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Radiation defects in ion-implanted silicon. I. Mossbauer spectroscopy
of "Sn defect structures from implantations of radioactive antimony
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Impurity-defect structures in silicon containing " Sn have been studied by Mossbauer spec-

troscopy. The defects have been created by isotope-separator implantation of radioactive " Sb+

ions at room temperature. Emission spectra of the 24-keV Mossbauer y radiation from the

daughter " Sn have been measured. The Mossbauer spectra are analyzed in terms of four in-

dependent lines. These lines are characterized by the measured isomer shifts, linewidths, quad-

rupole splittings, and Debye-Wailer factors. From these parameters, difTerent bonding config-

urations are deduced for the Sn impurity atoms. Thus, the lines are assigned to emitting Sn

atoms as substitutional impurities and as atoms in more complex impurity-defect structures.
The formation of the impurity-defect structures in the implantation process (and their annealing

behavior) is controlled by properties of the antimony atoms, whereas the measured Mossbauer

parameters reflect the response of the Sn daughter atoms in these structures. It is concluded

that a large fraction of the Sn atoms occupy locally undisturbed, substitutional lattice sites [with

an isomer shift of 5=1.83(6') mm/s and a Debye temperature of 8=220(20) K]. A minor

fraction is in interstitial lattice positions [5=3.3(1) mm/s, (9=240(30) K]. Two other lines

[5=2.6(1) mm/s, AE~ =0.3 mm/s, &0=160(20) K, and 5=2.6 mm/s, 8=250(40) K] are at-

tributed to vacancy associated Sn impurity atoms. Rough annealing experiments show annealing

of the Sb impurity vacancy complex (with 8=160 K) between 700 and 900 K. The other
impurity-vacancy structure (8=250 K) is only formed after high-temperature treatment of the

sample (+1200 K). The interstitial fraction increases with annealing temperature.

I. INTRODUCTION

Ion-implantation techniques by means of mass
separators have been utilized as a doping method in

semiconductor technology in recent years. This
method offers several advantages compared to con-
ventional diffusion techniques for many requirements
and has led to the development of new electronic
components (see, e.g. , Refs. I and 2). It is, howev-
er, a particular drawback of this method that un-
desired properties of the final product, e.g. , a low

fraction of electrically active impurity atoms, often
result because of the radiation damage produced dur-

ing the ion-implantation process. From the point of
view of applications, the nature of this damage is not
sufficiently known yet to either completely avoid its
influence or possibly to make use of it. On the other
hand, studies of radiation-damage structures can con-
tribute to a fundamental understanding of the in-

teractions in solids in an extreme nonequilibrium
state created by the implantation of high-energy im-

purity atoms.
The mechanisms of the production of radiation

damage in silicon by low-energy, heavy ions can be
conveniently divided into three stages:

In the first stage, host atoms are displaced from
their lattice positions due to the transfer of energy by
the incoming ions. The interactions determining the
slowing-down process of the incoming ions have been
investigated intensely, the range and distribution of
the implanted ions are rel'atively well known (see,
e.g., Ref. 4).

In stage two, simple defects (vacancy-interstitial
pairs) are formed due to the displacement of the host
atoms. The properties of these defects are deter-
mined by the energy transferred to the host atoms.
Since the transferred energy in heavy-ion implanta-
tions is generally much larger than the minimum en-
ergy for the displacement of a host atom, the first
struck atom can subsequently displace other atoms.
A displacement cascade will result in which complex
defects can be formed. Finally a region with a high
defect concentration (disordered region) will be creat-
ed. The formation of complex defects at this stage is
assumed to be temperature independent. The dimen-
sions and properties of the disordered region depend
primarily on the ion-host atomic mass ratio and the
energy of the incoming ion. Calculations of the dis-
tribution of radiation damage for Sb in silicon' taking
multiple-collision cascades into account show a good
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overall agreement with experimental results. ' Re-
cently, direct evidence for spike phenomena in
heavy-ion implantations of silicon and germanium
has been given (see Refs. 7 and references cited
therein). However, the knowledge about the micro-
scopic nature of the disordered region and the
phenomenology of its defects is still relatively
poor.

