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Unified model for formation kinetics of oxygen thermal donors in silicon
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A new model is proposed for the formation and decay kinetics of the thermal donors in silicon.
This model is an extension of the Kaiser-Frisch-Reiss (KFR) model [Phys. Rev. 112, 1546 (1958)]
and includes the effect of the electronic environment hitherto neglected. The concentration of the
thermal donors nro(t) is expressed by nro(t)=(a/b)[0;]'n [1—exp( —bD;[0;]t)], where [0;]
denotes the initial oxygen-interstitial concentration; n, the electron concentration; D;, the diffusion
coefficient of oxygen interstitials; and a and b, constants. Based on this equation, the maximum
concentration [nrD(t = oo)],„and initial formation rate [dnrn(t)/dt], o are expressed, respectively,
by [nrn(t=ao)]~=(a/b)[0;]'n and [dnro(t)/dt], 0 aD;——[0;]n . The equations are used to
derive the annealing-temperature and dopant-concentration dependences as well as the oxygen-
concentration dependence of thermal-donor formation. Enhancement of the thermal donor forma-
tion in heavily doped, p-type materials and its suppression in heavily doped, n-type materials are
theoretically deduced and the latter is experimentally confirmed by deep-level transient (capacitance)
spectroscopy (DLTS). It is found that the aggregates with four oxygen atoms are doubly charged
donors. It is further suggested that the early aggregates with two or three oxygen atoms would be
doubly charged donors and would play the role of the predominant thermal donors in the initial for-
mation stage at a temperature lower than 450'C.

I. INTRODUCTION

Thermal-donor formation in Czochralski (CZ) grown
silicon was discovered by Fuller, Ditzenberger, Hanney,
and Buehler in 1954.' Kaiser reported the oxygen-
interstitial-concentration dependence of thermal-donor-
formation kinetics. Based on these results, Kaiser,
Frisch, and Reiss related the thermal donors to aggregates
of oxygen atoms in silicon, and proposed a model (re-
ferred as KFR model) in which the thermal donors con-
sisted of two to four oxygen atoms and in which Si04 is
predominant. The model satisfactorily explained the
oxygen-interstitial-concentration dependence in the for-
mation kinetics of the thermal donors. A large number of
investigations have been published in the last 25 years, re-
vealing the fundamental aspects of thermal-donor-
formation kinetics. Theoretical efforts have also been
made and a few models proposed: the Helmreich-Sirtl
model, the Goesele-Tan model, and the Oehrlein-Corbett
model. However, no real progress has as yet been made
for understanding the various aspects of formation kinet-
ics, such as the annealing-temperature dependence, the
dopant-impurity-concentration dependence, the carbon-
concentration dependence, etc. No one has paid explicit
attention to the roles played by electron concentration in
the formation kinetics. It is the purpose of the present pa-
per to explain these dependences and, to propose a unified
picture including effects of the electronic environment for
the formation kinetics of the thermal donors.

II. EXPERIMENTAL OBSERVATIONS

The state of the art of the formation kinetics is briefly
summarized in this section.

(1) The initial formation rate of the thermal donors
(TD's) in 450'C annealing is proportional to the fourth
power of the interstitial-oxygen concentration [0;].

(2) The TD's are formed at temperatures between 322'C
and 500 C, the formation rate peaking at about 450'C.
After attaining the maximum concentration, TD's tend to
decrease with time.

(3) The maximum concentration at 450'C, is propor-
tional to the third power of [0;].'

(4) [nTD(t)],q tends to be higher at lower temperature,
but requires longer duration. TD's are easily destroyed
by a higher-temperature annealing, so-called donor-killer
annealing.

(5) The difference between [nTD(t)],q
and nTD(t) at a

certain time at a temperature between 409'C and 472'C is
proportional to exp( kt), wh—ere k is a constant and r is
an annealing time.

(6) The activation energies of the formation and decay
reaction are equal and range between 2.5 and 2.8
V 3,7, 11,12

(7) The concentration and formation rate of TD's in-
creases in heavily doped p-type silicon, notably by more
than 1&10' atoms/cm. ' ' '

(8) The concentration and formation rate in heavily
doped n-type sihcon are still controversial: According to
Ref. 9, they decrease, according to Ref. 14, . there is no
change. (This contradiction has not been pointed out in
the recent review paper. ")

(9) The formation rate of TD's is reduced in carbon-
rich silicon. '

Information on the physical nature of the thermal
donors and various models are reviewed by Oehrlein and
Corbett. '
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III. KINETIC MODEL CONSIDERING EFFECTS
OF ELECTRONIC ENVIRONMENT

Thermal donors are suggested to be oxygen aggregates
in an early stage of the clustering process in the KFR
model. The present model is an extension of the KFR
model and first considers electrons generated by thermal-
donor formation. In other words, the present model fol-
lows the assumption in the KFR model that the aggre-
gates with two to four oxygen atoms are the origin of the
thermal donors, and starts from the following defect reac-
tions (see Appendix A):

k)
0-+0- ~~A 2~+ +ge (1)

—1

n =n; /[0 5([N., Ng ——nrD(t)]+ I [N, Ng ——nrD(t)]

+4n,'j")], (7b)

where [1]denotes the concentration of oxygen interstitials,
[0;]; n, electron concentration; and E~ ——k~/k t and
E2=k2/k 3. Thus thermal-donor formation is clearly
shown to be affected by the electron concentration n in
the present model, in clear contrast to the KFR model.

