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This work was initially intended to examine the effect of rapid
thermal annealing (RTA) on the generation of thermal donors (TD) in
silicon in the temperature range 450 to 5008C. RTA preanneals made
at 12008C in nitrogen were reported1 to retard TD generation at
4508C for about 5 h, and so it was thought interesting to look at the
temperature dependence of this retardation. Such an RTA-induced re-
tardation was not found in the present study, however. The difference
in the TD kinetics between as-grown and RTA samples was not sig-
nificant, in accord with other recent data.2 Instead of the expected
retardation we observed another striking effect: it was noticed that the
TD concentration was remarkably sensitive to the cooling rate of the
sample after the TD-producing anneal steps. This effect was most evi-
dent for the RTA-treated samples annealed at 5008C, though it was
found in as-grown samples too. The effect of annealing conditions on
the TD kinetics is the subject of the present work.

Experimental
We used a set of wafers (0.675 mm thick) cut from the same crys-

tal from adjacent positions and subjected to an RTA treatment at
12508C for 35 s in nitrogen ambient. The crystal, 150 mm in diame-
ter, was grown in the vacancy mode,3 at the relatively high pull rate
of 0.8 mm/min. The oxygen content was 1 3 1018 cm23 (using the
calibration factor 3.14 3 1017 cm22), and the carbon content was
below the detection limit of 2 3 1015 cm23. The crystal was boron
doped to the concentration NB 5 1.7 3 1015 cm23. Rectangular sam-
ples (12 mm long and 3 mm wide) were cut from the central part of
the wafers.

The thermal donor generation anneals were performed in two dif-
ferent types of furnaces. One of these was an air ambient furnace and
the other a vacuum furnace (the residual pressure was 1023 Torr). The
anneals were performed using sequential time steps of 4 h (in most
cases). A total duration of up to 80 h was accumulated in this way. In
the air furnace each of the sequential anneal steps was followed by
one of two different cooling procedures: either quenching (placing a
sample on a thick silicon plate) or slow cooling (leaving a sample
inside the furnace after switching-off the power). The fast cooling rate
was about 60 K/s, the slow cooling rate was about 0.2 K/s. The cool-
ing curves, T(t), were recorded using a thermocouple attached to a
sample. After each of the annealing step the samples were slightly
lapped so that the sample thickness was gradually reduced, finally

down to 0.55 mm. In the vacuum tube furnace the cooling rate was
fixed at about 0.8 K/s, intermediate between the slow and fast cooling
conditions in the air furnace. The furnace temperature was controlled
by a thermocouple, and maintained at prescribed value with the accu-
racy of 18C for the vacuum furnace and 38C for the air furnace.

The TD concentration was deduced from Hall effect measure-
ments at temperatures down to liquid helium. An example of a tem-
perature dependence of the electron concentration n(T) in a TD con-
taining sample is shown in Fig. 1. The electron concentration de-
creases upon lowering T due to the change in the charge state of the
double TD, from doubly charged at room temperature to singly
charged at liquid nitrogen temperature. Subsequent decrease in n(T)
upon the further lowering of T is caused by the capture of electrons
by single-charged donors. The double TD family includes species of
slightly different energy levels. The experimental curve is, however,
well fitted by the theoretical temperature dependence of n on T (solid
line) assuming that the double TD family is represented by one aver-
aged deep level and one averaged shallow level. This fit provides both
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Figure 1. Representative data showing the temperature dependence of the
electron concentration deduced from the Hall effect measured down to liquid
helium temperature. The sample was annealed at 5008C in air (fast cooling
mode) for 8 h. The deduced numbers: N 5 2.45 3 1015 cm23, deep energy
level is 133 meV, shallow energy level is 60 meV, Ns 5 7 3 1014 cm23 . 
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the concentration of double donors, N [which is the difference be-
tween the two plateau values in n(T)], and the two averaged energy
levels. The TD community generally includes also single-shallow
donors, STD,4,5 of concentration Ns. The room temperature electron
concentration nr equals 2N 1 Ns 2 NB, where NB is the boron con-
centration. Once N is determined, the contribution of STD can be sep-
arated. It was found that Ns was always less than N. Therefore, N is
nearly half of the added electron concentration at room temperature.

Results
Generation of TD at 5008C.—The dependence of the produced

TD concentration, N, on the anneal time t at 5008C is shown in
Fig. 2. The curve represented by circles corresponds to fast cooling
after each anneal step performed in air. The curve represented by tri-
angles corresponds to the slow cooling condition after each anneal
step in air. The curve represented by squares is for the anneal per-
formed in the vacuum furnace. The solid lines in this figure are com-
puted according to the model discussed in the next section. The
kinetic curve for the slow-cooling sequence is well below the one for
fast-cooling sequence. The kinetic curve for annealing in the vacu-
um furnace is lower still. 

