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The dependence of the solubilities and diffusion coefficients of Mn, Fe, and Co on doping with B,
P, and As in Si have been studied by the tracer method. An enhancement of the solubility by up to
4 orders of magnitude has been observed for P concentrations greater than 5X 10'® cm 3 and tem-
peratures between 700 °C and 850°C. The enhancement is due to immobile substitutional 3d impuri-
ty atoms forming multiple-acceptor centers and pairs with P at those temperatures. By contrast, in
intrinsic and highly-B-doped Si, impurities on interstitial sites dominate the solubility, with the ex-
ception of Mn for T < 850°C. The interstitials act as donor centers resulting in a solubility enhance-
ment for high B dopings (T <900°C, [B] > 5X 10'® cm ) due to the singly positive charge state and
impurity-boron pairs. No evidence for a dependence of the diffusion coefficient on the charge state
has been found. The analysis of the solubility on the Fermi level shows that the donor levels of in-
terstitial Mn, Fe, and Co above 700°C abruptly shift towards the valence band with temperature.
This is the first experimental evidence that a point-defect configuration becomes unstable at high
temperatures in analogy to an instability of the Si self-interstitial conjectured by Seeger and Chick
[Phys. Status Solidi 29, 455 (1968)] 20 years ago. It is further proposed that the multiple-acceptor
behavior of substitutional Mn, Fe, and Co is due to a strong increase in the vacancy concentration
in highly-P-doped Si as compared with intrinsic Si for T < 850°C.
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I. INTRODUCTION

3d transition-element impurities in Si are characterized
by deep levels, low solubilities, and high diffusivities'?
compared to shallow donor and acceptor impurities. For
some of them (Cr,Mn,Fe) an interstitial diffusion mecha-
nism has been verified directly."> For Co, Ni, and Cu the
investigation of the dissolved impurity atoms is severely
hampered by a tendency of almost complete precipitation
during quenching because of their remarkably high
diffusivities coupled with low migration enthalpies.*”’
The latter property has been considered to be indicative
of interstitial diffusion.

Although there is a strong variation of the measured
solubilities going along the 3d row from Ti to Cu,! two
groups may be distinguished according to their formation
enthalpies AH, with respect to the silicon-richest metal
silicide: 3d-I (Cr,Mn,Fe,Co; AH,~2.1 eV) and 3d-II
(Ni,Cu; AH,~1.5 eV). It has been suggested' that 3d-I
J

e [M(—)]:[M(O)]:[M(+)]:[M(2+)] e

elements dissolve and migrate as neutral interstitial
species M%), 3d-1I elements as positively charged intersti-
tial species M "', and that the difference in the solution
enthalpies results from the electronic contribution of
M) However, with the exception of Cu,* up to now
charge states have always been determined at low tem-
peratures (T <350 K) and not at diffusion temperatures
(T > 1000 K). There is no well-established procedure of
how to extrapolate them to the diffusion temperature.
Moreover, for Co; and Ni;, the electronic structure is
known from theoretical calculations only.*°

According to Shockley and Moll,' possible charge
states of an impurity at the diffusion temperature may be
determined from the exponential dependence of its equi-
librium concentration on the Fermi energy. Whereas the
concentration of a neutral species, M'?), is independent of
the position of the Fermi energy, the concentrations of
the charged impurity species depend on the relative posi-
tion the Fermi energy, Eg, and the corresponding ioniza-
tion level, according to

= - exp[(Ep—G'"kyT]:1:exp[ (G T —Ep) /kpy T):exp[(G'*/ T+ G T2 —2E) /kgT] -+ - . (1)

E.—G["/(n*Dljs the standard chemical potential for ion-
ization from n to n +1. E_ denotes the conduction-band
edge, T the temperature, and k the Boltzmann factor.
In regions where the solubility is determined by one
charge state, this charge state can be calculated from the
slope of a plot of the solubility versus the Fermi energy.

41

r

Hall and Racette* concluded from the dependence of
the solubility and diffusion coefficient of Cu on the B con-
centration that, in intrinsic and B-doped Si, Cu is posi-
tively charged and dissolved predominantly on interstitial
sites at or below 700°C. In highly-P- or As-doped Si the
authors interpreted the strong solubility enhancement as
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being due to triply negatively charged substitutional Cu,
Cul®™).

A difficulty one encounters in applying the simple
analysis as used by Hall and Racette comes from neglect-
ing other impurity species. As has been pointed out by
Meek and Seidel,!! pairing of Cu, with P or As is quite
likely, questioning the identification of the charge state of
Cu,.

Our investigation had two aims: (1) to extend the in-
vestigation to Mn, Fe, and Co (3d-I group), and (2) to
take into account the problem of defect reactions in order
to extract high-temperature charge states of an impurity
species in regions of the Fermi energy where other
species of the same impurity might be present in much
higher concentrations. One example would be Cu; in
highly-P-doped Si, where the total concentration of Cu is
determined by Cu,, which outnumbers Cu,. However,
under those conditions a separation of mobile species, re-
sponsible for the transport, and immobile species which
determine the solubility, from diffusion profiles cannot be
accomplished for the most general case. We have ob-
tained a separation of impurity species from the analysis
of diffusion profiles using the assumptions that local equi-
librium between the various impurity species and intrin-
sic point defects is established [Assumption (A1)] and
that the influence of intrinsic point defects, which take
part in the transformation, between the different species
on the diffusion profiles can be neglected [Assumption
(A2)]. Concentration profiles are then expected to be
simple, i.e., they can be described by one effective
diffusion coefficient D 4:

D= [SDLIMLT [ @
a,n

The summation has to be extended over all impurity
species (a) and their charge states (n). Ci3
=3, n[MJ ] is the solubility with respect to the equi-
librium silicide which can be determined from the satura-
tion concentration or surface concentration of diffusion
profiles.

Cid and D4 are the two parameters directly accessible
from tracer-diffusion profiles. If the transport of the im-
purity by diffusion occurs by its interstitial species only,
Eq. (2) can be simplified further to

CI8D =3 D{"(M{" . ®

Note that if the interstitial species is neutral, C{3D ¢
does not change with a variation of the Fermi energy.

The consistency of Egs. (2) and (3) with experiments
will be demonstrated in Sec. III. We wish to point out
that especially the situation expressed in Assumption
(A2) is not always met experimentally. A well-known ex-
ample is the diffusion of Au in Si.!?"!* For this impurity
the concentration of Au, is assumed to be much larger
than that of Au;, even in intrinsic Si. From the analysis
of the Au diffusion profiles, it has been concluded that
the Au diffusion is controlled by the transport or the gen-
eration of intrinsic point defects which are needed for the
transformation Au;«>Au;.