Under electrical-neutrality conditions, n is expressed as,
in n-type specimens, '

n =0.5([Ng+nrD(t) N—,]+ I [Ng+n~D(t) N,—]

+4n; j ), (7a)

and, in p-type specimens, as

k2

A2~++ge +0; ~ A3"++he
—2

k3

A3 ++he +0; ~+ Az ++me
k —3

(2)

(3)

where n; is the intrinsic electron concentration at donor-
formation temperature; Ng and N„ the ionized shallow-
donor and -acceptor concentrations, respectively; and
nrD(t)=[2]+[3]+[4], the ionized thermal-donor con-
centration. Furthermore, n; is expressed as

k4

A4 ++me +0; ~ P5,
—4

(4)

where 0; denotes oxygen interstitials; A;J+, electronically
active oxygen aggregates with i oxygen atoms and j
valence electrons (referred simply as A;); e, electron; P5,
electronically inactive oxygen aggregate of five oxygen
atoms; k; and k;, rate constants from A; to A;+~ and
A;+~ to A;, respectively. Nate that the term e is not in-
volved in the KFR model. The rate equation of thermal-
donor formation is generally expressed as

dn~D(t)/dt =d f2)/dt +d [3]/dt +d [4]/dt, (5)

d [2]/dt =k&[1] n g —(k, +k2[1])[2],
d [3]/dt kz+j [1]'n "—(k 3+k3[1])[3]
d [4]/dt =k3K/%2[1] n (k 3+k4[1])[4], (6c)

(6b)

where [i] denotes concentration of the aggregates with i
oxygen atoms. In order to obtain d f2]/dt, d [3]/dt, and
d [4]/dt, the mass-action law is applied for reactions (1)
and (2), (2) and (3), and (3) and (4), respectively (see Ap-
pendix B), assuming that smaller aggregates than the ag-
gregates of interest are in dynamical equilibrium. Then
we obtain

n, =4.9X10"(mdemdh/ma) '1 exp'( Eg/2kJ3T)

~ T exp( Eg /2k—I3 T), (8')

where mg, and mph are the density-of-states effective
masses for electrons and holes, respectively; mo, the free-
electron mass; T, the annealing temperature; Ez the ener-
gy gap; and k~, the Boltzmann constant. Eg (in eV) is
given by'

Eg —l. 17—4.73 X 10 T /( T+636 K),
with T given in degrees Kelvin. For simplification,
nrD(t) is ignored in Eqs. (7a) and (7b). This simplifica-
tion is valid when nrD(t) &n; (e.g. , 2X10' cm at
450 C). The condition where nrD(t) ~n; occurs only in
very limited cases; for example, at maximum concentra-
tion in lightly doped materials annealed at temperatures
lower than 450'C (as will be shown in Fig. 5) or with the
oxygen concentration much higher than 1&10' cm
[from the result (3) in Sec. II]. In the present paper the
case of nrD(t) &n; will be considered. Thus, the time-
dependent parameter is the concentration of oxygen ag-
gregates, [2], [3], and [4] in Eqs. (6a), (6b), and (6c),
respectively. Therefore, integration of these equations be-
comes simple, and the concentrations of these aggregates
are analytically expressed as

(10b)

Thus, in the present model, the formation kinetics of
aggregates with two to four oxygen atoms are derived.

IV. THEORETICAL DERIVATION
QF FORMATION KINETICS d [2]/dt = k~ [1] n gexp[ —(k &+k2[1])t],

d [3]/dt =k2K&[1] n "exp[ —(k 3+k3[1])t],
d [4]/dt =k3K&K2[l] n ™exp[—(k 3+k4[1])t] . (11c)

(1 la)
Based on Eqs. (10a)—(10c), the formation kinetics of

the thermal donors are theoretically derived in this sec-
tion.

[2]=kg/(k )+kz[1])[1]n gI1 —exp[ —(k, +k2[1])t]j, (10a)

[3]=k2&)/(k 2+k3[1])[1]n "I 1 —exp[ —(k 2+k3[1])t]j,
[4]=k3KiKz/(k 3+k4[l])[1]n I 1 —exp[ —(k 3+k4[1])t]j . (10c)

I

First, the oxygen-concentration dependences are de-
rived. The formation rate of the thermal donors is given
by derivatives of Eqs. (10a), (10b), and (10c), respectively,
as follows:



5886 KAZUMI %ADA 30

The initial formation rate, which is obtained by the sum
of Eqs. (lla) —(llc), with t =0, is known to be propor-
tional to the fourth power of the oxygen concentration at
450'C [result (1) in Sec. II]. This indicates that the third
term in Eq. (5), i.e., Eq. (11c), is predominant at 450'C, as
already described in the KFR model. We follow the as-
sumption of the KFR model that the aggregates with four
oxygen atoms are the thermal donors. Equating t to ~ in
Eq. (10c), the maximum concentration, [n TD(t)],q is given
by

[nTD(i)] =[4]'=[k,KiX2/(k 3+kg[1])][1]n

Quantities

[4]'([ (t)1. )

Approximated
expression

a/b [1]'n;
a/b[1] Ng™
a/b[1] (n; /N, )™

Electronic
environment

INg N, I

—&n;
Nq —N, =N~ &&n;
N, —N~ ——N, &&n;

TABLE I. Analytical results of the formation kinetics. The
following terminology is- used in the present paper.

