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Thermal Double Donors and Quantum Dots
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Combined local mode spectroscopy and ab initio modeling are used to demonstrate for the first time
that oxygen atoms in thermal double donors (TDD) in Si are in close proximity. The observed vibrational
modes in !0, 0, and mixed isotopic samples are consistent with a model involving [110] aligned oxygen
chains made up of an insulating core lying between electrically active ends. The model also explains the
minute spin density observed on oxygen in TDD™ as well as the piezospectroscopic tensors of the donors.
The analogy between the thermal donors and quantum dots is emphasized.
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Thermal double donors (TDD) are formed by heating
oxygen-rich Si at temperatures between 350 °C and 500 °C
[1]. They comprise a family of at least 17 double donors
which form sequentially and are distinguished by their in-
creasingly shallow levels [2]. In spite of extensive studies,
they remain a mystery. There are in essence two mod-
els to the origin of the donors. The first, much favored
in theoretical studies [3], believes that they consist of an
increasing number of O atoms, arranged in a [011] chain,
surrounding a core containing at least one overcoordinated
oxygen defect. The second model, places a silicon intersti-
tial (Is;) or interstitial cluster at the core surrounded by a
few oxygen atoms [4,5]. It must be admitted that the bulk
of experimental evidence favors the latter.

Three examples reveal the difficulties of the oxygen-
only model [2]. First, the activation energy for the transfor-
mation of TDD(N) into TDD(N + 1) varies from 1.2 eV
for N =1, to 1.7 eV for larger N. This rules out a
model where single oxygen atoms (O;) diffuse to an oxy-
gen cluster with an activation energy of 2.5 eV, as well
as one involving only mobile dimers as their concentration
would be rapidly exhausted [6—8]. Second, magnetic reso-
nance studies on the NL8 signal, assigned to TDD(N)*,
show that the spin density on oxygen atoms is infinitesi-
mally small [9]. The 7O isotropic hyperfine interaction,
~0.5 MHz in NL8, is much less than the 3 MHz found in
VO7, in spite of the fact that oxygen in VO~ is located
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in a nodal plane of the spin density [10]. How, one won-
ders, can the source for the donor activity be oxygen when
there is so little spin density associated with it? Third,
the oxygen-only model requires an increasing number of
oxygen-related local vibrational modes (LVMs) to be as-
sociated with the later donors, but only at most two such
modes have been assigned to any donor [11].

Despite these difficulties with the oxygen-only model, it
has not been possible, in spite of many attempts, to produce
convincing models of Is;O clusters with the properties of
the donors: we found, for example, the well-known /5;O,
model from Ref. [5] to be unstable. Thus, any credible
oxygen-only proposal must also address the three funda-
mental questions listed previously.

We show here that this model, perhaps surprisingly, can
account for the above difficulties. Further, it also quan-
titatively explains the variation of the piezospectroscopic
stress-energy tensor, and the LVMs along with their iso-
topic shifts which are reported for the first time.

The calculations were carried out with the density func-
tional AIMPRO supercell code employing up to 160 Si atoms
[12]. The details of the method, including convergence is-
sues, have been given previously in an extensive treatment
of oxygen defects in Si and Ge [13].

The first problem to address is oxygen diffusion. We
found, in agreement with Ref. [14], that small O chains
aligned along [110] can migrate through the lattice with
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barriers ~1 eV below that of O;. With isolated oxygen
concentrations of 10'® ¢cm™3 and maximum donor concen-
trations of 10'® cm™3, the diffusing chain will most likely
encounter a single oxygen interstitial, either lying in the
same or nearby [110] valley. In the latter case, there will
have to be single oxygen jumps before a longer chain is
formed. It is this rapid chain diffusion which enables long
chains to grow rapidly and hence we seek donor activity
arising from long chains.

We examined the most stable configuration of nine peri-
odic infinite chains along [110]. The lowest energy chain
is the Ox-2NN model shown in Fig. 1(a), where oxygen is
bonded to second-neighbor Si atoms in two parallel chains.
Both Si and O have their normal coordination. A plot of the
charge density revealed ionic bonding across and along the
chains. While short Os-1NN and Og-1NN chains, where
oxygen bridges first-neighbor Si atoms, are more stable
than O,-2NN chains by 0.6 and 0.2 eV, respectively, the
reverse is true for long ones, with O7-2NN lower in energy
by 0.1 eV. Hence a crossover occurs at about 6—8 oxygen
atoms.

It is tempting to identify the O-2NN chains with the
donors. Although they have the same C,, symmetry, this
cannot be correct. We found the chain to be insulating with
the six (100) conduction band minima split by the com-
pressive stress due to the oxygen chains. As a result a pair
of valleys along [001] is pushed into the gap. The wave
function for this empty stress-induced state, Fig. 2(a),
avoids O atoms and is mainly localized on Si atoms lying
within the nearest (110) planes, consistent with its stress
origin and with the nature of the conduction band in ionic
materials.