Our new approach to analyze high-temperature charge
states of interstitial impurities is to measure the depen-
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dence of C{dD s rather than of C:3, alone, which pro-
vides a separation of the electronic properties of mobile
and immobile impurity species. It is obvious from Eq. (3)
that a measurement of the dependence of C{3D .4 on the
position of the Fermi energy yields information about
charge states of an interstitial impurity species indepen-
dent of other immobile species of the same impurity: The
slope In[C{3 D +(E)] is determined by the charge states
of the interstitial impurity species. A separation of
different immobile species can be accomplished by addi-
tional spectroscopic methods, such as, e.g., Mossbauer
spectroscopy or deep-level transient spectroscopy
(DLTS).

In this work results on the identification of impurity
species and their charge states above 700 °C are reported
for Mn, Fe, and Co. The Mn and Fe systems have the
additional advantage that the electronic levels of Mn;
(Refs. 15-18) and Fe; (Refs. 16, 19, and 20) at low tem-
peratures are well established, which is not the case for
Co; and Cu; (for a discussion of the literature data, see
Ref. 2): First, it has been one aim of this work to check
extrapolation procedures, which yield the energy-level
scheme of a point defect at high temperatures from the
values at low temperatures. Such extrapolations to high
temperatures have been common practice without any
real justification.

In this paper striking similarities between the 3d tran-
sition elements are reported: Mn,;, Fe;, and Co; intro-
duce a single donor level into the band gap of Si at
700°C. These levels shift towards and eventually merge
with the valence band between 900 and 1100°C. This be-
havior questions any extrapolation from low tempera-
tures and is indicative of a structural change of the point
defect. Secondly, from our analysis we propose that, in
highly-P-doped Si, Fe;, Mn,, and Co, are dominant be-
cause of acceptor states associated with those species.
From Mossbauer experiments it is concluded that a ma-
jor fraction of Co, forms pairs with P. Thirdly, we have
obtained first results on the charge-state dependence of
the diffusion coefficient D,, i.e., on the ratio D,” /D).

II. EXPERIMENT

Ingots of single-crystalline Si with several doping con-
centrations [float zone (FZ)—10'%-8x10" B-
atoms/cm?, 8 X 10'* P-atoms/cm?, etch-pit density (EPD)
of 0 cm™2, 1X10% P-atoms/cm?, EDP of <10* cm™%
Czochralski (CZ)—2X 10" As-atoms/cm?®, EPD of 0
cm™?] were cut into specimens of dimensions
11X11X(2-4) mm?, the large surfaces oriented along
(111) directions. After standard mechanical and chemi-
cal polishing, one or both large surfaces were plated with
the transition element under study by evaporation of a
mixture of the stable and radioactive chloride of the tran-
sition element dissolved in HCl. The following radioac-
tive isotopes have been used: *°Fe, **Mn, >'Co.

For temperatures above 900°C it was found"?® that a
thick layer of the metal is required to produce a well-
defined boundary condition for diffusion. In that case the
surface concentration is equal to the solubility of the
transition element with respect to its silicon-richest sili-
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cide. The high sensitivity of the tracer method enabled
us to extend the measurements of the solubility to a tem-
perature as low as 700°C. However, from diffusion ex-
periments on Co in intrinsic Si, Utzig and Gilles’ have
concluded that below 900 °C the formation of the equilib-
rium phase might not be completed for short diffusion
times (< 10 min). In most cases we have therefore chosen
an annealing time of about 1 d. An exception was
highly-B-doped Si because of the large observed diffusion
coefficient. However, the solubility changes by doping
with shallow impurities have been found to be much
higher than the changes caused by the kinetics of the sili-
cide formation.

The diffusion anneals were carried out in an Ar:H,
(93.5 vol %, 6.5 vol %) ambient in a vertical furnace and
terminated by quenching the specimens in diffusion-pump
oil. From comparisons with solubility and diffusion data
of samples plated by evaporation of a piece of metallic
Mn,? we have found no influence of the chloride on either
the diffusion or the solubility. To avoid any influence of
the side faces on the diffusion profile, cylinders with di-
ameters of 9 mm were drilled ultrasonically from the
diffusion specimens. The disks were then sectioned into
layers about 100 um thick by grinding on a jig. Concen-
tration profiles were obtained by counting the y activity
of the layers with a Ge y-spectrometer totally surround-
ed by a lead shield with a thickness of 100 mm and by
determination of the weight loss of the sample after each
grinding step on a microbalance. The activity was cali-
brated by reference sources supplied by New England
Nuclear (accuracy +5%).

For the analysis of experimental solubilities and
diffusion coefficients for charge states, the Fermi energy
was calculated using the Ehrenberg approximation in-
cluding the temperature dependence of the band gap,?'
the density of states being taken as N,=(5.3X10"
atoms/cm*)T3/2,22 and that of the valence band as
N,=(2.2X 10" atoms/cm?®)T*%.2 Furthermore, in the
charge-neutrality equation the shallow donors and accep-
tors were assumed to be totally ionized.

For Mdssbauer-effect investigations >’CoCl, (without
added inactive Co) was dripped onto the samples and the
evaporation residue acted as a diffusion source during the
annealing treatments. The Mossbauer spectra were
recorded on a conventional constant-acceleration drive in
transmission geometry with a K,Fe(CN)4-3H,O single-
line absorber containing 0.5 mg 'Fe. The full width at
half maximum (FWHM) is ¥ =0.41 mm/s [for the B-
doped sample a Na,Fe(CN)g-10H,O single-line absorber
with ¥ =0.355 mm/s was used instead]. Velocities are
quoted relative to the absorber. Before recording the
Mossbauer spectra, any residual Co on the surfaces and
silicide phases were removed.

