinetics [3]. The
IR bands at 975, 988, 999, and 1013 cm ™! are assigned
to TDD1, TDD2, TDD3, and staggered oxygen dimer,
respectively [3—6], while the 1005 cm™' band has been
variably interpreted as a TDD = TDD4 [4], oxygen dimer
(Oy) [7], or oxygen trimer (O3) [8]. The TDD formation
is found to take place in two stages: The first stage mainly
due to the formation of the 975 cm™! band with a low
activation energy of 1.2 eV [9] and the second stage due
to the later TDD’s with an activation energy of 1.7-1.8 eV
[9-12].

A popular model for FD is one where only O;’s act as
the FD species [1]. In this model there is a common core
to which O;’s aggregate to form a series of closely related
TDD’s. However, problems arise in having only O, as a
FD species because extremely high values of O, diffusiv-
ity are required to account for the successive transforma-
tions of the first TDD’s [8]. To circumvent this problem
Murin and Markevich [8] suggest that also O3’s must act
as FD species. However, Aberg et al. [5] conclude that the
O3 formation rate would be 3 orders of magnitude larger
than any other reaction rate of O, and exclude this pos-
sibility in their kinetic model. Gotz er al. [13] present a
kinetic model for the formation and annihilation of TDD’s
at 550 °C without the assumption of FD of oxygen at all.
In this Letter we introduce a general kinetic model and
show that not only O,’s but also O3’s and TDD’s them-
selves act as FD species. We find that the growth of TDD’s
takes place through diffusion-limited reactions where first
migrating O;’s, and then fast migrating O3’s and TDD’s,
capture O;’s, i.e., TDDn + O; — TDD(n + 1).
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Our kinetic model is based on the results for the en-
ergetics of isomers, activation energies of migration and
isomerization, and binding energies of oxygen complexes
by the density-functional-theory calculations within the lo-
cal density approximation for exchange-correlation energy.
Using the calculated total energies we have been able [14]
to identify oxygen chainlike structures— consisting of one
or more four-member rings (R) and flanking O;’s—as the
donors assigned the symbols TDDO, ..., TDD7 in the pri-
mary TDD family. The R unit consists of two threefold co-
ordinated O atoms bonded to two common Si atoms [15].

The calculations have been performed using the plane-
wave pseudopotential (PP) techniques (FINGER code) [16].
For oxygen, the ultrasoft Vanderbilt [17] PP is used; for
silicon, the norm-conserving [18] PP with nonlinear core-
valence corrections is applied. The kinetic energy cutoff
was 28 Ry, and large, elongated supercells with up to
162 atoms were used, with the I" point sampling in the re-
ciprocal space. The structures were obtained by allowing
all ionic coordinates to relax without any constraints until
the largest remaining Hellmann-Feynman force component
was less than 1 meV/A. The migration paths and barriers
used in our kinetic model were obtained by moving the O
complexes as follows [19]. A chosen (but arbitrary) atom
(O or Si) of the oxygen complex was bound to move in the
plane perpendicular to the jump-defining vector connect-
ing its initial and final positions [19]. All the other atoms
were allowed to relax without constraints. The plane was
moved in steps of 0.1 A.

The kinetic model includes the dissociation and isomer-
ization reactions of oxygen complexes as well as the as-
sociation reactions mediated by diffusion. The association
of two migrating oxygen complexes O; (containing j O
atoms) and Oy into an O, +; complex occurs with the reac-
tion rate (1 + &) '4mro(D; + Dy)[O;]1[Ok], where rg
is the capture radius for the reaction (set to a typical value
of 5 A throughout), D; = Djoexp(—Ej'/kT) is the diffu-
sivity of the O; (Do is the preexponential factor and Ejm
is the migration energy), and [O;] is the concentration
of the O; [20]. The oxygen complex may be a straight
chain or a complex of a more general shape. The cal-
culated migration energies for the latter are much higher
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than for the straight chains (typically by about 1.5-2.0 eV)
so that practically all migration is mediated by straight
chains along the [110] directions. The dissociation of the
Oj+x complex into O; and Ok occurs with the reaction
rate Arg (D + Dk)exp( Ejk/kT) [Oj+«] where A is a
dimensionless factor and EY jk is the binding energy of O;+
against dissociation into O; and Oy. Also, since the for-
mation energies of the straight chains are lower than those
of the less symmetric complexes, substantial isomerization
of the latter into the straight chains occurs. The isomeriza-
tion rate is v exp(—AE,/kT)[O], where v is a frequency
factor and AE, is the activation energy.