Whereas the infinite chain is insulating, the finite chain
is not. A fully occupied state now edges the conduction
band [12]. This state must have originated from the end
regions but the wave function of this shallow double donor
level [shown in Fig. 2(b) for Oy-2NN], is the same stress-
induced, but empty, gap state found for the infinite
O-2NN chain.

We understand this as follows. The end O atoms in
09-2NN [Fig. 1(b)] are bonded to nearest Si neighbors
(O-INN defects) and the transition from these to the

[001] a)
[110] o . - cen

FIG. 1. Most stable structures for (a) infinite chain (referred to
as O-2NN) and (b) the TDD model Og-2NN finite chain. All
lengths are in A. O and Si are shown as black and white circles,
respectively.
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O-2NN core must involve a topological defect consisting
of either overcoordinated oxygen species [see Fig. 1(b)] or
divalent oxygen together with a Si dangling bond. Hydro-
genation of the Si dangling bonds at both ends results in
normal Si and O coordination and the elimination of the
donor behavior consistent with H-passivation studies [15].
This is a direct link between the donor activity and the
topological defects. However, Fig. 2(b) can be explained
only if the energy levels of the topological defects lie
above the stress-induced gap level and the donor electrons
drop into the latter. Thus the wave function loses its oxy-
gen parentage and this explains the almost infinitesimal
spin density found on oxygen in NL8. A simple analogy
can be made with an externally doped GaAs quantum
dot embedded in AlAs. An electron arising from a Si
donor in the AlAs matrix drops into the lower lying
unoccupied dot state arising from the band offset between
GaAs and AlAs. A magnetic resonance experiment then
reveals a spin density on Ga but not on Si. It might be
then erroneously concluded that the source of the donor
activity is a Ga interstitial. The important point is that
these experiments do not reveal the primary cause of
donor activity in the thermal donors.

A Mulliken bond population on Og-2NN showed about
0.75% for the unique central core Si atom to 0.65% for the
end Si atoms. These are in line with ENDOR data giving
about 0.3% for several shells of Si atoms, including the
unique atom, when it is remembered that the finite super-
cell leads to an upper bound. The population on oxygen
was small, consistent with a very low spin density, but it
was negative, making a direct interpretation impossible.

We can now identify the donors with different oxy-
gen chains. The vibrational modes of O, and O3z have
been identified and these species are not thermal donors
[71. TDD(0) may be identified with a chain of perhaps
four or five O atoms, suggesting that TDD(N) is O,,-2NN
withn = N + 4or N + 5. This agrees with observations
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FIG. 2. Squared wave function (|1, (r)|*> X 1000) for (a) the
lowest unoccupied state of O.-2NN and (b) for the highest
occupied state in Og-2NN. Both states have k vectors along

(001).
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where a loss of about 9-10 oxygen atoms from solution
per TDD accompanies the formation of the average donor,
taken to be TDD(5) or TDD(6) [4,16]. The bistability of
TDD(N) for N =< 2 is also consistent with the calculated
metastability of neutral O,-2NN, with respect to O,-1NN,
for less than 6—8 O atoms.

The compressive stresses exerted by the O-2NN core
and O-1NN ends are different. The former lies along [001]
and the latter along [111] and [111]. Table I shows that
the [001] displacement of the central Si atoms decreases
with the length of the chain. This reflects an increasing
ionic bonding between the chains and implies (i) that the
strain-induced level becomes shallower, consistent with the
observed shift in the donor level with N, and (ii) the stress
energy or piezospectroscopic tensor decreases with N. We
have evaluated these tensors in a way described earlier
[13]. Table I shows that the calculated tensors for the
smaller C;, chains possess principal values very close to,
and display the correct trend with, the experimental values.
Note that, although Og has Cy; symmetry, the two prin-
cipal directions of the tensor are rotated by only 6 = 9°
from the [001] and [110] crystallographic axes and it is
likely that & ~ O for stress tensors for longer chains with
even n.

Further support for the model comes from the observa-
tions and analysis of the LVMs associated with each donor.
Three types of Si samples were investigated experimen-
tally. The first (spectrum 1) (see Fig. 3) contained 'O,
while the second (spectrum 2) contained mainly '#0. The
third (spectrum 3) was codoped with '°0O and '30. Ther-
mal donors were generated after heat treatments at 420 °C
in air. The IR absorption measurements were carried out
at 10 and 300 K using a Bruker 113v Fourier transform IR
spectrometer. The spectral resolution was 0.5 or 1.0 cm™!.

Figure 3 (bottom) shows fragments of differential ab-
sorption spectra (300 K) of heat treated Si:O samples. A
signal recorded from a high-purity float-zone Si sample
was subtracted from each spectrum. In sample 1, bands
due to TDD(2), TDD(3), and oxygen dimers are dominant

TABLE 1. Calculated [001] displacements (A), 8.(001),
5.(001), of central and end Si atoms, and stress-energy tensor
elements B along [001] and [110] (eV), for O,-2NN chains.
Observed tensors for the early TDD members were measured
by Fourier-transform infrared spectroscopy and EPR (*) [18].