A remarkable feature of N(t) curves is that, after reaching satura-
tion, N begins to decrease. Such a behavior had been reported earli-
er for prolonged anneals both at 5008C6 and at lower T.7-9

The difference in the observed kinetic curves of Fig. 2 is not
directly or simply correlated to the cooling rate. For example, the
anneal in vacuum is of an intermediate cooling rate yet it produced
the lowest TD concentration. The relevant factor responsible for the
difference in N(t) for the various annealing conditions is dependent
on both the ambient and on the cooling rate. This (at the moment not
specified) factor is abruptly changed if the anneal conditions are
changed after some duration. This important effect is shown in
Fig. 3. The two reference curves, labeled A and V, are for fixed
anneal conditions: the anneals in air with fast cooling and the vacu-
um furnace anneals, respectively. These are reproduced from Fig. 2. 

The curve A/V marked by filled squares in Fig. 3a corresponds to
an initial 13 h anneal in air followed by further anneals in vacuum.
Following the change in ambient, the TD concentration decays and
approaches the lower values obtained for a vacuum-only anneal. 

The curve V/A shown by filled circles in Fig. 3b corresponds to
sequential anneals performed in the air furnace following an initial
19 h anneal in vacuum. In this case, the TD concentration increases
after the change, and approaches the value characteristic for an air-
only anneal, and even exceeds this value at longer duration.

Evolution of TD energy level.—The deep level of double TD, as
deduced from the temperature dependence of electron concentration,

is shown in Fig. 4 for the same three types of anneal conditions. Un-
like the TD concentration, the (averaged) energy level is not very
sensitive to the cooling rate or to the ambient, especially at shorter
duration.

Generation of TD at 480 and 4508C.—A difference between the
TD kinetic curves for annealing in air (with fast cooling) and for vac-
uum annealing is less pronounced at lower anneal temperature
(Fig. 5). At 4808C the difference between the curves is still appre-
ciable (Fig. 5a) while at 4508C anneal it is almost absent (Fig. 5b).

Evidence of microdefect (void) decoration by 4808C an-
nealing.—The samples used in this study were grown in the vacan-
cy mode and thus contained voids. Etching techniques were used to
investigate these microdefects in both nonannealed samples and
those annealed at 4808C, both in the air furnace (with fast cooling)
and in the vacuum furnace. In nonannealed samples no etch patterns
were revealed indicating that the grown-in voids are not revealed by
this technique. On the other hand, a clear etch pattern was revealed
(Fig. 6) following the anneals, especially the anneals in air. The sur-
face pit density was converted into a bulk microdefect density by
dividing it by the thickness of the etched-away layer. The deduced
microdefect density is on the order of 106 cm23 for air-annealed
samples. This is a typical density for voids10,11 in standard vacancy-
type Czochralski (CZ) silicon crystals. We consider this result as evi-
dence of void decoration by some contaminant during the anneal. In

Figure 2. Kinetic curves at 5008C for RTA-pretreated samples. Curve 1 (cir-
cles) anneal in air with fast cooling; curve 2 (triangles) anneal in air with
slow cooling; curve 3 (squares) anneal in vacuum. Solid lines are computed
within the model of self-interstitial controlled agglomeration. 

Figure 3. Effect of changing anneal conditions. (a) Anneal in vacuum, after
initial anneal in air with fast cooling (curve A/V, filled squares); (b) anneal in
air (with fast cooling), after initial anneal in vacuum (curve V/A, filled cir-
cles). The only-air and only-vacuum kinetic curves, A and V, respectively, are
also shown for comparison. Solid lines are theoretical curves. 
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general microdefects are much easier to reveal by etching if deco-
rated by impurities.12

Model

The kinetics of TD formation is known to be affected by certain
impurities such as carbon,13,14 hydrogen,15,16 or nitrogen.17,18 Such
an impurity effect is however considered to be irrelevant to the pre-
sent discussion of the sensitivity of TD to the cooling rate and ambi-
ent. The studied samples, taken from adjacent wafers of the same
crystal, are of the same impurity content. In particular, the impurity
effect cannot account for the observed abrupt change in the shape of
the kinetic curve caused by switching from initial anneal conditions
to new ones (Fig. 3). 