I
Nq —N,

I &n;, lightly doped materials; Nq —N, =Nq»n;,
heavily doped, n-type materials; N, —Nq ——N, »n;, heavily
doped, p-type materials. n; is about 10' cm ' at the donor-
formation temperature.

(12)

Furthermore, since according to the KFR model, k 3

& k4[1], the maximum concentration is given by

[d [4]/dt](t =o) aD;[1] n;
aD; [1]4'
aD;[1] (n; /N, )™

IN„—N.
I

&n,
Nq —N, =Nq »n;

a Ng =Na »ni

[4] =(k3KiEz/k4)[1] n cc [1] (12') 3( bD; [1]) Entire range

Thus, the result (3) in Sec. II is derived naturally. There-
fore it is confirmed that the thermal-donor-formation ki-
netics on oxygen concentration can be well explained by
Eq. (10c) or (1 lc).

Next, let us derive the annealing-temperature and
dopant-concentration dependences of thermal-donor for-
mation. The annealing-temperature dependence results
from n (including intrinsic electron concentration),
k3KtKz, and k4 in Eq. (11c). The last two factors are as-
sumed to be expressed as follows:

k3KiÃ2 ——aDg,

k4 bD;, ——
(13)

(14)

where a and b are constants independent of annealing
temperature and D; is the diffusion coefficient of oxygen
interstitials. The dopant-concentration dependence results
from the electron concentration n in Eq. (11c). Thus the
unified equation for the formation kinetics of the thermal
donors are finally expressed as

n TD(t) = [4]=a/b[ 1] n ™[1—exp( bD; [1]t)], —(15a)

or

dnTD(t)jdt =d f4]jdt =aD; [1]n ™exp( bD; [1]t) . —

(15b)

The following derivation will be utilized in the next sec-
tion. According to Eq. (15a), the difference between max-
imum concentration and concentration at a certain time
are derived as

[4] —[4]=[4] exp( —kt),
k=bD;[1] . (16b)

t, =3/k =3/(bD; [1]) . (17)

Equation (16a) is identical to the equation derived in the
KFR model [the result (5) in Sec. II). When kt =3 in Eq.
(16a), [4] is nearly equal to [4]', since exp( —3) is 0.05.
Therefore, the saturation time t„which is defined as the
time required for attaining the dynamical equilibrium of
A4, is approximately given by

The analytical results derived from the above considera-
tions are summarized in Table I.

V. COMPARISON VPITH EXPERIMENTAL
OBSERVATIONS

In this section the theoretical derivations in Sec. IV
have been compared to the observed results, (2) and
(4)—(8), in Sec. II. The comparisons have been made by
multiplying the theoretically obtained thermal-donor con-
centration by the valence-electron number, except for
deep-level transient (capacitance) spectroscopy (Dl.TS) re-
sults, since the previously reported experimental results
were mostly shown in electron concentration added by the
thermal donors.

A. Annealing-temperature dependence
in lightly doped materials

In this subsection we will describe the annealing-
temperature dependence of the maximum concentration
[4]" and the formation rate of the thermal donors
d [4]/dt in the initial stage.

Figure 1 shows the theoretically calculated [by substi-
tuting t=oo in Eq. (15a)] and experimentally obtained
maximum concentration dependences of the thermal
donors in lightly doped mater'als (

I N~ —Na I & n, ) on an-
nealirig temperature. The experimentally obtained max-
imum (minimum) concentration of the thermal donors of
formation (decay) curve can be regarded as the equilibri-
um concentration of the thermal donors at a given tern
perature. Therefore, Fig. 1 includes the minimum-
concentration data at 590'C and after the donor-killer an-
nealing at 650 C. Hereafter, the maximum (ininimum)
concentration is referred as the equilibrium concentration.
In other words, Fig. 1 shows the solubility of the thermal
donors in silicon. It is clearly shown that the equilibrium
concentration versus the inverse of temperature gives a
linear relationship. The solid and dotted lines are the
theoretical calculation results in which m, the number of
valence electrons of A4, is equal to 2 and 1, respectively.
The best fit is obtained in the case in which the thermal
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FIG. 1. Equilibrium concentration of the thermal donors
versus the inverse of annealing temperature in lightly doped sil-

icon with an oxygen concentration of 1.0)&10" cm . These
data are replotted from the following papers: circles, Ref. 7;
bar, Ref. 15. Best fit is obtained when the thermal donors are
doubly charged (m =2) and a/b =5.5)&10 in Eq. (15a).

donors are doubly charged (m =2), and in which the value
5.5 X 10 is assigned to a/b This res.ult confirms that
the annealing-temperature dependence of the equilibrium
concentration of the thermal donors results only from the
temperature dependence of the intrinsic concentration of
electrons, as predicted from Table I. The activation ener-

gy is about 1.45 eV in this temperature range, which cor-
responds to Eg and the term T ~ in Eq. (8').