III. RESULTS AND DISCUSSION
A. Diffusion profiles, diffusion coefficients, and solubilities

1. Mnin Si

The diffusion of Mn in Si has been measured as a func-
tion of the Fermi energy for 1038, 854, and 700°C. Some
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representative diffusion profiles are shown in Figs. 1(b),
2(b), and 3(b). The solubilities (®), as determined from
the extrapolated surface concentrations or average con-
centration of saturated specimens as a function of the po-
sition of the Fermi energy, are plotted in Figs. 1(a), 2(a),
and 3(a). The figures also show the values of
C{3D.s (O). Note that an increase of C:g, indicates the
introduction of at least one immobile Mn species, if
C:idD. s remains constant with a variation of the Fermi
energy [see, e.g., Fig. 3(a)] and of a charged mobile
species, if this product increases.
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FIG. 1. Solubilities and diffusion profiles of Mn in undoped,
B-, and As-doped Si at 1038°C. (a) The solubilities (®) and
products of the solubilities and diffusion coefficients (O) vs the
Fermi energy calculated from the diffusion profiles of (b). The
solid line represents a numerical fit by Eq. (6) to C{3D.4. The
values obtained in intrinsic Si have been obtained from a sample
diffused simultaneously with the B- and P-doped ones and are
consistent with the literature. (b) Concentration profiles after
in-diffusion from both large surfaces of the specimens, as deter-
mined by the radiotracer method. The depth x of each profile is
normalized with respect to the thickness 2a of the sample. The
annealing time was 50 min: ©, 2X10' B-atoms/cm?
2a =0.436 cm; O, 2X 10"° As-atoms/cm?, 2a =0.451 cm. The
solid lines represent least-squares fits to the solution of the
diffusion equation assuming time-independent surface concen-
trations.
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FIG. 2. Solubilities and diffusion profiles of Mn in undoped,
B-, and As-doped Si at 854°C. (a) The solubilities (@) and prod-
ucts of the solubilities and diffusion coefficients (O) vs Fermi en-
ergy calculated from the diffusion profiles of (b). The values in
intrinsic Si were obtained from a sample simultaneously diffused
with the B- and As-doped specimens. The solid lines represent
numerical fits by Eq. (6) to C3 D+ and of Eq. (5) to C{j, making
use of [Mn,]9=[Mn!”] in n-type Si. From the (fits,
G 0/+)'=G/%*) can be concluded, if [Mn{"’] <<[Mn{ "] holds.
The solubility in n-type Si is dominated by an immobile species.
(b) Concentration profiles after in-diffusion for 102 min from
both sides of the specimen, as determined by the tracer method.
The depth x of each profile is normalized with respect to the
thickness 2a of the sample. /A, 8X10' B-atoms/cm’
2¢=0.179 cm; O, 2X 10" B-atoms/cm?®, 2a =0.369 cm; O,
2X 10" As-atoms/cm’, 2a=0.374 cm. For the highest B con-
centration (A), the difference of the surface concentrations and
concentration gradients might be due to a variation of the B
concentration within the sample. A separate fit of the two parts
of the diffusion profile yields a value of C{D.q, which, for the
part of the profile with the higher surface concentration, is con-
sistent with the results determined for different Fermi energies.
For the left-hand part of the profile the surface concentration
and the value of C4,D. is expected for Si doped with 3X 10"
cm™>. Hence, the value of 8 X 10> cm ™3 in that material is cer-
tainly an estimation of lower limit for the solubility. The solid
lines represent least-squares fits to the solution of the diffusion
equation assuming time-independent surface concentrations.
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FIG. 3. Solubilities and diffusion profiles of Mn in undoped,
B-, and P-doped Si at 700°C. (a) The solubilities (®) and prod-
ucts of the solubilities and diffusion coefficients (O) vs the Fermi
energy. Except in P-doped Si, the solubility values represent
saturation concentrations. The solid line is a fit by Eq. (6) to
C%9 D4 In Si+8X10" B-atoms/cm’, C4D. 4 is an estimation
of lower limit due to the saturation of the sample. The total
concentration might also be larger because of a possible varia-
tion of the B content [cf. Fig. 2(b)]. In Si+10% P-atoms/cm’
the concentration of Mn was below the detection limit at a
depth larger than 100 um after an annealing time of 7 d. The
estimation of the diffusion coefficient of below 4X 107 !' cm?/s
implies the presence of an immobile Mn species, the concentra-
tion of which exceeds 10" cm™3. Note that, in Si+ 5.4 X 10'® P-
atoms/cm’® (Ep—E,=0.6 eV), C:4D is comparable with the
value extrapolated from high temperatures (horizontal dashed-
dotted line), although the solubility deviates from the extrapo-
lated value (horizontal dotted line) by up to 2 orders of magni-
tude. In intrinsic Si, [Mn, ]°¢ as measured by DLTS (A) is only
0.1-0.2 of the solubility. We presume that in intrinsic and n-
type Si the solubility is determined by Mn! ™’ (inclined dashed
line). (b) Concentration profiles after in-diffusion from one side
of the specimen, as determined by the tracer method. The
depth x of each profile is normalized with respect to the thick-
ness 2a of the sample. O, 5.4X10'® P-atoms/cm?, ¢t =1 d; O,
8 10" P-atoms/cm?, t =90 min.
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TABLE I. Impact of the doping with shallow impurities on the diffusion and solubility of Mn in Si. The diffusion coefficient of
Si+ 10% P-atoms/cm?® at 700°C (*) was estimated from the finding that no Mn was detected at a depth larger than 100 um after an-
nealing for 7 d. The diffusion coefficient and solubility in Si+8X 10" B-atoms/cm’ at 854°C (T) were determined from the right-

hand part of the diffusion profile shown in Fig. 2(b).

T=1038°C T =854°C T=700°C
Doping Ciax D.g Ci D Cix Dy
(cm™?) (cm™?) (cm?/s) (cm™?) (cm?/s) (cm 3 (cm?/s)

[P] =1Xx10% <4 X107 1*

[As]=2X% 10" 8.9 10" 1.68X107° 2.0x 10" 3.75%1077

[P] =5X% 10" 1.1X10"% (5+2) X107°

[P] =8Xx 10" 8.6 10" 2.49%X107° 8.9 10" 8.4x1077 3.0X10% (7+1) X1078

[B] =2x10" 8.9x 10" 2.08Xx10°° 3.1x10" 5.86X 1077

[B] =8x10" ~3%10" ~2.3%x1077

The following features are immediately obvious from
Figs. 1-3 and Table I.

(1) The solubility increases both for heavy n- and p-
type dopings; the effects are more pronounced at lower
temperatures.

(2) Heavy n-type doping reduces the effective diffusion
coefficient.

(3) In B-doped Si there is a dependence of the diffusion
coefficient to a much lesser extent than in n-type Si, such
that doping with B enhances C{, as well as C{3.D 4.