In order to account for the observations of sensitivity of the TD
kinetics (at specified temperature and oxygen content) to the sample
thermal history and annealing conditions we take into consideration
the role of silicon self-interstitials. TD kinetics may be largely con-
trolled by self-interstitials19 emitted by oxygen clusters during the
anneal. A self-interstitial (SiI) may act, like hydrogen, as a catalyst
for some reactions involved in TD production, accelerating those
reactions and with them the TD generation rate. 

The emitted SiI species are consumed by sinks, sample surface,
and bulk microdefects, and the self-interstitial concentration Ci re-
sulting from this emission is thus strongly sensitive to the sinking
efficiency. The sinking rate is generally proportional to the differ-
ence between Ci and the equilibrium self-interstitial concentration,
but the latter is negligible3 at temperatures as low as 5008C.

In vacancy-type silicon the bulk sinks are voids.3 The interstitial
flux to voids can be written in the form bvDiCi where Di is the self-

Figure 4. Deep energy level of double TD (filled circles: fast cooling in air;
open triangles: slow cooling in air; open squares: vacuum furnace); anneal at
5008C.

Figure 6. Etch pattern observed after anneal at 4808C, 24 h in (a) air furnace
with fast cooling, (b) vacuum furnace. The scale mark is 100 mm. Samples
were first polished in HF/HNO3 solution and then etched in a Sirtl-like
etchant.

Figure 5. Comparison of annealing in air followed by fast cooling (filled cir-
cles) and anneal in vacuum (squares) at (a) 480 and (b) 4508C. Solid lines
represent exponential fit, according to Eq. 12.
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interstitial diffusivity; the coefficient. bv may be called the sinking
efficiency of voids. For diffusion-limited flux, bv 5 4pRVNV where
RV and NV are the void radius and density. Typical numbers for RV
and NV

3 correspond to bv 5 150 cm22.
The loss rate of interstitials to the sample surface is similarly

written as bsDiCi where Ci is now averaged over the depth, and the
loss is normalized by the sample thickness d. For diffusion-limited
sinking the depth profile Ci(z) may be approximated by the first
Fourier term, sin(pz/d). Within this approximation, the surface sink-
ing efficiency bs 5 (p/d)2 5 2000 cm22 (with d 5 675 mm). This is
considerably higher than the void efficiency. The ratio of the two val-
ues, bs/bv, is about 14. When the two kinds of diffusion-limited
sinks act simultaneously, the void contribution can be neglected.

The effect observed in the present paper, sensitivity of TD gener-
ation to the cooling rate and ambient, implies that the sink efficien-
cy is actually strongly affected by the anneal conditions (and thus is
not always diffusion limited).

The enhancement in TD concentration caused by changing the
anneal ambient from vacuum to air can be easily understood if the
major sink, the sample surface, is at full efficiency under the clean-
er conditions of vacuum anneal [bs 5 (p/d)2] but completely passi-
vated by air ambient (bs 5 0). This passivation may be due to an
oxide film formed at the sample surface or/and surface contami-
nants. The loss of the major sink, the sample surface, by replacing
the vacuum with air, will result in an increased self-interstitial con-
centration Ci. This effect is considered to be the main reason for a
strong enhancement in TD generation (Fig. 2 and 3).

Further enhancement of TD generation in air ambients, by increas-
ing the cooling rate, may be attributed to partial passivation of the
remaining sinks, or voids, by fast diffusing contaminants. Such con-
taminants (like copper) penetrate into the sample from the outside of
the sample during an anneal. In the course of slow cooling, the impu-
rity out-diffuses to the sample surface leaving most of the voids unaf-
fected; in this case bv is close to 4pRvNv. However, when the cooling
rate is fast, the contaminants remain in the sample bulk to decorate a
larger fraction of voids. When a sample is annealed again, the deco-
rating impurity precipitates may partially dissolve, but the impurity
will be recollected upon the next cooling. The repeated annealing
steps would result in a stronger decoration of already decorated voids.

The decorated voids may completely lose their ability to con-
sume self-interstitials, and then only the remaining nondecorated
voids will act as sinks. This is equivalent to a reduction in the sink
density below Nv. Another possibility is that the decorated voids still
consume self-interstitials but at a rate lower than that limited by dif-
fusion. In any case, void decoration is thought to considerably re-
duce their sinking efficiency bv, which results in an increased Ci
and, accordingly, enhanced TD generation.