Figure 2 shows the theoretically calculated [by using
Eq. (16b)] and experimentally determined constant k [the
result (5) in Sec. II], versus the inverse of the annealing
temperature. The data in Fig. 2 were replotted from Fig.
5 of Ref. 3. In order to fit Eq. (16b), we must first substi-
tute the diffusion coefficient of oxygen interstitials at the
given donor. -formation temperatures of 400—600'C into
Eq. (16b). Fortunately, Stavola, Patel, Kimerling, and
Freeland have recently reported the diffusion coefficient
of oxygen interstitials in their dichroism experiment at
donor-formation temperatures. They measured reorien-
tation lifetimes in dispersed specimens at 1350'C, corre-
sponding to the following diffusion coefficient in the tem-
perature range 270—400'C:

D; =0.17 exp[( —2.54 eV)/kit T], (18a)

which is in good agreement with the extrapolated value
measured at higher temperature. Shown in Fig. 2 is the
calculation in which the diffusion coefficient, Eq. (18a), is
substituted into D;. The theoretical line is calculated w'ith

b [iri Eq. (16b)] equal to 5.0&&10 cm . The theory fits
the experimental data very well. The activation energy of

lo-'
la l4 l5 l6 !7

I/k&T (ev ')
I8

FIG. 2. Experimentally and theoretically determined rate
constant k in lightly doped materials. These data are replotted
from Ref. 3. Based on Eqs. (16a} and (16b), k is calculated by
substituting D; =0.17exp[( —2. 54 eV)lksT) (Ref. 20). The ac-
tivation energy is 2.54 eV for the data denoted by the solid line,
which is consistent with the reported values of 2.5—2. 8 eV.

k is equal to that of the oxygen diffusion coefficient, 2.54
eV, for the line, which agrees well with the experimentally
obtained values of 2.5—2.8 eV shown in the result (6) in
Sec. II. This confirms that the diffusion of oxygen inter-
stitials is responsible for thermal-donor formation. How-
ever, the value of the oxygen diffusion coefficient ob-
tained from the kinetics must be 2 orders of magnitude
larger than Eq. (18a), as pointed out by Kaiser et al Sta-.
vola et al. have reported fast reorientation observed in
as-provided specimens (preannealed at 900'C for 2 h),
which corresponds to the following diffusion coefficient:

D, =3.2&& 10 exp[( —1.96 eV) k/~ T], (18b)

which is about 2 orders of magnitude higher than Eq.
(18a) at the donor-formation temperatures. However, it
seems unlikely that this fast diffusion can fulfill the value
of the diffusion coefficient. of oxygen interstitials calculat-
ed from the thermal-donor-formation kinetics, since the
activation energy is inadequate [the result (6) in Sec. II]
and a good fit cannot be obtained in Fig. 2. Furthermore,
Fuller et al. explained that their specimens were dispersed
above 1200'C before donor-formation annealing. There-
fore, their experimental condition is similar to the condi-
tion where the oxygen diffusion coefficient, Eq. (18a), was
obtained. Hereafter, the diffusion coefficient, Eq. (18a), is
therefore employed in the present paper, although the
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problem concerning the oxygen diffusion coefficient still
remains.

Next, let us examine the initial formation rate. Figure
3 shows the initial formation rate of the thermal donors
calculated by substituting t =0 into Eq. (15b) with the ex-
perimental data. The data are obtained by dividing the
measured thermal-donor concentration by the examined
shortest annealing time, 5 h, appearing in Fig. 7 of Ref. 7.
Here we note that A4 is assumed to be a unique origin of
thermal donors. This assumption should be valid at least
at 450 C, according to the oxygen-concentration depen-
dence [result (1) in Sec. Il]. Therefore the constant a is
calculated by fitting at 450'C. The solid line is the theo-
retical calculation result, employing nz =2 and a
=2.8&&10 ' cm . Thus, a/b and b have been indepen-
dently obtained from the different sources in Figs. 1 and
2. Therefore, a can be obtained by simple calculation to
be 2.75&&10 ' cm, which compares favorably to that
value obtained above. The internal consistency in the
present model is very good. In serious contrast, no inter-
nal consistency was obtained in the case in which the
thermal donors are singly charged (m =1). The experi-
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~C
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O
C
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E IO'—
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R =exp(bD;t) (f =&x36oo) ~ (19)

Thus the initial formation rate is given by multiplying the
data in Fig. 3 by R. The data modified by the "correction
A" are shown by open circles. The data at temperatures
above 450'C agree well with the calculation shown by the
solid line. This indicates that the initial formation rate of
A4 is successfully derived from the present model above
450'C. However, the data at lower temperatures are still
higher than the calculated data, since correction A be-
comes negligible at temperatures lower than 450'C. It is

Annealing Temperature ( C)
600 500

10

t02-

Oxygen Concentration
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mental results shown in Fig. 3 are smaller in the higher-
temperature range and slightly larger in the lower-
temperature range than expected from the present model.
Let us show that the cause of the discrepancy is explained
in terms of the time-dependent formation rate in the
higher-temperature region and the contribution of the ear-
ly aggregates A2 and/or A3 in the lower-temperature re-
gion in the following. The calculated result for t, by Eq.
(17) is shown in Fig. 4. The experimentally obtained data
are plotted from Fig. 7 of Ref. 3. The data are in good
agreement with the calculation, which also shows that the
present model predicts the formation kinetics very well.
It is readily found from Fig. 4 that t, is shorter than 5 h
above 500'C. This indicates that the initial formation
rates experimentally determined around 500'C at 5 h have
been influenced by saturation of thermal-donor formation
and consequently underestimated. In order to obtain a
more rigorous formation rate in the initial stage, we have
made the following correction (correction A). Based on
Eq. (15b), the ratio R, the initial formation rate (t =0)
divided by the formation rate after annealing for 5 h
( t = 5)& 3600 sec), is given by
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FIG. 3. Initial formation rate of the thermal donors versus
the inverse of temperature. Triangles are from Ref. 7. Data are
obtained by dividing the measured thermal-donor concentration
at 5 h by the 5 h appearing in Fig. 7 of Ref. 7. The solid line is
calculated by using Eq. (15b) with a=2.8)&10 ' cm . Based
on Eq. (19), correction 2 is done for all data and the data
changed remarkably are shown as open circles. The dotted line
shows the theoretically determined initial formation rate of the
early aggregates A3, assuming that A3 is doubly charged and
the rate-determining diffusion coefficient is Eq. (18b).
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FICx. 4. Saturation time versus the inverse of temperature.
The solid ine is calculated by using Eq. (17). The experimental
data are replotted from Fig. 7 of Ref. 7.
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d[3]ldt=cD;[1] n "exp( dD;[—1]t),
with similar assumptions to those in the case of A4,

k2XI cD;,——

k3 =dD;,

k3[1])k

(20)