Above 900°C, Mn is dissolved predominantly on inter-
stitial sites."”> As can be seen in Fig. 1(a), the solubility
varies only slightly with B- or As-doping at 1038 °C. This
means that the dominant species, Mn,, is neutral at that
temperature, i.e., Mnﬁ»m. At 700 °C, however, the solubili-
ty in intrinsic Si exceeds an extrapolation from high tem-
peratures by 1 order of magnitude. At the same time the
diffusion coefficient is smaller than the extrapolated value
by a factor of 5 (Fig. 4). Therefore at this temperature
Mn!” is not the dominant species in intrinsic Si.

2. Fein Si

As for Mn, the solubility of Fe is enhanced for heavy B
and P dopings at 700°C [Fig. 5(a) and Table II]. Going
from the highest B doping to the highest P doping, the
diffusion coefficient varies by more than 3 orders of mag-

nitude. To relate these measurements to the diffusion
T (°C)
1100 900 700
16 1 1 1 1 1 1
10'°
1075 - o~
S < 106
— AN o
m o] - S =
g Y 3
- N
v o3 N
10~ 4 —
\ Ho7
\
1012“ \\
\
L T
1T (1677

FIG. 4. Temperature dependence of the solubility and
diffusion coefficient of Mn in undoped Si. The values above
900 °C were taken from Ref. 3.

coefficient of Fe;, which up to now has not been mea-
sured for 700°C, we calculated D; making use of a rela-
tion given by Weber:!

D =(1.3X10"3 cm?/s)exp[(—0.68 eV)/kT] .

This relation has been obtained from a fit to published
data in low-doped Si for two temperature regimes, one
around room temperature from the pairing and precipita-
tion kinetics of Fe;, and the other around 1200°C from
tracer measurements. Our value of D =1.7X 10" ¢ cm?/s
at 920°C obtained from out-diffusion experiments is in
good agreement with this relation.?* The extrapolation to
700°C (D; =4X10~7 cm?/s) is comparable with the value
in B-doped Si, but considerably larger than that in P-
doped Si. Young?® has shown that at high temperatures
this diffusivity has to be associated with Fe!”, since he
did not find any influence of doping with shallow donors
on the Fe solubility above 900°C. From an extrapolation
of his and Weber’s solubility data we obtained
[Fe!”199=10"" ¢m ~* and finally [Fe!”]®D® [see Fig.
5(a)].

Note that [Fe!”’]®9D? as calcualted from these extra-
polations agrees well with the value of C{}D 4, as mea-
sured for P-doped Si at 700°C. This means that the dom-
inant Fe species in heavily-P-doped Si immobile.

3. Coin Si

Some results of the solubility and the effective
coefficient of Co in B- and P-doped Si which have been
published previously?® are presented in Fig. 6 and Table

TABLE II. Impact of doping with shallow impurities on the
diffusion and solubility of Fe in Si at 700°C. In Si+10% P-
atoms/cm’ the diffusion coefficient and solubility were obtained
from a diffusion profile after annealing for 7 d. The concentra-
tion decreased from 8 X 10" to 2X 10'* cm 3 within 80 um from
the large surfaces of the specimen.

T=700°C
Doping Cfgt Dcﬂ'
(cm™3) (em™3) (cm?/s)
[P]=1X 10% (6+2) X 10" ~4x107"
[P]=8x% 10" 5% 10!
[B]=8X 10" 3% 101 2.4X107
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III. These data will be analyzed further considering a
possible charge-state dependence of the diffusivity of in-
terstitial Co. Furthermore, these data are needed to

demonstrate common trends in the properties of Mn, Fe,
Co, and Cu.

We have omitted the solubility data at 700 °C measured
in CZ-Si since we have reasons to suspect that oxygen
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FIG. 5. Solubility and diffusion data of Fe in Si for various
dopings with P and B. (a) Solubility (@) and the product of the
solubility and diffusion coefficient (O) vs the Fermi energy. In
Si+10?° P-atoms/cm’, an annealing time of 7 d has led to a
penetration depth of about 80 um, corresponding to a diffusion
coefficient of about 4X 10~ !! cm?/s. The surface concentration
yields 8 X 10'* cm 3. The value of C%.D ¢ in that material is in
agreement with a high-temperature extrapolation of
[Fe!®1°9D}® (dashed-dotted horizontal line). Using the value of
D!® (Ref. 1), the equilibrium concentration of Fe!” is 10'! cm ™3
(M). The solid lines are fits by Eq. (6) to C{3 D and Eq. (5) to
C¢9, with [Fe!”']*9=10'! cm ™3 fixed. The increase of the solubil-
ity in n-type Si is due to an immobile Fe species. (b) Concentra-
tion profile in Si+8X 10" B-atoms/cm?® after in-diffusion from
both large surfaces of the specimen (¢ =28 min, 2a =0.200 cm).
The depth x of the profile is normalized with respect to the
thickness 2a of the sample. The solid lines represent a numeri-
cal fit to the solution of the diffusion equation assuming
different but time-independent surface concentrations. These
small differences may be due to a variation of the B-
concentration [cf. Fig. 2(b)].
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FIG. 6. Solubility and diffusion profiles of Co in Si at 700°C
for various B and P dopings. (a) Solubility (@) and the product
of the solubility and diffusion coefficient (O) vs the Fermi ener-
gy. For the highest B doping the solubility might be less than
the value obtained from the extrapolated surface concentration
(factor=2.5) due to incomplete CoSi, formation during the
short annealing time (see Ref. 7). The value of CigD.s in
Si+10%° P-atoms/cm’ agrees well with the value of [Co{®']<D®’
estimated in undoped Si (dashed-dotted line). The value of Cg
in intrinsic Si is consistent with the literature (dashed horizontal
line). The solid lines are fits by Eq. (6) to C{3 D+ and Eq. (5) to
C%, yielding G "=~ G/®*). The concentration of Co, in P-
doped Si ( X) has been calculated from Mdssbauer experiments.
From the dependence of [Co,] on the Fermi energy, it is in-
ferred that Co; is at least twice negatively charged (inclined dot-
ted line). (b) Concentration profiles after in-diffusion from one
or both sides of the specimen. O, 10?° P-atoms/cm’, t =7 d,
2a =0.25 cm. The diffusion coefficient was calculated by a
least-squares fit of the complementary error function to the first
part of the diffusion profile (see Ref. 26). O, 8X19 B-
atoms/cm’, t =9 min. The solid line is a least-squares fit to the
solution of the diffusion equation assuming different but time-
independent surface concentrations. (The plot in Ref. 26 was in
error.)
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TABLE III. Impact of doping with shallow impurities on the diffusion and solubility of Co in Si at 700 and 800°C. In Si+8X 10"
P-atoms/cm? the value for the diffusion coefficient ( %), extrapolated from temperatures between 1100 and 900°C (Ref. 7), is about the
estimation of the lower limit determined from saturation experiments (Ref. 1).

