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Early measurements of the initial rate of thermal donor formation in Czochralski silicon at 
450 “C revealed a dependency on the fourth power of the oxygen concentration. This result has 
led to the view that the core of the defects contained four oxygen atoms. We now show that this 
dependency is observed only for anneals close to 450 “C. Our results indicate that oxygen 
dimerization controls the thermal donor formation kinetics but that the dimers become 
increasingly unstable above 400 “C. 

Thermal donors (TDs) are generated in oxygen-rich 
silicon crystals during heat treatments below - 500 “C, De- 
spite almost 40 yr of research in this field, the atomic struc- 
ture of these important defects remains unknown. Early in 
the history of this work, ‘12 it was found that the initial rate 
of donor formation, (d[TD]/dt),, at 450 “C was propor- 
tional to the fourth power of the grown-in interstitial oxy- 
gen concentration, [Oil& Using simple kinetic arguments, 
this result was considered to provide evidence that the core 
of TD defects contained four oxygen atoms. This observa- 
tion has been generally accepted and widely quoted since 
its publication. However, only a single anneal temperature 
was investigated. In view of the significance which has been 
attached to this work, we have carried out similar mea- 
surements over a much wider range of temperatures 
(350 “C<TC500”C). Our results at 450 “C agree closely 
with the published data, but we observe a strong deviation 
from a fourth-power dependence at other anneal tempera- 
tures. 

Samples were prepared from five different crystals, 
A-E all grown by the Czochralski (Cz) technique but not 
subjected to a postgrowth heat treatment. IR measure- 
ments of [Oil and [C,] were carried out according to the 
relevant ASTM procedures3 using a Perkin Elmer PE983 
double-beam dispersive spectrometer. The calibration of 
the 9 ,um IR band given in Ref. 4 was used to deduce 
values of [Of]. The background boron-doping levels in crys- 
tals B-E were estimated by heating specimens to 650 “C! for 
30 min to annihilate TD centers introduced during growth, 
and then measuring the room temperature resistivity of the 
material. The properties of the crystals are summarized in 
Table I. Samples with dimensions 20x 10X 1 mm were cut 
from each of the crystals and the surfaces were mechani- 
cally polished. Room temperature resistivities, determined 
by the four-point probe method, and IR measurements of 
[Oila were obtained for each specimen. Since the samples 
cannot be considered semi-finite, the resistivity measure- 
ments were corrected to allow for the sample geometry.’ 
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Sets of samples, one from each of the crystals (Table I) 
were annealed isothermally and [TD] was deduced from 
resistivity measurements obtained at each stage of the an- 
neal using a calibration which accounts for incomplete ion- 
ization of the deeper double donors at room temperature.‘j 
The value of [TD] was deduced after making allowance for 
the compensation due to the background boron doping in 
crystals B-D. Separate sets of samples were annealed at 
350, 375, 400, 450, and 500 “C. 

During the early stages of the anneals at the lower 
temperatures ( < 400 “C), equivalent to the time required 
to form [TD]-5 x 1015 cmM3, the growth in [TD] was 
linear with anneal time, t, allowing the initial rate of donor 
formation, (d[TD]/dt), to be estimated. At the highest 
temperature of 500 “C, the growth of [TD] tended to devi- 
ate from a straight line after the formation of a lower con- 
centration of donors, which was -2X 1014 crne3 in the 
case of the sample with lowest oxygen content ([Oi]o= 8.3 
X 1017 cms3). At a given anneal temperature, ((L’[TD]/ 
dt), increased as expected with increases in [Oils (Fig. I). 
The variation was fitted to the power law dependencyip2 

(d[TD]/dt)ca [OiIo” 9 (1) 

where the value of n was determined from the slope of a 
double logarithmic plot of (d[TD]/dt)s against [Oila (Fig. 
1). During the time over which the (d[TD]/dt), was de- 
termined, COi] decreased by less than 10% so that it could 
be considered to be a constant, equal to the value measured 
before the crystals were annealed. For the isothermal an- 
neal at 450 “C! we determine a value of it = 3.5 which is 
close to the previously reported value of 4.1r2 However, at 

TABLE I. Initial interstitial oxygen, substitutional carbon, and substitu- 
tional boron concentrations of the five crystals studied. 