(22)

(23)

For simplification, the formation rate of A3 in the initial
stage is assumed to be equal to that after annealing for 5
h. En other words,

d [3]!dt=cD;[1] n (20')

The dotted line is calculated by substituting 2 into h, and
D„Eq. (18b), into D; in Eq. (20'), with c=2&&10
cm, and it agrees well with the data in this temperature
region. This suggests that the early aggregates are also

shown below that the enhancement below 433'C can be
derived under the assumption that the early aggregates,

ol c4 3 are the predominant thermal donors. In the in-
itial stage the early aggregates are not considered to be in
dynamical equilibrium, especially at low temperature.
Therefore, it is inferred that concentration of A4 is very
small and the early aggregates predominantly play the
role of thermal donors at temperatures lower than 433'C.
Assuming that Az is in dynamical equilibrium, A3 plays
roles in the low-temperature region. Based on Eq. (11b),
the formation rate of A3 is given by

doubly charged donors and the reaction is governed by the
fast-diffusion coefficient, Eq. (18b). Furthermore, the
oxygen-concentration dependence of the initial formation
rate at temperatures lower than 433'C will clarify wheth-
er A2 or A3 is the predominant thermal donor in this
temperature range. Kaiser et al. reported the appearance
of a nonlinear relationship in ln([4]* —[4]) versus anneal-
ing time observed at 433'C and 409'C in the initial for-
mation stage, as shown in Fig. 2 of Ref. 3. The nonlinear
relationship corresponds to the enhancement of the initial
formation rate observed in Fig. 3. The result of Kaiser
et al. just indicates the effect of the early-aggregate pres-
ence, whereas the present result discusses it on a quantita-
tive basis. However, some reports have suggested that the
early aggregates would be acceptors. ' It might be
premature to discuss this subject any further without de-
tailed experimental information. Experimental efforts
should be focused on the formation kinetics and the elec-
trical activity of the early aggregates.

B. Dopant concentration and annealing-temperature
dependence on heavily doped materials

Figures 5—9 show the calculated and experimentally
obtained dopant-concentration and annealing-temperature
dependences of the equilibrium concentration and the ini-
tial formation rate, calculated from Eqs. (15a) and (15b),
using the constants a and b determined in the preceding
subsection. As far as the thermal-donor concentration in
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FIG. 5. Equilibrium concentration dependence on dopant concentration. The data are replotted from the following reports: cir-
cles, Ref. 8; crosses, Ref. 14; asterisks, Ref. 9; squares, Ref. 7; stars, the present work. The data in heavily doped, p-type materials
agree well with the present model. The data are controversial in heavily doped, n-type materials, but the data {asterisks) indicating
strong reduction agree with this calculation.
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the heavily doped, p-type materials is concerned, the fit-
ting is quite nice, as shown in Figs. 5 and 6. A saturation
in the equilibrium concentration toward 5 && 10' cm in
the heavily doped p-type region in Fig. 5 is observed. It is
quite natural that no thermal donors are formed with
more than one-quarter of the initial oxygen-interstitial
concentration, since one thermal donor needs at least four
oxygen atoms in the case of A4. The present model indi-
cates that there should be a strong reduction in the
thermal-donor concentration in heavily doped n-type ma-
terials. (For example, the thermal-donor formation
should be almost entirely suppressed in the materials with
n-type dopant and of concentration 10' cm .) Howev-
er, the data in heavily doped n-type materials, as shown in
Fig. 5, are controversial. Figure 7 shows the experimen-
tally determined concentration dependence of the thermal
donors on dopant concentration. The thermal donors
were formed by 450'C annealing for 100 h, and the con-
centration was measured by DLTS on Au Schottky-
barrier diodes. As shown in Fig. 4, the thermal-donor
concentration extends to its equilibrium concentration.
Oxygen concentrations in these materials were (10—7)
& 10' atoms/cm and were 8 and 7&& 10' atoms/cm in
the n-type materials doped with more than 1&(10' cm
of dopant. It is clearly found that thermal-donor forrna-
tiop is suppressed with increasing n-type dopant concen-
tration. It can be said that the predictions by the present
model are verified with respect to the equilibrium concen-
tration of the thermal donors.

Figures 8 and 9 show the annealing-temperature and
dopant-concentration dependences of the initial formation

rate. It must be noted that experimental data of the initial
formation rate on heavily doped, p-type materials are
quite few and no data are available on heavily doped, n

type materials. The data in these figures are obtained by
dividing the thermal-donor concentration in Fig. 5 of Ref.
8 by 5 h. Correction A was performed. It is readily
found that the initial formation rates are enhanced in
heavily doped, p-type materials, as shown in these figures.
However, fitting does not appear to be very good in Figs.
8 and 9, in comparison with that in the previous figures.
The calculation is always smaller than the data. This may
result from the experimental error as follows. In heavily
doped, p-type materials, the concentration of the thermal
donors was determined by subtracting hole concentration
after annealing from that before annealing. It is easily un-

derstood that this procedure would result in a large mea-
surement error, especially in the initial stage because of
the small concentration of the thermal donors. As noted
above, there is serious experimental difficulty in the mea-
surement of the initial formation rate in heavily doped p-
type materials.