Void passivation by contaminants is just a reasonable possibility
supported by the observed anneal-induced void decoration (Fig. 6).
Strictly speaking, we can only state that the sinking efficiency of a
sample is somehow affected by the cooling rate. In the subsequent
consideration, the sinking efficiency b is treated as a parameter that
depends on the annealing conditions.

Generation rate of TD as a function of self-interstitial concen-
tration.—The TD clusters are generated (nucleated) by sequential
transitions within some chain of states. The two neighboring states
of this chain, labeled by integers k and k 1 1, differ either in the clus-
ter size n (the number of clustered oxygen atoms) or in atomic
arrangement. In the former case the transition is an attachment of the
next oxygen atom. In the latter case the transition is a reconstruction.
The steady-state nucleation rate G is defined by classical nucleation
theory as a sum over the sequential transitions20

1/G 5 S 1/Jk [1]

where Jk is the flux from k to k 1 1 for the particular case of equi-
librium between the clusters and the solid solution of monomeric
oxygen. The equilibrium cluster concentration, Ck, is defined by the
law of mass action and is proportional to the nth power of the oxy-

gen concentration. The flux Jk is a product of Ck and the transition
frequency nk. Both kinds of transitions, oxygen attachment and
reconstruction, can be enhanced by self-interstitials. The attachment
frequency may be enhanced in the presence of fast-diffusing oxy-
gen/interstitial complexes, OSiI. The reconstruction can be enhanced
(catalyzed) when a SiI species arrives to become the nearest neigh-
bor of an oxygen cluster. In both cases the transition frequency is a
linear function of the self-interstitial concentration Ci. The equilibri-
um flux Jk is likewise a linear function of Ci

Jk 5 Jko 1 akCi [2]

Here Jko is the intrinsic flux, that in the absence of self-interstitials,
and ak is a catalytic coefficient for the SiI-enhanced transition.

The sum in the right part of expression 1 is often controlled by
only one, the smallest, flux Jk, and thus represents a bottleneck for
nucleation. The corresponding state k is then a critical nucleus. For
this particular case the nucleation rate G is reduced to Jk, and thus
given by the linear expression

G 5 Go 1 aCi [3]

The index of the critical nucleus is omitted.
It had been thought19 that the emission of a self-interstitial by a

cluster might also be one of the relevant transitions in the chain lead-
ing to TD clusters. In this view the initial cluster On is transformed,
by emission, into a new cluster OnV. This new cluster might also be
created by adding a vacancy to the initial cluster On. That is, in fact,
why it is denoted by OnV. Vacancy-type clusters OnV can be count-
ed using a Pt-diffusion technique.21,22 This technique was thought to
measure the concentration of grown-in or quenched-in vacancies,
but these vacancies are actually transformed into OnV complexes at
temperatures below 10208C.23 Therefore it is actually the OnV
species that are counted by the Pt diffusion. Similar to free vacan-
cies, they too recombine with in-diffusing interstitial Pt atoms. The
produced species are substitutional Pt atoms (countable by deep
level transient spectroscopy) and On clusters which are dissolved fast
at the Pt diffusion temperature (7308C).

The Pt diffusion technique was applied24 to samples following the
TD-producing 5008C anneal. It was found that such annealing treat-
ments do indeed produce the OnV species. The concentrations are
low, however. Only about 1012 cm23 were found after several hours.
This number is much lower than the scale of TD concentration, 1015

cm23, so that emission is a very slow process in comparison to TD
production. Emission transitions, therefore, do not participate direct-
ly in TD generation. They are, however, very important as a factor
determining the actual concentration of self-interstitials, Ci.

Balance equation for self-interstitial concentration.—We assume
that the major emitters of self-interstitials are the TD clusters. Thus
the total emission rate is mN, where m is the emission frequency.
This quantity can be roughly estimated to be on the order of 1027

s21 using the above-mentioned scale for the emission-produced con-
centration of OnV clusters. In reality there is some distribution in
size and emission ability of the TD clusters and m thus represents an
averaged value. The population of the TD species seems to rapidly
achieve an average size of ten oxygen atoms per cluster, and this size
then becomes independent of anneal time.25 Thus m can also be con-
sidered as roughly independent of anneal duration.

Emitted interstitials can be reabsorbed by the OnV clusters of
concentration Nv. The forward emission rate mN is balanced by the
backward absorption rate, proportional to the CiNv product, when
the concentrations satisfy the mass-action law

CiNv/N 5 x [4]

where x is the equilibrium reaction constant (again averaged over the
TD species). 