T =700°C T =800°C
Doping Ci D CioDer Chot D 4 CoDen
(cm™3) (cm™3) (cm?/s) (1/cms) (cm™) (cm?/s) (1/cms)
[P]=1Xx10% 1.8 10" 2X107° 3.6X10° 4.5X10" 1.2x1077 5.4x107
[P]=8x 10" 4x10" 1.1X1075* 4.4%10° 5.1 10" 1.65X107° 8.4X 10’
[B]=8X%10" 1.5X 10" 2.25X107° 3.4x10’

precipitation leads to a reduction of the Co solubility in
n-type Si as compared to FZ-Si.?’ The solubility for the
highest B-doping concentration, as obtained from the
surface concentration of a diffusion profile, might have to
be corrected for incomplete formation of CoSi, indicated
by the vertical arrow in Fig. 6(a).

It has been shown that (1) there is no influence of B
and As on the solubility of Co above 900°C,?® and (2) C%
in intrinsic Si follows an Arrhenius-type law between 700
and 1100°C.! From these results it can be concluded
that Co!” is the dominant species in intrinsic Si above
700°C.

The results for Co plotted in Fig. 6 show the same
trends observed for Fe and Mn: Whereas the solubility
enhancement in n-type Si is pronounced and accom-
panied by a decrease of D, the latter is hardly affected
by doping with B. The experimental results are con-
sistent with Assumptions (A1) and (A2): The solubility
enhancement in P-doped Si at 700 °C by a factor of about
5000 is nearly exactly compensated by a decrease of the
diffusion coefficient to give the same value of C3D ¢ (cf.
Table III). At 800°C that solubility enhancement factor
is less than 3 orders of magnitude, but again the same
compensation is observed. Thus it can be concluded that
the transport is determined by the diffusion of the inter-
stitial species, which, in the case of Co, is neutral in in-
trinsic and n-type Si at 700 and 800 °C.

B. Results obtained from DLTS
and Mdssbauer spectroscopy

Comparing the data presented in the preceding section
for Mn, Fe, and Co, one notices common trends like the
dominance of the neutral interstitial species at tempera-
tures above 900 °C, a strong increase of the solubility with
B and P doping at 700°C, a simultaneous decrease of the
diffusivity with P doping, and the agreement of the mea-
sured values of C{3D s with the extrapolated values of
D!Y[M/?]9. Hence we presume that similar atomic and
electronic configurations of these elements determine
CiA(Ep). These similarities also extend in part to Cu. In
order to get a more detailed picture of the species in-
volved in the solubility enhancement in B- and P-doped
Si, we have used Modssbauer spectroscopy of Co to
discriminate the various species by their s-electron densi-
ties and field gradients, as well as DLTS to detect Mn-
related deep levels in addition to Mn;. In what follows
we shall summarize arguments that in P-doped Si M, and

M P and in B-doped Si M;B pairs significantly influence
the solubility of transition-metal impurities below 900 °C.

1. M, in intrinsic Si and M; and M, P in P-doped Si

As for the existence of an immobile substitutional
species in P-doped Si, good evidence is furmished by
Maossbauer spectroscopy of >’Co: Two new species have
been found in Si doped with 10%° P-atoms/cm?® which
transform reversibly into each other upon annealing be-
tween 600 and 900 °C [Figs. 7(a) and 7(b)]. The single line
arising from a species with a cubic environment has been
assigned to Co, due to the low diffusivity of that species
(<2X107% cm?/s). The existence of a field gradient and
the reversible transformation to Co, are strong argu-
ments for an identification of the quadrupole doublet as
Co,P. It remains unclear how many P atoms are actually
involved in the pair with Co. The concentration ratio of
the two species shows an Arrhenius-type behavior [Fig.
7(c)] and yields a binding energy for Co,P of 1.5+0.1 eV.
The total Co concentrations at 700 and 800 °C have been
decomposed into [Co,]* and [Co,P]®? and are shown in
Fig. 8.

For Fe the variation of the solubility and the diffusion
coefficient with the P doping at 700°C is similar to that
found for Co, so that we propose the dominance of Fe
and Fe,P in Si+10% P-atoms/cm®. We have no direct
evidence for the existence of two such species though.

For Mn a P doping of 5X 10'® atoms/cm? significantly
enhances the solubility at 700°C (see Table I), which is
not accompanied by a corresponding change of C{g.D .
This implies an immobile species to be responsible for the
solubility enhancement in P-doped Si. There is some in-
dependent evidence from DLTS measurements that Mn;
is already the dominant species in intrinsic Si at 700 °C.
(i) The electrically active concentration of Mn; is only a
fraction (0.1-0.2) of the solubility as measured by the
tracer method. (ii) After in-diffusion of Mn at 942 °C for
36 min, in addition to the two well-established DLTS
lines of Mn; in n-type Si, one line (L3) has been found,*
the concentration of which is proportional to [Mn;]
throughout the diffusion profile (Fig. 9). Lemke has
found two defects associated with Mn, whose emission
rates are comparable with that measured for line L3 (Fig.
10): Mn;B (Ref. 29) and a line which arises after co-
diffusion with Cu and has been attributed to Mn,.* We
can exclude Mn;B since its concentration would be much
too high for the specified residual acceptor concentration
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(below 4X 102 cm™3).
attributed to Mn;.

Therefore, the DLTS line L3 is

2. M; and M;B in B-doped Si

The solubility enhancement of Mn, Fe, and Co [and Cu
in B-doped Si (Ref. 4)] could result from M), M{™,
and also from their pairs with B, especially M;B.
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FIG. 7. Simultaneous fit of Mdssbauer spectra of *’Co in
Si+ 10%° P-atoms/cm’ by a single line (SL) with a line position
v =—(0.45%0.01) mm/s and I'=0.78 mm/s, and a quadrupole
doublet (QD) with v =—(0.11£0.02) mm/s, [=0.64 mm/s,
and a splitting AE,=0.79 mm/s. (a) After annealing at 700°C,
7 d and 900°C, 5 min: amplitude 4 =7.2% (QD), 4=15.3%
(SL). (b) Same as (a) and an additional annealing at 600°C, 30
min: amplitude 4=16.6% (QD), 4=0.4% (SL). The transfor-
mation of the quadrupole doublet into the single line is reversi-
ble. The resonance area remains constant indicating equal
Debye-Waller factors of the two species. (c) Concentration ra-
tio of the two corresponding Co species vs the temperature cal-
culated from the resonance areas of the Mdssbauer spectra. The
fit yields Cop /Cs. =(4.2X 10~ T)exp[(1.5 £0.1eV) /k, T].
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FIG. 8. Temperature dependence of the concentration of the
immobile Co species in Si+ 10% P-atoms/cm?’ associated with a
single line [Co,(®)] and a quadrupole doublet [Co,P (O )] in the
Mossbauer spectra. For comparison, the concentration of Co!”’

is shown as well, as given by the solubility in intrinsic Si.