We use for the factor AD;o/ rg the value of 0.4717 X
10'5 57! for processes where O; is ejected from the com-
plex [21]. In all other dissociation and restructuring cases,
the common value 0.8772 X 10'2 s™! is used for the pre-
factor [21]. For the diffusivity of O; we use the experi-
mental preexponential factor of 0.17 cm?s~! [21]. The
preexponential factors for the diffusivities of the O,, O3,
and Oy chains are obtained by fitting the calculated concen-
tration of staggered O, to the experimental concentration
of the 1013 cm™! band at 350 and 420 °C [Figs. 1(a) and
1(d) of Ref. [5]].

As an example of diffusion, Fig. 1 shows the migra-
tion mechanism of the O4 chain along a [110] direction.
The initial configuration shown in Fig. 1(a) is the electri-
cally inactive staggered structure [14,22]. The migration
starts by forming one R at the right end (the O atoms be-
longing to R are denoted by O,). The complex becomes
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FIG. 1 (color). Diffusion mechanism of O4 chain along the
[110] direction. (a) Staggered Oy4. (b) 0;-0,, (TDD1). (¢) The
structure of Oy at the reconfiguration barrier C. (d) O;-O,,-O;
(TDD2). (e) The total (formation) energy of the O, chain. A,
B, C, and D correspond to the structures of (a), (b), (c), and
(d), respectively. The upper (lower) curve is calculated with the
electron chemical potential u, = 0.55 (0.0) eV. The red and
blue balls denote the oxygen and silicon atoms, respectively.
Black dots show the lattice points of the perfect silicon crystal
in equilibrium state.

electrically active due to the two threefold coordinated O,
atoms. The corresponding stable O,;-O,, structure shown
in Fig. 1(b) is assigned to TDD1 [14]. In the next stage
a second adjacent R is formed in the middle of the Oy
chain [Fig. 1(c)]. This structure is, in fact, unstable but
turns out to be the core for the later complexes assigned to
TDD3-TDDY7. In the next stage only the R in the middle
of the Oy4 chain persists. This O;-O,,-O; structure, shown
in Fig. 1(d), is assigned to TDD2 [14]. Next, two R’s
are formed to the left end leading to the O,,-O,; structure
(TDD1). Finally the staggered structure is recovered. To
continue the migration, the rotation of the four O;’s by
180° around their Si-Si lines over small barriers (the cal-
culated rotational barriers are 0.1 eV for isolated staggered
0,) is needed.

Figure 1(e) shows the variation of the calculated lowest
transformation energy in n- and p-type silicon. The ener-
gies are calculated for three possible charge states (neutral,
singly, doubly positive), and Figs. 1 and 2 show the lowest
values. The charge states change from neutral to doubly
positive and back to neutral as the reaction coordinate
changes from 0 to 1. The net migration energies are low-
ered for all oxygen complexes (n = 2) due to the charge-
exchange mechanism [23]. Figure 1(e) also displays the
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FIG. 2 (color). Diffusion mechanism of Og chain along the
[110] direction. (a) Electrically inactive O;-O7,-O; structure.
(b) O;-Og,. (c) Cy-symmetric O;-O7,-O; structure (TDD7).
(d) The total (formation) energy of the Oy chain. A, B, and
C correspond to the structures of (a), (b), and (c), respectively.
The upper (lower) curve is calculated with the electron chemical
potential x, = 0.55 (0.0) eV.
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bistability found experimentally for TDD1 and TDD2
in n-type silicon [2,24,25] as well as the Oy;-Op, —
0,-0,,-0; reconfiguration suggested by the experimental
kinetic study for TDD1 — TDD?2 [5].

The O3 chain migrates in the same way: First starting
with a staggered O3 one R is formed at the right end. This
0;-0,, structure is assigned to TDDO [14]. Then the
0,,-0; structure is formed via the R, structure, and fi-
nally the staggered Oj is recovered. The oxygen dimer
O, is found to migrate via forming one R in agreement
with Ref. [15].