The interstitial concentration is changed by all of the above-men-
tioned processes (emission, absorption by OnV, and sinking)

dCi/dt 5 m(N – NvCi/x) 2 bhDiCi [5]
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The sinking efficiency b is strongly sensitive to the anneal condi-
tions. For annealing in air, b is reduced to bv. For annealing in vac-
uum, when the interstitial diffusion to the sample surface is impor-
tant, the actual equation for the self-interstitial depth profile Ci(z, t)
will differ from Eq. 5 by including the diffusion term Di∂2Ci/∂z2 and
retaining the bulk sinking to voids, bvDiCi. However, on approxi-
mating the profile by the first Fourier term, sin(pz/d), one reduces
the precise equation to an approximate Eq. 5, with b 5 bs 1 bv.
Actually b is close to bs in this case.

Diffusion of SiI seems to be very fast even below the room tem-
perature26 implying a very low migration energy. The melting point
value of Di is high, about 3 3 1024 cm2/s,27 also implying a low
migration energy. When extrapolated down to 5008C, with a tenta-
tive migration energy of 0.25 eV, Di is about 4 3 1025 cm2/s. The
time scale of the self-interstitial relaxation to the steady-state value
is shorter than 1/bDi according to Eq. 5 and therefore less than
3 min, even if only voids act as sinks. Though the value of Di at
5008C is not quite certain, the relaxation time 1/bDi is assumed to be
essentially shorter than the duration of an anneal step, 4 h. The cur-
rent value of Ci is then almost steady-state, it corresponds to the zero
right part of Eq. 5

Ci 5 mN/(bDi 1 mNv/x) [6]

Initially, when the OnV clusters are of low concentration, the first
term in the denominator of this expression dominates, and Ci in-
creases in proportion to the thermal donor concentration N

Ci 5 mN/bDi [7]

The TD production becomes progressively enhanced if b is not high.
At a later stage of the anneal N becomes limited while Nv continues
to increase as a result of emission and subsequent sinking of self-
interstitials. The term mNv/x in the denominator of Eq. 6 then
becomes dominant and Ci will decrease, resulting in a reduced gen-
eration rate G. This effect is the main reason for the decreasing por-
tions of the kinetic curves 1 and 2 in Fig. 2.

Kinetic equation for TD concentration.—TD clusters are pro-
duced at the rate G specified by Eq. 3. Previously produced TD can
be lost as is seen in the decreasing portions of kinetic curves in Fig. 2
and 3. The TD loss is characterized by some lifetime t. The TD con-
centration evolves due to both generation and loss

dN/dt 5 Go 1 aCi – N/t [8]

There may be two qualitatively different loss mechanisms: (i) back-
ward dissociation of TD clusters and (ii) transformation of TD clus-
ters into some electrically inactive atomic configuration denoted by
On*, either by reconstruction or by reaching some threshold size at
which the electrical activity is lost. 

By the first mechanism the TD concentration N would reach the
equilibrium value that depends only on the oxygen content C and is
proportional to C n (where n is the cluster size). The difference in the
TD saturation level at medium duration (Fig. 2) cannot be explained
by this alone.

The TD loss is therefore assumed to result from the transforma-
tion of On (TD clusters) into neutral On* species. These species may
also emit SiI, but we do not include them in the basic balance Eq. 6
assuming that they are of much lower emission frequency than the
TD clusters. 

The lifetime t is assumed independent of Ci , though in principle
t, like G, could be affected by self-interstitials. The assumption is
justified by a good agreement of the computed kinetic curves with
the experimental ones. Another argument in favor of t being inde-
pendent of Ci is the observed evolution of the energy level of TDs
(Fig. 4). The deduced TD level is averaged over the prevailing TD
species of various sizes. Smaller size means a deeper level.28 A dif-
ference in the lifetime would induce a difference in the average size
of the TDs: at shorter t the clusters would reach a smaller size, and
the observed energy level would be deeper. Since the level evolution
is almost independent of the cooling rate for anneal in air, the TD

lifetime also appears identical. The level evolution found for anneal
in vacuum (squares in Fig. 4) is similar to that found in air, with only
a slight difference at longer duration.

The kinetic Eq. 8, together with expression 6 for Ci, is already
enough to understand qualitatively the abrupt changes in the shape
of kinetic curves (Fig. 3) caused by switching the anneal conditions.
This is caused by an abrupt change in the sink efficiency b.

When the anneal ambient is changed from air (low b 5 bv) to vac-
uum (high b < bs), the concentration Ci, as defined by Eq. 6, is
abruptly decreased, and the right part of Eq. 8 is decreased accord-
ingly, from an initial positive value to a negative value. A rising branch
of N(t) is immediately replaced by a decreasing branch (Fig. 3a).