We have applied Mossbauer spectroscopy to study Co
in highly-B-doped Si, but—as we will show below—have
not found any detectable amount of Co,, so that Co}*’
and Co;B must be the relevant species. We, further, have
used known data of the pairing reactions of Mn{"’ and
Fe!*’ with B to estimate the fraction of pairs at 700°C to
conclude that they can actually dominate the solubility
for the highest B content.

Figure 11 presents two Mossbauer spectra of Co in
Si+8X 10'° B-atoms/cm? after in-diffusion of Co at 1200
and 700°C. The position of the resonance lines in both
spectra are characteristic of Co;B. Small differences
compared to the spectra of Bergholz®' are caused by the
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FIG. 9. Concentration profile of the defect associated with
DLTS line L3 (O, the satellite line in Ref. 3) after diffusion of
Mn in Si+8.5X 10 P-atoms/cm® at 942°C for 36 min. The
major fraction is interstitially dissolved as measured by the asso-
ciated DLTS lines Mn{®’*’ (0) and Mn{~ /"’ (@). The concen-
tration corresponding to L3 is proportional to [Mn,]
throughout the diffusion profile.



5778

4 MnB

=]
1
\z
5
m

T T

Te (s)
S
lN
T

PN

T T ™ T
4 L. . D
T (10°K™)
FIG. 10. Comparison of the thermal-emission rate of DLTS

line L3 (O) with those associated with Mn,B (Ref. 28) and Mn;
(Ref. 29) (solid lines).

much higher B concentration and are planned to be dealt
with in a forthcoming paper.’? At 1200°C all Co is dis-
solved interstitially even for this high B concentration.
Our experiment thus demonstrates that also at 700 °C all
Co is on interstitial sites either isolated or paired with B.
Since complete pairing of Co; with B occurs during cool-
ing and at room temperautre, the Mossbauer spectra
recorded at room temperature, in general, do not reflect
the fraction [Co;B]/[Co,] at the diffusion temperature.

It is to be expected that the presence of pairs of inter-
stitial impurities and B affects the diffusion coefficient in
the same manner as substitutional impurities do in P-
doped Si: Local equilibrium between M; and M;B has
been found to be established even near room temperature
as long as M; is mobile. Since B is a slow-diffusing
species compared to the interstitial transition elements
[D(B(700°C))=~10"'8 cm?/s (Ref. 33)], M;B can be re-
garded as immobile. Its influence on the diffusion can
then be described by an effective diffusion coefficient:
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FIG. 11. Mdssbauer spectra of ’Co in Si+8X10" B-
atoms/cm® for annealing temperatures of 700°C, 15 min and
1200°C, 30 min, respectively. Both spectra are characteristic of
Co,B pairs and show evidence that Co, does not contribute to
the solubility in B-doped Si.
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The formation of pairs between Fe; and Mn; with B near
room temperature is well established by electron
paramagnetic resonance** (EPR) and DLTS.!%1%28 For B
concentrations up to some 10'6 cm ™3, the law of mass ac-
tion is obeyed:

[M,BO1/((M{*][B" ') =K exp(E, /k;T) ,

with a binding enthalpy of E, =0.65 eV for Fe;B (Refs.
15 and 34) and 0.5 eV for Mn;B (Ref. 29). Extrapolation
of this relation to 700°C and B concentration of 8 X 10"
cm 3 yields a ratio [M;B'©]/[M*’]=4 for Fe and Mn.
This indicates that for very high B concentrations the
solubility can be affected by this pairing reaction at
around 700°C.

C. Fermi-level dependence of the concentrations
of the interstitial and substitutional impurities

1. Analysis of C3 and C{3D 4

According to the evidence we have presented above for
Co, Fe, and Mn, the following species have an influence
on the solubility and diffusivity of these elements:
M!%, M;B'”, and possibly their positively charged
species in B-doped Si, M, ~’, and M,P'?, and possibly the
negatively charged defects M2~ and M,P'~’. For Co a
significant contribution of Co{*’ to the solubility has
been excluded by Mdssbauer spectroscopy. In this sec-
tion we present an analysis of C{}(Ep) and C{D. 4 in
terms of the charge states of the interstitial species. It
will be shown that two mobile species, M’ and M\?,
are required to describe our solubility and diffusion data.
Under this assumption the equilibrium concentration of
the interstitial species is given by

[M;179=[MV]9+ [ M)
=[M19{ 1+exp[ (G V) —E)/kT]} . (5)

Since only the interstitial species are expected to con-
tribute to the diffusion, we can write, in addition,

CE8 Doy Ep)=[M[*1D(+[M}* D"’
=[Mi(0)]qui(0){ 1+CXp[(G ;0/+)

—Ep)/kgT1},

G =G +kyTIn(D{* /D) . ©

The analysis of CidD.4(Er) can give two additional
pieces of information.

(1) If species other than the interstitial ones do not con-
tribute to the solubility, i.e., if [M;]°9=C:3, the compar-
ison of G {*/*) and G!%/* yields D; ' /D'”.

(2) If [M; ]°9%C3, charge states of the interstitial im-
purity are obtained even when the solubility is deter-
mined by a different species. Additional spectroscopic
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methods are then required to separate the different
species involved. By measuring the dependence of the
diffusivity and solubility on the Fermi energy, the simul-
taneous presence of species of the same charge state can-
not be separated, e.g., M) and M*). It is then possible
that to some extent a higher diffusion coefficient for M, ™’
is compensated by a contribution of M{*’ to the solubili-

ty:
Deg=[M{"'1D{* /(M P19+ [M{T*) < D[P . (7)

In the following we shall discuss the conclusions for Mn,
Fe, and Co that can be drawn from such an analysis of
the solubility and diffusion data.