In summary, the present model explains results (1)—(8)
in Sec. II fairly well as follows.

(1) The equilibrium concentration dependences on an-
nealing temperature and dopant concentration are well ex-
plained. The suppression of the thermal donors is predict-
ed and experimentally verified in heavily doped, n-type
materials.

(2) The initial-formation-rate dependences on annealing
temperature and dopant concentration are well explained
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TABLE II. Results obtained by comparison of theory and experiment.

Quantity

Equilibrium
concentration

Thermal
donor Valency

Temperature
range
('C)

433 & T & 650

Dopant
concentration

range

Entire range

Initial
formation rate

A4
A3 orA,

T 0450
T &433

Lightly doped
No reliable data in
heavily doped
materials.

in lightly doped materials. The dependences in heavily
doped materials are not explained very well, which is
presumably due to some experimental problems.

(3) The aggregates A4 are concluded to be doubly
charged donors acting as primary thermal donors. The
early aggregates A2 or A3 are suggested to be doubly
charged donors acting as primary donors in the initial for-
mation stage in low-temperature annealing.

These results are summarized in Table II. Further experi-
mental efforts are expected to be made for making this
new model totally convincing, especially in the initial for-
mation rate in heavily doped materials and in the forma-
tion kinetics and electrical properties of the early aggre-
gates.

VI. DISCUSSION

A. Nature and formation kinetics of thermal donors

The physical nature of thermal donors is not clarified
in the present model. However, the present model strong-
ly supports that idea that the thermal donors are oxygen
aggregates, since the formation kinetics of the thermal
donors depending on oxygen concentration, annealing
temperature, and dopant concentration are satisfactorily
explained by the present model extended from the KFR
model. However, the largest problem in the models based
on oxygen aggregates still remains: The anomalously high
oxygen diffusion coefficient determined by the formation
and decay kinetics of the thermal donors, as already noted
by Kaiser et al. We have shown that the formation ki-
netics of A 4 cannot be explained without about a
hundred-times-higher oxygen diffusion coefficient with
the same activation energy, 2.54 eV, of "slow" oxygen dif-
fusion. In contrast, the formation kinetics of the early ag-
gregate A3 (or A2) can be explained by the fast-diffusion
coefficient with the activation energy, 1.96 eV, reported
by Stavola et al. Based on this result, we would propose
that the origin of the thermal donors are oxygen aggre-
gates, but that the diffusion of oxygen interstitials is
modified by some mechanism related to the point-defect
diffusion. We must conclude this discussion of the prob-
lem of diffusion modulation by introducing the fact that
both Goesele and Tan and Pajot et a/. have proposed
that oxygen molecules and Si=O molecules are fast-
diffusion vehicles for oxygen atoms and the thermal
donors, respectively. Further efforts are quite necessary.

The electronic nature of the thermal donors has not
been clarified yet. In other words, it was not clearly un-
derstood whether two well-known states, E, —0.07 eV
and E, —0. 15 eV, were produced by formation of dou-
bly charged donors or by formation of two independent,
singly charged donors. The present model clarifies, from
the kinetics information, that the therma, l donors are dou-
bly charged donors. Therefore it is indicated that these
two states are the ionized states of one thermal donor.
Recently, electronic transitions of the thermal donors has
been detected by infrared- (IR-) absorption measurements
at extremely low temperatures. ' ' ' The present result
is consistent with the interpretation of the IR-absorption
results based on the effective-mass theory. Furthermore,
at least nine transitions, presumably based on the different
donors, have been detected, and their intensity (concentra-
tion of each thermal donor) dependence on annealing time
has been obtained. One-to-one correspondence between
their electronic transitions and oxygen aggregates will il-
luminate the initial stage of oxygen aggregation and con-
tribute a clue toward solving the mystery of therrnal-
donor problems.

One cautionary note we wish to point out is that the
present model is still valid in the case in which aggregates
with more than five oxygen atoms are electrically active,
since Eqs. (6a)—(6c) are not changed by this modification.
It is assumed that the concentration of these (late) aggre-
gates with more than five oxygen atoms would be smaller
than that of A, .

Finally, we would like to mention the mechanism of
donor-killer annealing. Up to. now the mechanism has
been speculated on, but not understood. However, the
present model gives a satisfactory explanation for the
mechanism based on the solubility limit of the thermal
donors shown in Fig. 1. Further problems to be solved
are (1) the anomalous diffusion coefficient of oxygen in-
terstitials calculated from the formation kinetics, (2) the
suppression effect by carbon, and (3) the electrical activi-
ties and formation kinetics of the early and/or late aggre-
gates.