When the conditions are changed from vacuum to air, b is sharply
decreased, leading to an abruptly increased Ci. The derivative dN/dt
then jumps from an initially low value to a large one (Fig. 3b).

Kinetic equation for OnV clusters.—The kinetic Eq. 8 is not suf-
ficient for describing the kinetic curve N(t), since it includes the self-
interstitial concentration Ci which is dependent on the accumulated
concentration of OnV clusters, Nv.

The concentration Nv is changed both by emission of self-inter-
stitials by TD clusters and by backward absorption

dNv/dt 5 m(N 2 CiNv/x) [9]

With the steady-state value of Ci, as given by Eq. 6, the accumulation
rate dNv/dt becomes identical to the interstitial flux to sinks, bCi.

Analytical solution for the initial stage of anneals.—With the
simplified expression 7, applicable at an early stage of the anneal,
the TD kinetic Eq. 8 is reduced to the conventional form of expo-
nential relaxation

dN/dt 5 Go 2 N/ta [10]

The effect of SiI is reduced to replacing the genuine lifetime t with
the apparent sink-dependent lifetime ta

1/ta 5 1/t 2 ma/bDi [11]

The apparent lifetime is always larger than t. It is near the value t
only for high sink efficiency. The TD concentration increases expo-
nentially up to the saturation value of Gota

N 5 Gota[1 2 exp(2t/ta)] [12]

The first half of the kinetic curves in Fig. 2 can be qualitatively
described by this simplified theory of TD production. In particular
for anneal in vacuum, the numerical results (described below) dem-
onstrate that the concentration Ci is too low to enhance TD produc-
tion. This is due to a relatively large b. In this case the apparent life-
time is identical to t.

Numerical results.—The two kinetic Eq. 8 and 9, together with
expression 6 specifying Ci as a function of N and Nv, provide a com-
plete description of the cluster production including the TD compo-
nent. For the purpose of numerical solution, it is convenient to scale
the relevant variables N, Nv, and Ci: the scale for the TD concentra-
tion is S 5 Got; the scale for the OnV concentration is Sv 5 axt; the
scale for the self-interstitial concentration is Si 5 Go/a.

The three scaled (divided by the scaling constants) variables are
denoted by small letters n, nv, and ci, respectively. The equations for
the scaled variables take a simple form

dn/dx 5 1 1 ci 2 n [13]

dnv/dx 5 (n 2 cinv)/A [14]

ci 5 n/(nv 1 B) [15]

where x 5 t/t is the scaled time. The problem contains two dimen-
sionless parameters, A and B. Parameter A is a normalized catalytic
coefficient

A 5 ax/Gomt [16]
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while B is a normalized sink efficiency

B 5 bDi/amt [17]

The TD scale, S 5 Got, is identical to the saturated concentration for
the vacuum anneal. It equals 1.6 3 1015 cm23 (neglecting a reduc-
tion in N at a prolonged anneal which is not described by the present
model). The lifetime t was fitted to be 5 h; accordingly the intrinsic
generation rate Go equals 8.6 3 1010 cm23 s21. 

The catalytic parameter A was scanned over a wide range, and the
two sink parameters B (for the two cases of annealing in air) were
fitted at every A to get the best possible description of the two exper-
imental curves (1 and 2 in Fig. 2). The parameter B for annealing in

vacuum is not an independent one, i.e., it is larger than that for air
anneal with slow cooling by a factor of 14, as discussed above.

A good fit can be obtained within quite a wide range of A, but the
best fit is for A close to 20. The fitted sink parameters, B, are only
slightly dependent on the assumed value of A. The best fit numbers
are for air anneal with fast cooling B 5 1.1; for air anneal with slow
cooling B 5 1.6; for vacuum anneal B 5 22.

The curve shape is very sensitive to the value of B for the case of
air anneal, and the accuracy of B is better than 10%. The large value
of B for vacuum annealing implies, according to Eq. 13 and 15, that
the self-interstitial effect on TD generation is negligible for these
anneal conditions. 

The computed curves for the above set of parameters are plotted
in Fig. 2 (solid lines).

The switching of anneal conditions at some point in the anneal
sequence (Fig. 3) was simulated by an appropriate change in B at
this point, from 1.1 to 22 in the case of Fig. 3a, and from 22 to 1.1
in the case of Fig. 3b. The transient portions of the kinetic curves are
computed without the application of any additional fitting. Although
the computed transient curves (Fig. 3) deviate somewhat from the
measured ones, there is a good qualitative agreement between them.