2. Interstitial Co and Fe in Si

From the validity of Eq. (2) for Fe and Co [cf. Figs.
5(a) and 6(a)], it follows that at 700°C their interstitial
impurities are mainly neutral for the Fermi level in the
upper half of the band gap and have no acceptor levels
within the band gap. For B-doped Si our results show
that the solubility at 700 °C increases by up to a factor of
40 for Co and a factor of 60 for Fe, whereas the diffusion
coefficient decreases by up to a factor of 2 (Fe) or 4 (Co).
This shows the existence of Co!*’ and Fe!'), i.e., of a
deep donor state at 700°C. From the slope of
In[C{3 (Er)] measured in the lower half of the band gap
one derives a single positive charge state of the dominant
species [cf. Figs. 5(a) and 6(a)].

In the case of Co that dominant species is Co}*’ since
Co; and Co;B have been shown to be the only species in
B-doped Si. From a fit of Eq. (6) to our data of C{3D 4, a
value for G {%/*) is obtained which agrees within the lim-
its of error with G/°/*), as obtained from a fit of Eq. (5)
to our data for C¢%(Er). This implies that D1/
D!9=1.0+0.4.

For Fe in B-doped Si the slopes In[C{}(Er)] and
In[C{3D 4(Er)] coincide and are caused by a single posi-
tively charged species. If it is Fe!™’ only, we obtain
G {“*)=G{**) and arrive at the same estimation for the
charge-state dependence of the diffusion coefficient as in
the case of Co. This estimation is also consistent with ex-
perimental findings near room temperature.’® However,
if Fe!™) contributes to the solubility appreciably, which
we cannot exclude on the basis of our present experimen-
tal results, the charge-state dependence of the diffusion
coefficient is given by

D!t /D9 =~1+[Fe{t']d/[Fe{* '] . (8)

3. Substitutional Fe and Co

The analysis for the substitutional impurities of Fe and
Co is restricted to Fermi levels quite close to the
conduction-band edge, where the concentrations of Fe;
and Co; are only a small part of the solubilities. The
dashed line in Fig. 6(a) shows [Co,] if Co, is doubly nega-
tively charged. However, due to the lack of data for P
concentrations between 5X10'® and 10%° cm™3 a higher
charge state of Co, cannot be excluded. The data of
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Cio.(Ef) for Fe in P-doped Si would yield an at least tri-
ply negative charge state for Fe;, but a smaller one if
Fe P contributes appreciably to the solubility.

4. Interstitial Mn

For Mn in Si the product C{3D 4 has been found to be
independent of the Fermi level in intrinsic and n-type Si
at 854 and 1038°C. Since, as has been shown previously,
C (T >900°C)=[Mn;]*, Mn!® must be the dominant
species above 900°C. The simultaneous increase of c¢
and C{d D with increasing B concentration shows evi-
dence of a donor level of Mn; at 854°C. Taking into ac-
count the hypothetical existence of Mn!*’, the same con-
clusion for a charge-state dependence of the diffusivity as
for Fe can be drawn from the agreement of G /"’ and
G{®*) [cf. Eq. (8)]. The drop of D with increasing B
concentration points to an additional immobile Mn
species, possibly Mn;B (see Sec. ITII B 2).

5. Substitutional Mn

Comparing C{3D s at 700°C for intrinsic Si and for
Si+5X 10'® P-atoms/cm?’, one finds that the increase of
the solubility with P doping is more than compensated by
a decrease of the effective diffusion coefficient. According
to the DLTS data, [Mn,]*9=0.1C¢ in intrinsic Si and,
consequently, less than that in the P-doped sample. We
suppose that Mn! ™’ dominates the solubility at 700 °C not
only for highly-P-doped material, but already for intrin-
sic Si. The variation of the solubility of this species with
the Fermi energy is indicated in Fig. 3(a) by the inclined
dashed line.

6. Electronic instability of interstitial metallic impurities

Figure 12 presents the temperature dependence of the
modified donor levels, G {*/* (open symbols) and G{*/*’
(solid symbols), for Mn;, Fe;, and Co;. The values of Fe
at 900 and 1000 °C ,* as well as those for Co at 800 and
900°C,?" were derived from a fit to C{%(E) and present
upper values for the donor levels. Note that for Co we
have found G\’ *'=G{*/*".

As can be seen from Fig. 12, a sharp drop of G {*/7(T)
or G/%*)(T) occurs for all three elements. For Fe; the
value of G {*/*’ at 700°C coincides rather well with the
value at low temperatures, which can be calculated from
DLTS results of the thermal-emission rate and the tem-
perature dependence of the capture coefficient.® As a
measure of the donor-level shift within the band gap, the
ionization entropy AS%/*)(...,...)=3G%"' /3T will
be used. The ionization state of the donor, which is
reached by the transition, and the emitted carrier has to
be inserted in (...,...). The ionization entropy for
electron-hole generation in the high-temperature region
is AS(e™,e”)=5.1kp, while it is about 2.4k at room
temperature.?! Van Vechten and Thurmond®’ have ar-
gued that for interstitial impurities AS!%"(M/*),e™)
~AS(e™,e9, or, equivalently, AS,-(O/+’(M,»(O’,e+)zOkB.
This prediction cannot be confirmed for Fe; in the low-
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FIG. 12. Temperature dependence of G ("’ (open symbols)
and G{®’*’ (solid symbols) of Mn; (0), Fe, (0), and Co, (A)
within the band gap of Si. The values for G {*’*’ were found to
be upper limits for G®/*'. The values for G{°/*’ above 700°C
determined from solubility measurements are upper estimates
due to the neglection of M*’ or due to the fact that no varia-
tion of the solubility with the Fermi energy was found (Ref. 27).
For comparison, the single donor level of Fe, and its tempera-
ture dependence at low temperatures (short horizontal line, cal-
culated from Ref. 20) as well as the ionization enthalpy at 0 K
are added, as measured by DLTS and Hall effect. The solid line
in the high-temperature region shows the dependence of G°/*’
on the temperature, as expected for a defect with an ionization
entropy of AS /kg=13.

temperature region, where from DLTS measurements
AS%/*)Y(Fel”,e ™) values of about 2k, (Ref. 20) can be
derived. Due to the small temperature interval, this
discrepancy should not be taken too seriously. However,
including our results of the donor levels at the diffusion
temperature, we can exclude that the donor levels are in-
dependent of the temperature with respect to the valence
band. For the highest temperatures investigated, it can
be concluded that the donor levels for all three impurities
are close to the valence band. Note that this conclusion
does not depend on the charge-state dependence of the
diffusion coefficient.