Calc. 0Os5-2NN C,, 0Og-2NN Cy;, 07-2NN C,, 0Os-2NN
5.(001) 0.43 0.42 0.41 0.34
5.(001) 0.22 0.22 0.22 -

Boor —13.8 —13.2 —12.1 -

Biio 10.5 99 8.3 -

Obs.  TDD(2) TDD(3) TDD(4)

Boo1 —12.2 —-11.9 —114

Biio 10.3%* 8.5%
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FIG. 3. Calculated (top) and observed (bottom) IR spectra for

07-2NN and samples described in the text. Spectra 1, 2, and
3 represent '®O-rich, ¥ O-rich, and mixed samples, respectively.
In 4, the spectrum from a nonannealed mixed sample was sub-
tracted from 3. Calculated bands are broadened with 4 cm™!
width Lorentzian functions. The 999 and 988 cm™! bands of
TDD(3) and TDD(2) shown in spectrum 1 shift to 955 and
945 cm™! in spectrum 2 and remain unsplit in spectra 3 and
4. The bands at 1013 and 969 cm™! in spectra 1 and 2, respec-
tively, are those of the oxygen dimer.

at 988, 999, and 1013 cm ™!, respectively. The bands re-
lated to TDD are positioned in the wave number regions of
945-1000, 700—730, and 575-580 cm~!. The TDD band
at 580 cm™! was not reported previously. A clear linear
correlation was found between the integrated intensity of
this band and those of the 1000 and 730 cm™! bands. All
of these bands possess similar formation and annealing ki-
netics. The 1000 and 730 cm™! bands undergo upward
sequential shifts (with N) of about 10 and 4 cm ™!, respec-
tively, and display an oxygen origin as they shift with '80.
The 580 cm™! band does not shift noticeably with N or
oxygen isotopic mass. By using mixtures of '°O and 80,
it is found that the upper band does not yield any new
modes (spectra 3 and 4), suggesting that any oxygen atom
is decoupled from any other oxygen atom. However, the
730 cm ™! band exhibits mixed modes, proving for the first
time that oxygen atoms are coupled together and are in
close spatial proximity.

The vibrational modes of the donors were calculated in
112 atom supercells using methods described previously
[13]. To ascertain the most intense modes, we evaluated
the change in their electric dipole moments by placing
a charge Q on each O atom, and a charge —mQ/2 on
each Si neighbor bonded to m O atoms. Tests with other
reasonable charge distributions did not lead to significant
differences.
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TABLEIL. Observed and calculated high frequency '°O modes
(cm™') of TDD(N) and Oy +4-2NN, respectively.

N 1 2 3 4
Calc. 940 951 963 969
Obs. 975 988 999 1006

The 730 and 580 cm™! TDD bands can be understood
as arising, respectively, from the oxygen atoms and the
compressed Si bonds in the O-2NN core, while the end
O-INN atoms lead to the 1000 cm™~! band. The infinite
O-2NN chain has only two transverse long wavelength
optic modes at 814 and 564 cm™!. The simple structure
of the chain explains why only a few oxygen modes can
be detected in each donor since only these modes can be
IR active.

We now consider the oxygen-related modes arising from
the ends of the chain. The highest frequency mode, evalu-
ated directly from the dynamical matrix of all O and
neighboring Si atoms in O7-2NN, lies at 944 cm™! and is
localized on the end O atoms. This frequency increases
slightly to 963 cm™! if only the dynamical matrices of
the end Si-O-Si units are used. The modes for several
donors found in this way are given in Table II. There is
a 11:12:6 cm™! increase with N in excellent agreement
with the observed increases of 13:11:7 cm™! for TDD(1),
TDD(2), TDD(3), and TDD(4). Thus the model accounts
for the systematic shift in the 1000 cm™! band with N.

We now consider a 50-50 mixture of '°0 and 30 atoms
in O7-2NN and plot in Fig. 3 (top) the relative intensities of
the 27 isotopic combinations of modes. We note that, be-
cause of its strong localization, the end mode at 944 cm™!
does not split, in agreement with the data. In contrast, the
mode at about 715 cm ™! due to the O-2NN core splits in
the mixed case, again in agreement with the data. Consis-
tent with experiment, the chain model predicts that only a
few absorption peaks are expected to be detected.

In conclusion, we have shown that oxygen atoms in
thermal donors lie in chains along [110] with the donor
activity arising from topological defects at the interfaces
between two oxygen configurations. The energy levels
of the topological defects lie above a Si-related [001]
stress-induced gap state, and electron transfer to the latter
results in a loss of oxygen parentage in the wave function.
The occupation of this state is consistent with magnetic
resonance and stress studies of the electronic IR transitions
[17]. The model also gives stress-energy tensors, in quan-
titative agreement with observation, as well as points to the
decrease in strain with N as the cause for the increasingly
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shallow donor level. Finally, the observation and analysis
of the local vibrational modes of the donors gives strong
support to the model.
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