Simulation of the TD kinetics provides not only the TD concen-
tration N(t) but also the time dependence of the other two relevant
variables, Nv(t) and Ci(t). The scaled curves for all the three variables
are shown in Fig. 7, using the three values of B listed above. The
scaling parameters for the time and the three concentrations are sum-
marized in Table I (the scales Si and Sv are estimated in the next sec-
tion). The self-interstitial concentration (Fig. 7b) first increases and
then decreases, as already qualitatively explained. The kinetic curves
for TD concentration (Fig. 7a) roughly follow this variation in Ci(t).
The concentration of the vacancy-type clusters Nv is gradually accu-
mulated (Fig. 7c). 

Discussion
Estimation of the model parameters.—The fitting procedure

defines only two specific combinations (A and B) of the model para-
meters. Since the emission frequency m was estimated above to be
1027 s21, some other parameters can now be estimated, too. The
product ax is about 3 3 109 cm23 s21, according to Eq. 16. The
parameter a/Di is then deduced from Eq. 17, since the sink efficien-
cy is known for the case of nonpassivated void sinks (b 5 bv 5
150 cm22) corresponding to the air anneal with slow cooling (B 5
1.6). The resulting estimate is a/Di 5 5 3 104 cm22. With ax
already estimated, the Dix product is found to be 6 3 104 cm21 s21.
With Di 5 4 3 1025 cm2/s, the catalytic coefficient a is 2 s21, and
the emission equilibrium constant x is 1.5 3 109 cm23.

Next, the concentration scales Sv and Si can be specified, to con-
vert the dimensionless plots of Fig. 7b and c into actual numbers.
The scale Sv for the OnV cluster concentration is axt, and it equals
6 3 1013 cm23, and the scale for the DiCi product is DiGo/a; it
equals 1.6 3 106 cm21 s21. The self-interstitial concentration scale
is then Si 5 4 3 1010 cm23.

The most important consequence of the above estimates is that
the OnV clusters are poor absorbers of SiI. Indeed, the absorption
rate (which can be also called the recombination rate of OnV and SiI
species) is RCiNv where the recombination coefficient R is identical
to m/x, according to Eq. 9. If the recombination were diffusion lim-
ited, the coefficient R would be 4prDi, where r is the reaction radius
(on the order of the atomic distance, 3 3 1028 cm). The ratio of the

Figure 7. Computed (scaled) concentrations of (a) thermal donors, (b)
self-interstitials, (c) vacancy-type complexes OnV, for three representative
values of sink parameter B (curves 1, 2, 3 correspond to B 5 1.1, 1.6, and 22,
respectively).

Table I. Scaling parameters for the simulated kinetic curves
of Fig. 7.

Time scale t Thermal donor Thermal donor OnV cluster
(h) scale, S scale, Si scale, Sv

(cm23) (cm23) (cm23)

5 1.6 3 1015 4 3 1010 6 3 1013
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actual and diffusion-limited values of R is thus m/(4prDix) 5 4 3
1026. This very low number implies that there is a considerable bar-
rier Er for recombination of SiI with OnV, reducing the reaction rate
by a factor of exp(2Er/kT). The estimated reduction corresponds to
Er 5 0.82 eV.

The estimated parameters of the model (at 5008C) are summa-
rized in Table II.

We are also able to estimate the activation energy for the lifetime
t using a simple conventional formula for the reconstruction reaction
frequency 1/t

1/t 5 n exp(2E/kT) [18]

The frequency prefactor n is on the order of 1013 s21, and E is the
energy barrier. The value of t 5 5 h at 5008C corresponds to E 5
2.65 eV. 

In a similar way, the activation energy for emission frequency m
is estimated to be 3.1 eV. The recombination barrier (0.82 eV) spec-
ifies the activation energy for the combination m/Dix. The activation
energy for the Dix product is then 2.3 eV. The emission constant x
is characterized by the activation energy of 2 eV (with the assumed
low migration energy for SiI).

Criterion for simplified exponential TD kinetics.—It was noted
above that at the first stage of the anneal the self-interstitial concen-
tration is defined by a simplified Eq. 7 which is equivalent to ci 5
n/B. The concentration of OnV clusters, estimated from Eq. 14, is on
the order of x/A if x is on the order of 1 or larger. The criterion for
neglecting interstitial absorption by OnV species, nv << B, is fulfilled
if x is smaller than AB (which is on the order of 20 or larger). The
simplified Eq. 12 is applicable if the duration t does not exceed the
lifetime t by too much.