[Oil K.l LB1 
Crystal ( X lOI cm -3) ( X lOi cme3) ( )( lOi .cm-3) Supplier 

A 1.50 3 Undoped Wacker- 
Chemitronic 

B 1.16 <l 2 MEMC 
C 1.10 <l 4 MEMC 
D 0.93 Cl 5 MEMC 
E 0.83 <l il MEMC 
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FIG. 1. A double logarithmic plot of the initial rate of thermal donor 
formation as a function of initial oxygen content in silicon grown by the 
Cz technique during isothermal anneals at (0)350 “C, (0)375 “C, 
(0)400 “C, (w)450 “C, and (Q)SOO “C. The gradient, n, of the variation 
is shown for each anneal temperature. The increase in (d[TD]/&)c with 
anneal temperature is consistent with increases in oxygen diffusivity. The 
apparently anomalously small values measured at 500 “C, particularly for 
low values of [Ooi], are ascribed to a high 0, dimer dissociation rate on the 
time scale of the measurement. 

other anneal temperatures n was found to vary systemati- 
cally (Fig. 2), reaching 9 at 500 “C and falling to -2 at 
below 400 “C. 

The mechanism which controls the formation of TD 
defects has been shown to be the same over the tempera- 
ture range 400-500 “C!.’ The rate limiting step in this pro- 
cess is presumably the agglomeration of a  number, N, of 
oxygen atoms. At low temperatures, the agglomerate 
would be stable, and (d[TD]/dt), would depend on the 
Nth power of [Oil. However, at higher temperatures ag- 
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FIG. 2. The power dependency, n, of the initial rate of thermal donor 
formation on initial oxygen concentration in Cx silicon as a function of 
anneal temperature. 

glomerates would tend to dissociate on a similar time scale 
as that required to cause a measurable increase in [TD]. 
Under these conditions the growth of [TD] would not be 
linear, particularly for material with low [Oil,, as found at 
500 “C. The requirement to make measurements of 
d[TD]/dt over a finite anneal time, would lead to a value of 
n  greater than N. This would appear to be the case for 
anneals at temperatures above 400 “C since n  has a con- 
stant value a lower temperatures. Since n-2 under these 
conditions (Fig. 2), it is implied that N=2 and that the 
kinetics of TD formation are limited by the rate of 0, 
dimer formation. It is inferred then that dissociation of O2 
dimers becomes increasingly significant above 400 “C!. The 
temperature of 450 “C chosen for the early studies would 
appear not to have been low enough to ignore this process 
and the value of n  = 4 is an overestimate of N. 

It is worth noting that the value of oxygen diffusivity 
would have to be about one order of magnitude larger than 
its normal value to account for the measured concentra- 
tions of TD centers at 450 “C if their core structure con- 
tains four oxygen atoms and the clusters form only by the 
diffusion of isolated Oi atoms8 Although oxygen dimeriza- 
tion would appear to control the TD formation rate, it 
should not necessarily be assumed that the core of the 
defect contains only two oxygen atoms, since an O3 struc- 
ture would give a better kinetic fit if only Oi atoms are 
mobile.8 Alternatively, it has been suggested’ that O2 may 
have a higher diffusivity than Oi so that O2 might rapidly 
become 0s or O4 after its formation. The suppression of 
TD formation in material containing a high concentration 
of carbon, suggests that self-interstitials play an essential 
role in the formation of the defect. lo Consequently, even if 
dimer diffusivity is not higher than that of isolated oxygen, 
it is possible that the dimerization process limits the TD 
formation rate indirectly, by controlling the generation 
rate of self-interstitials in the crystal. 
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