B. Thermal-donor formation during cooling
of crystal growth

The thermal-donor concentration in as-grown crystals,
i.e., the formation process during cooling of crystal
growth, will be predicted from the present model. In
lightly doped crystals the equilibrium concentration of the
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thermal donors is low since the annealing temperature is
high, as shown in Fig. 1. Therefore, the thermal donors
will begin to become visible at temperatures lower than
800'C, where the equilibrium concentration is about 10'
cm . The initial formation rate at this temperature is
extremely high (the saturation time is very short, as
shown in Fig. 4) and sufficient to attain the equilibrium
concentration in a short time. However, as the crystal is
cooled, the equilibrium concentration becomes higher, but
the formation rate lower. As a result, thermal-donor for-
mation ceases at a certain temperature. Thermal donors,
with a concentration of 10' cm, are often involved in
as-grown crystals with an oxygen concentration of 10'
cm . Their concentration is equal to the equilibrium
concentration at 550 C, where the saturation time is clear-
ly shorter than 1 h, as shown in Fig. 4. Therefore,
thermal-donor formation ceases at about 550'C in the
zeroth-order approximation. In contrast, the situation is
considerably different in heavily doped crystals. In heavi-
ly doped, p-type crystals, the equilibrium concentration
and the initial formation rate are strongly enhanced, as
shown in Figs. 5—9. Therefore, the onset temperature of
thermal-donor formation should be higher than 800'C
and the cessation temperature lower than 550'C, resulting
in the presence of a high concentration of thermal donors
in as-grown crystals. In heavily doped, n-type crystals,
the situation is totally opposite, and therefore the
thermal-donor concentration is lower in as-grown crystals
than in lightly doped crystals. For example, the equilibri-
um concentration of the thermal donors is calculated to be
only 1&&10' cm in crystals with n-type dopant of con-
centration 10' cm . Therefore, no thermal donors
should be actually observed in as-grown, heavily doped,
n-type crystals because of the detection limit.

C. Electronically enhanced defect reaction

Research on defects in semiconductors is now in a
period of heightened activity, throughout the world. Elec-
tronically enhanced defect reactions are now the most ac-
tive area in this research field. The electronic enhance-
ment effects are classified into three categories: Electric
field effect, charge-state effect, and recombination-
enhancement effect. As for the thermal-donor formation,
the first effect found to be manifested as the Poole-
Frenkel effect on the level of the thermal-donor state.
The charge-state effect has been quantitatively understood
by the present model, but the recombination-enhancement
effect is not reported since silicon devices do not utilize
recombination phenomena. In addition to thermal-donor
formation, dislocation-velocity enhancements reported by
Erofeev et al. and Patel et al. , ' and enhancement and
depletion of swirl defects and oxide precipitates reported
by deKock et al. , ' have been reported. However,
mechanisms for these phenomena are still known.

Now let- us consider the origin of the enhancement and
depletion of swirl defects and oxide precipitates. deKock
et al. have experimentally studied doping effects on
swirl-defect formation during crystal growth and found
that microdefect formation is suppressed by n-type dop-
ing and enhanced by p-type doping. They also have re-

cently reported that after 1000 C annealing the precipitate
density is lower in heavily doped, n-type crystals and
higher in heavily doped, p-type crystals. Pearce et al.
and Tsuya et al. have confirmed these results. Based on
the present model, an interrelationship between thermal-
donor formation and precipitation in silicon can explain
the enhancement and depletion phenomena as follows. I
consider it likely that the thermal donors, i.e., the aggre-
gates with two to four oxygen atoms, are "embryos" or
stable precipitates in oxide precipitate nucleation. Furth-
ermore, it must be emphasized that oxide precipitates can-

- not be nucleated without passing through the thermal
donors in homogeneous nucleation. In addition, it is well
accepted that the oxide precipitates are primary defects
and the other microdefects, such as stacking faults and
dislocation loops (including swirl defects), are secondary
defects nucleated at the precipitates. Therefore, it seems
likely that the densities of the oxide precipitates and the
secondary defects in as-grown crystals and annealed ma-
terials are eventually determined by the thermal-donor-
concentration in as-grown crystals and the concentration
before annealing, respectively, provided the homogeneous
nucleation is the predominant process in oxygen precipita-
tion in CZ silicon. As has been clarified in the present pa-
per, the thermal-donor concentration is strongly affected
by dopant type and concentration in heavily doped crys-
tals. Therefore it is predicted that these microdefect den-
sities in as-grown crystals or after annealing would be
considerably higher in heavily doped, p-type crystals
(N, —Xd »10' cm ) and lower in heavily doped, n
type crystals (Xd —X, »10' cm ), in comparison with
lightly doped crystals. This prediction is consistent with
the experimental observations noted above. In contrast,
deKock et al. and the other workers have often tried to
argue that these microdefect formations are related to in-
trinsic point defects, vacancies, and self-interstitials whose
concentration is assumed to change with dopant type and
concentration. They have inferred that the equilibrium
concentration of negatively charged self-interstitials
would be higher in heavily doped, p-type materials and
lower in heavily doped, n-type materials, which is the
same tendency of the enhancement and depletion of A
swirls (suggested to be interstitial-type dislocation loops)
as well as oxygen precipitation in heavily doped materials,
respectively. However, no direct evidence has been report-
ed to show that the concentration of these intrinsic point
defects is altered by doping level, nor that self-interstitials
favor a negatively charged state. It seems fair to say that
both possibilities should be carefully examined before the
anomalous precipitation phenomenon in heavily doped
crystals is quantitatively understood. -

VII. CQNCLUSION

The present model extended from the Kaiser, Frisch,
and Reiss model succeeds at giving a unified explanation
for the formation kinetics of thermal donors: oxygen-
concentration dependence, annealing-temperature depen-
dence, and dopant-concentration dependence. Most of the
formation kinetics are explained by assuming that the ag-
gregates with four oxygen atoms act as the thermal
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donors. The unified expression for the formation kinetics
1s
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APPENDIX A