The shape of N(t) kinetic curve at lower T.—One of the important
effects of reduced T is a remarkable increase in the lifetime t. With
an activation energy E now specified, one can obtain t for other tem-
peratures: t 5 15 h at 4808C, and t 5 80 h at 4508C. The scaled time
x 5 t/t is therefore considerably smaller at lower T in comparison to
that at 5008C. In the range of small x, the TD kinetic curves are less
sensitive to the sinking efficiency than at larger x (Fig. 7a). This is
the main reason for the reduced difference between the experimen-
tal curves at lower T.

Since the kinetic curves at lower T correspond to a range of mod-
erate scaled time x 5 t/t, they are described by Eq. 12, and the appar-
ent lifetime ta can be deduced. For air annealing at 4808C (Fig. 6a,
curve 1) the apparent lifetime ta is 34 h. This is certainly larger than
t. The ratio t/ta is about 0.37. Equation 11 is equivalent to t/ta 5 1 2
1/B, and parameter B is estimated to be about 1.7. This value for B is
not much different from that found at 5008C, B 5 1.1. 

Fraction of decorated voids.—The difference in the sink effi-
ciency B between fast and slow cooling in air is not very large. They
differ by only a factor of 1.5. If the void passivation mechanism is
accepted to account for the difference, then the fraction of voids pas-
sivated by fast cooling is only one-third. Generally, decoration of
microdefects by copper and nickel were indeed found to be only par-
tial and cooling rate dependent, respectively.12

Effect of sample thickness on TD generation.—An important pre-
diction of this model (not checked in the present study) is that TD
generation in vacuum ambient should be remarkably enhanced by
increasing the sample thickness d (and thus reducing the sink effi-

ciency in proportion to 1/d2). This effect would saturate at a thick-
ness larger than about 3 mm, when the efficiency of the surface sink
becomes less than that of voids. The TD concentration would strong-
ly decrease from the sample center to the surface following the depth
profile of Ci. A depth-dependent enhancement of TD generation in
thicker samples was indeed reported,29 but under the conditions of
that work the relevant catalyst might be hydrogen rather than SiI.

Effect of oxygen loss.—The formation of oxygen clusters, both
On (TD) and On* (neutral species), results in a gradually reduced con-
centration of monomeric oxygen. Then the parameters of the gener-
ation rate, both Go and a, gradually decrease with anneal time t. This
effect was neglected above, for the sake of clarity of the model.
However, it may change the shape of the kinetic curves, especially at
longer anneal. The refined theory of TD production, taking into
account the oxygen loss, is rather complicated, and it will be ana-
lyzed elsewhere. 

Conclusions

Identical silicon samples were sequentially annealed under dif-
ferent conditions: in air or in vacuum, under fast cooling or under
slow cooling after each anneal step. A systematic and significant
sensitivity of the TD kinetic curve to the anneal conditions was
found. The difference in the absolute value of the TD concentration
may amount to a factor of three if the vacuum anneal is compared to
that in air (with fast cooling). 

These results are considered as a definite indication to the crucial
role of self-interstitials (SiI) in the production of thermal donors. The
TD generation rate is essentially enhanced at higher SiI concentra-
tion, Ci. The value of Ci is in turn controlled by the available sinks
for SiI. In vacuum annealing conditions the major sink is the sample
surface. Under these conditions the concentration Ci is too low to af-
fect TD generation. If however, the surface is passivated by an-
nealing in air, the bulk sinks (voids in the present case) play the main
role. These bulk sinks can be also partly (but not strongly) passivat-
ed if the cooling rate after the TD-producing anneal steps is fast.
This effect is attributed to partial decoration of voids by a surface
contaminant which in-diffuses during the anneal, remaining in the
bulk under fast cooling conditions.

The quantitative theory of SiI-enhanced TD production includes
two kinetic equations, one for TD clusters and the other for the
vacancy-type clusters, OnV. These species are produced from ther-
mal donors by emission. They are important as SiI absorbers at
longer anneal duration. For shorter anneals the sink effect on TD
generation is much simplified and reduces to the replacing of the
actual TD lifetime by some apparent lifetime which increases on
decreasing the sink efficiency. 

Though the experimental kinetic curves are of considerable scat-
ter (which is understandable taking into account a random variation
in the sink efficiency), they are well described, on average, by the
proposed theory of SiI-controlled oxygen agglomeration.

MEMC Electronic Materials assisted in meeting the publication costs of
this article.
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