A clear picture for the temperature dependence of the
donor levels between room temperature and diffusion
temperatures cannot be established from the present re-
sults. Assuming G {*t’=G/*) for Mn and Fe, the
donor level of Fe; is constant up to 700°C, whereas for
Mn it follows parallel to the conduction band. Obvious-
ly, above 700 °C the sharp drop of the donor levels cannot
be related to a simple extrapolation of low-temperature
results. Above 700 °C the bending of the donor levels to
the valence-band -edge results in an ionization entropy

S‘O/H(M(O’ *) for Mn, Fe, and Co larger than 10ky.
AS‘O/ +’(M *) e 7) changes sign and becomes negative.
In order to develop a model for the temperature depen-
dence of interstitial deep donor levels, measurements of
AS; 0/+) extending to a broader temperature range near
room temperature and measurements of the high-
temperature donor levels below 700 °C have to be provid-
ed.

IV. SUMMARY AND CONCLUSION

We have studied the solubility and diffusion of Mn, Fe,
and Co in Si as a function of temperature and doping
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concentration. The analysis of these data has led us to
the following conclusions.

(1) In highly-P-doped Si ([P] >5X 10'® atoms/cm?) and
sufficiently low temperatures (7 <900°C) the substitu-
tional species of the investigated elements and their pairs
with P are dominant. These substitutional species, unlike
the interstitial species, introduce one or more acceptor
levels into the band gap. The diffusivity of the transition
elements in P-doped Si is slowed down by a factor
[M/©1°9/C%,. This means that the substitutional species
do not noticeably contribute to transport by diffusion.

(2) The increase of the solubility in highly-B-doped Si
at 700°C relative to intrinsic Si is caused by the singly
positively charged interstitial species of Fe, Co, and prob-
ably Mn. The diffusion coefficients are comparable with
those in undoped Si. Small differences may be due to a
pairing reaction of the interstitial 3d atoms with B.

(3) The donor levels of Mn;, Fe;, and Co; as a function
of temperature shift towards and merge with the valence
band above 700°C. To our knowledge this finding
presents the first direct evidence that a point-defect
configuration becomes unstable at high temperatures. As
a consequence, one has to consider two atomic and elec-
tronic configurations associated with the same impurity,
one realized at low temperatures (7 < 700°C), the other
at high temperatures. There is no simple way of extrapo-
lation from one configuration to the other.

(4) The diffusivity of Co; around 700 °C has been found
to be independent of the charge state.

Table IV gives a summary of the different 3d
impurity-related species found at 700°C in Si doped with
B, intrinsic Si, and Si doped with P. For comparison, the
interpretation of the Cu data, as given by Hall and Ra-
cette, is shown as well. The differences observed in in-
trinsic Si are due to the different positions of the deep im-
purity levels. In B-doped Si the contribution of
impurity-boron pairs to the solubility could not be
separated accurately from that of M/™), but at 700°C
both concentrations seemed to be of about the same value
for the highest B doping. In contrast, about 90% of Co,
is found paired with P at 700 °C and the highest P doping.
From the overall similarities of the electronic properties,
we suppose that for all 3d elements listed in Table IV
these kinds of pairs present an important contribution to
the solubility in n-type Si at and below 700 °C, which also
explains the different values of the solubility of Cu in P-
as compared to As-doped Si.*

TABLE 1IV. 3d impurity-related species found in B-doped,
P-doped, and intrinsic Si at 700°C. Identified species are print-
ed in bold. The Cu data represent the interpretation as given by
Hall and Racette (Ref. 4). The charge state of M, is n > 2, with
the exception of Mn in intrinsic Si (n > 1).

T =700°C
Si:B Intr. Si Si:P
Mn Mn{*’ Mn,B Mn{®, Mn{~" Mn!™", Mn{~"P
Fe Fe!{*), Fe,B Fe!” Fe!™™, Fe.""P
Co Co{*), Co,B Co{® Col™™, Co!{~™P
Cu cu{*) Cu{* Cu~¥
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Two final remarks concerning the point-defect instabil-
ity and the intrinsic point defect that is involved in the
reaction between the interstitial and substitutional species
of the impurity are in order.

(1) Twenty years ago Seeger and Chick>® proposed an
instability of the self-interstitial in Si in order to account
for the large preexponential factor of the Si self-diffusion
constant. From high-temperature diffusion data they es-
timated an entropy of (13-15)kg, which they attributed
to a spread of the self-interstitial over several atomic
volumes at high temperatures. The authors further pro-
posed that a transition from the high-temperature to a
more localized low-temperature configuration occurs at
around 900°C. This is roughly what we observed for
Mn,;, Fe;, and Co;. Following their considerations, one
would expect a change of the solution enthalpies for Mn,,
Fe;, and Co; when going below 700 °C, and, possibly, if at
all, a minor change of the migration enthalpies. First ex-
periments to determine solubilities below 700 °C failed be-
cause of unclear boundary conditions. As far as migra-
tion enthalpies are concerned, it has already been men-
tioned in Sec. III A2 that for Fe; the high- and low-
temperature values do not differ noticeably.

(2) It has been argued that self-interstitials and vacan-
cies introduce deep levels into the band gap at high tem-
peratures. In intrinsic Si the Au diffusion was found to
be controlled by the creation and transport of intrinsic
point defect. In P-doped Si, however, from our model of
the Co and Fe diffusion it is inferred that their influence
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is rather small. Hence, in the P-doped material there
must be either efficient trapping centers for the Si self-
interstitials or a strong enhancement of the vacancy con-
centration as compared with intrinsic Si. It has been
shown recently?’ that an increase of the self-interstitial
concentration due to the precipitation of oxygen during
annealing of CZ-Si doped with 10 P-atoms/cm’® at
700°C leads to a decrease of [Co,] by about 1 order of
magnitude at 700°C. The diffusion profile can still be de-
scribed assuming a homogeneous distribution of intrinsic
point defects in the specimen. This strongly favors the
idea that the vacancy is responsible for the transforma-
tion M; — M in P-doped Si and means that our measure-
ments are indicative of a vacancy acceptor level at 700 °C.
The similarity of the substitutional 3d atoms then might
have a simple explanation: They form vacancylike states
which determine their electronic structure at the
diffusion temperature.

Finally, we wish to point out that similar properties for
GaAs and Ge are quite likely, since Hall and Racette*
found a strong increase in the Cu solubility for heavy n-
type doping which suggests that this will also be the case
for other 3d-impurity elements in GaAs and Ge.
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