As another example, Fig. 2 shows the migration mecha-
nism of the Oy chain along the [110] direction. Start-
ing from the electrically inactive O;-O7,-O; structure of
Fig. 2(a) first one R is formed at its right end as is shown
in Fig. 2(b). Then the electrically active (nearly) C,
symmetric O;-07,-0O; structure of Fig. 2(c)—assigned to
TDD7 [14]—is formed by breaking the lower Si-O, bond
of the rightmost R. The step continues via the formation
of one R at the left end. To continue the migration, the
rotation of the four O;’s by 180° around their Si-Si lines
is needed. The rotational part may cost here more energy
than in the case of the O4 chain due to adjacent R’s. How-
ever, it is expected (and here assumed) that the rotation bar-
rier does not exceed the migration energy determined by
the calculated total energy shown in Fig. 2(d). The single
deep minimum for the C;,, symmetric O;-O7,-O; structure
in the middle of Fig. 2(d) reflects the fact that the bistabil-
ity has disappeared. The bistability does not appear in the
Os, ..., 0Og chains either because they also have a similar
single deep minimum (the corresponding structures being
assigned to TDD3, ..., TDD6 [14]). This behavior agrees
with experiments [2,24,25]. Figure 3 shows the calculated
migration energies of the studied R chains as a function of
the electron chemical potential w.. It is noticeable that the
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FIG. 3 (color). Calculated migration energies as a function of

the electron chemical potential w.. O, denotes a chain with n
oxygen atoms.
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O3, O4, and Os chains have lower migration energies than
O, in n-type silicon.

The kinetics of the oxygen complexes is then simu-
lated by solving the coupled kinetic equations consisting
of associations, dissociations, and isomerizations with the
activation energies obtained from first principles calcula-
tions. Figure 4 shows the simulated annealing behavior of
the first oxygen chains in n-type silicon at 420 °C. We
find that the behaviors of the simulated concentrations of
staggered O3, O,;-O,, (TDD1), 0;-0,,-O; (TDD2), and
0;-03,-0; (TDD3) agree closely with those of the respec-
tive experimental 1005, 975, 988, and 999 cm™ ! bands by
Aberg et al. [5]. Also the results for other annealing tem-
peratures agree closely with the experimental results by
Aberg et al. [S]. The experimental concentration of the
oxygen complex corresponding to the 1005 cm ™! IR band
is quite close to the simulated concentration of O3 rather
than that of TDD’s = TDD4 suggested in Ref. [5]. Aberg
et al. also speculated the association reaction of O; and
O, for the O3 clusters, and find that according to a simple
diffusion-limited reaction a large amount of O3 should be
observed. However, such high concentrations of O3 are not
observed. Aberg er al. have not taken into account the dif-
fusivity of Oj clusters. If the migration of Oj is included
in the kinetics, the O3 formed by the association reaction
of O, and O; is balanced by the association reaction of O3
and O;. We find that the aggregation process of TDD’s
is of the parallel-consecutive reaction type: All oxygen
chains act as FD species and capture slowly moving O;’s.
We can assign the 1005 cm™! band to the staggered O3
(see Fig. 4) in agreement with Ref. [8]. We also avoid
the anomalously high diffusivity of O, which is usually a
consequence of the assumption that only O;’s act as a FD
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FIG. 4 (color). Simulated annealing behavior of the first oxy-
gen chains in n-type silicon at 420 °C. O, and O; denote here
staggered, electrically inactive chains containing two and three
oxygen atoms, respectively. The initial oxygen concentration is
[0:]o = 8 X 107 cm™3. The solid lines denote the simulated
results and the symbols the experimental data in Ref. [5].
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FIG. 5 (color). Arrhenius plot of the calculated formation rate
of total TDD’s. The simulations are performed for the samples
with an initial interstitial oxygen concentration of [O;], = 1.0 X
10" cm™3 and u, = 0.38 eV.

species (see Refs. [1] and [8]). In fact, we find that the
reactions O, + O, — 0,42 (n = 2) occur at a negligible
rate. This is natural because [O;] = 1000 X [O;].

To determine the effective activation energies for the
formation of TDD’s we use the Arrhenius relation of re-
action rate to temperature. The calculated total TDD
formation rate is plotted in logarithmic scale as a function
of inverse temperature as shown in Fig. 5. The kinetic
simulations give an activation energy of 1.0 eV at low tem-
peratures 300—420 °C and 1.9 eV at intermediate tempera-
tures 420-530 °C. These values of 1.0 and 1.9 eV are
in close agreement with the experimental values 1.2 eV
[9] and 1.7-1.8 eV [9,11,12] at corresponding experimen-
tal temperatures, respectively. The activation energy of
1.9 eV results from the involvement of interstitial oxygen
O; with a migration energy of 2.54 eV as well as oxygen
chains in the formation of TDD’s.

In conclusion, we have introduced a general kinetic
model based on the first-principles results to describe the
formation kinetics of thermal double donors in silicon. The
simulated behaviors agree with a whole host of experi-
ments. The aggregation is found to take place through
parallel-consecutive reactions where first fast migrating
O,’s, and then fast migrating O3’s and thermal double
donors (or the corresponding O chains) capture O;’s.
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