The basic reactions for the formation of A2 +, Eq. (1),
are expressed as

0;+0;~~32, (A 1)

ngD(t) =[4]=(a/b)[O;] n [1—exp( —bD;[0;]t)],
where nrD(t) denotes the concentration of the thermal
donors; [4], the concentration of aggregates with four oxy-
gen atoms; 0;, the oxygen concentration, n, the electron
concentration; D;, the oxygen diffusion coefficient; t, the
annealing time; and a and b, constants. It is found, from
fitting the model with the experimental observations re-
ported previously, that

[nvD(t)].q= [41' "[O.]'n

[n&D(t)/dtl(~=o)=[d[4]/dtl(~=o) ~DI[O l n

where the subscript eq denotes equilibrium. The
annealing-temperature dependence reflects that of the dif-
fusion coefficient of oxygen interstitials and the intrinsic
electron concentration. The dopant-concentration depen-
dence results from the electron concentration determined
by the electrical-neutrality condition. The analysis indi-
cates that the aggregates with four oxygen atoms are dou-
bly charged donors, and suggests that the early aggregates
with two or three oxygen atoms are doubly charged as
well. It is confirmed that the early aggregates play an im-
portant role in the initial formation stage at temperatures
lower than 450'C in lightly doped materials. A new inter-
pretation is proposed for the anomalous phenomena of de-
fect formation in heavily doped crystals during cooling of
crystal growth and/or annealing, related to the enhance-
ment and depletion phenomena of the thermal donors in
as-grown crystals.

A 2~~&2++ e

~2+~~w, '++e - .
(A2)

(A3)

To simplify matters, assume that the valency of A2 is 2.
Similarly, Eqs. (2)—(4) can be expressed. The equilibrium
constants K, IC+, and IC + for Eqs. (Al) —(A3) is ex-
pressed by

If=[22]/[0;]
E+= [22+]n/[22],
X +=[A2 +]n/[A2+] .

(A4)

(A5)

(A6)

It can be seen from Table III in Appendix 8 that Fermi
level is always a few ksT lower lying below the energy
level of the thermal donors, E, —0.07 eV and E,—0.15
eV, except for the case of an electron concentration of
10' cm at 300'C annealing. In other words, the speci-
mens with an electron concentration lower than 10'
cm are saturated or in an intrinsic range during anrieal-
ing at temperatures higher than 300'C. Typical examples
have been shown using Hall-effect measurement. ' "This
means that E+ and K + are temperature-independent
constants, and A2 is completely ionized at the donor-
formation temperature,

0;+0;~~22 ++2e (A7)

Thus, basic reactions for the formation of A2s+, A3" +,
and A4 + can be written as Eqs. (1)—(4).

APPENDIX 8

Classical statistics, not Fermi-Dirac statistics, should be
used in the derivation of the temperature dependence of
the defect reaction we are concerned with. In other
words, the equilibrium constants in Eqs. (6a)—(6c) should
be constant at a given temperature and independent of
solute concentration. Now let us examine whether or not
Fermi-Dirac statistics may be approximated to classical
statistics in the present case. The criteria are
Ed Ef )ktt T and E, Ez )k& T, where —Ed, E~, and E,
denotes the donor level, Fermi level, and the bottom of the
conduction band, respectively, and kz is the Boltzmann
constant and T is the annealing temperature. These cri-
teria will be fulfilled when the annealing temperature is
reasonably high, the donor level is not too deep, and the

TABLE III. Ed —E~ dependence on the annealing temperature and carrier concentration in n-type
materials. E~ —Ez is always larger than k&T at the donor-formation temperature, except at 300'C and
at a concentration of 10' cm of n-type dopants. The values E,—E+ used are 0.07 and 0.15 eV, as re-
ported by Kimerling and Benton (Ref. 24).

Temperature
('C)

AT
{eV) 1018

Eg —EF (eV)
Electron concentration (cm )

1017 1016 1015 1014

300
400
500
600
700

0.049
0.058
0.067
0.075
0.084

0.04
0.09
0.13
0.18
0.22

0.15
0.22
0.28
0.29
0.29

0.27
0.32
0.33
0.31-
0.29

0.35
0.35
0.33
0.32
0.30

0.37
0.3S
0.33
0.32
0.30
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equilibrium concentration is not too large. The last two
factors are satisfied in the present case. However, the first
factor is not explicitly valid. Therefore, it might be neces-
sary to check it. As shown by DLTS measurements,
there are two states, E, —0.07 eV and E, —0. 15 eV, for
the thermal donors. Although these states become shal-
lower as the annealing time becomes longer, ' these states
are referred to as E,—0.07 eV and E, —0.15 eV in this
work. It is sufficient to check that the deeper states are
located sufficiently higher than the Fermi level. There-
fore, Ed can be considered to be E, —0.15 eV. It is readi-

ly understood that since E, —EF in p-type materials is
larger than half of the energy gap, the criteria are fulfilled
quite naturally. Table III summarizes the temperature
dependence of Ed E~—with carrier concentration in n

type materials. The calculated Ed —EI; value is always
larger than k&T, except for the cases of an electron con-
centration higher than 1 &( 10' cm at temperatures
lower than 300'C. It is therefore concluded that classical
statistics are applicable in the .present case instead of
Fermi-Dirac statistics, and that the analysis of the defect
chemistry with the law of mass action is valid.
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