In the third stage the defects thus produced in-

teract with each other and with impurity atoms.
More complex defects are formed. The interactions
and the formation of these defects are temperature
dependent. Since defects are stable only below a

characteristic temperature, for a given implantation or
annealing temperature, primary defect structures can
anneal and more complex defects can agglomerate.
In such processes, the high density of defects in the
disordered regions may be crucial for the formation
of defect structures that are not produced by electron
(or neutron) irradiation. Additionally, the ionization
accompanying the implantation process might influ-
ence the annealing or formation of defects, since the
mobility and stability of the defects will generally be
charge-state dependent. Various aspects of ion-
implantation radiation damage have been studied by a

number of different experimental methods (for re-
cent reviews, see Ref. 8).

The interactions in both stages two and three are
presumably those determining the formation of de-
fects containing the implanted impurity atoms. In
particular, for room-temperature implantations in sili-

con as undertaken in this investigation, temperature-
dependent interactions (stage 3) will be important as
simple defects are known to be mobile at this tem-
perature. For example, the trapping of simple defects
at the impurity atoms is favored by certain properties
of the impurity atoms (e.g. , electrical charge). The
defect types formed in such a way at the end of the
track of the implanted atoms will depend critically on
the "chemistry" of the impurities.

This paper deals with impurity-defect structures
formed by implanted Sb atoms. These structures are
studied in the following way: Radioactive " Sb atoms
are implanted; they decay to an excited state of " Sn,
which decays to the ground state by emission of a

Mossbauer y quantum. Mossbauer spectra of this
emitted radiation give information on interactions of
the Sn atoms in various daughter defect structures
related to the parent defects formed by the Sb im-
plantations. Thus it is possible to study defects con-
taining Sn impurities which are not formed when Sn
itself is implanted. In addition, from the " Sn
Mossbauer spectra, information on some properties
of the Sb defects can be obtained, e.g. , the annealing
properties. It is important to emphasize the dual ori-
gin of the Mossbauer spectrum of the impurity-
containing defects: The configurational structure of
the impurity defect is governed by the "chemistry" of

Sb. This structure is sometimes, but not always, in-
herited by the Sn atom formed following the nuclear
decay. The atomic, electronic structure determining
the Mossbauer parameters is always that of the ele-
ment Sn.

The electronic configuration of the Sn impurity
atoms in the various defects can be deduced from the
measured isomer shifts and quadrupole interactions.
The bonding of the impurity atoms and their coupling
to the host lattice can be studied by determining the
Debye-%aller factors and their temperature depen-
dence. These Mossbauer parameters (hyperfine-
structure parameters and f factors) are predominantly
sensitive to nearest-neighbor interactions of the im-

purity atoms. Therefore, aspects of the microscopic
nature of defects containing impurity atoms can be
investigated. High sensitivity for low concentrations
of impurities is achieved by implantation of radioac-
tive source nuclei. (The principles of Mossbauer
spectroscopy can be found in Ref. 9.)

Properties of " Sn impurity atoms in silicon have
been studied quite extensively by Mossbauer spec-
troscopy. ' " Spectra of ion-implanted " Sn have
been measured for different implantation condi-
tions. ' ' Large substitutional fractions have been
found. The isomer shift determined for substitution-
ally implanted " Sn is in agreement with that from
diffused " Sn."" " Qualitatively different influ-
ences of radiation defects on substitutional " Sn im-

purity atoms have been concluded for neutron irradi-
ations' ' and activations" and ion implantations, ' '
respectively.

A few Mossbauer experiments on Sb impurity
atoms in silicon have been reported so far. Teague
et al. ' studied the Mossbauer absorption of diffused
'"Sb isotopes in highly-doped material. Van Rossum
et al. " implanted radioactive '"Sb and observed the
Mossbauer transition of '"Te. Broadened lines have
been found, interpreted to originate from substitu-
tional Sb. Both experiments suffer from a large na-
tural linewidth of these transitions. Experiments on" Sb implanted at 700 K and at room temperature
utilizing the higher resolution of the '"Sn Mossbauer
transition have been reported from this laborato-
ry. ' ' (Although the radioactive decay chain

Te "Sb "Sn offers interesting applications
for Mossbauer emission spectroscopy on the 24-keV
transition of " Sn, this source has to our knowledge
been only used by Llabador' and recently by Ambe
and Ambe. ") In the present paper, spectra of high
accuracy have been obtained by a resonance counting
technique which allows a more detailed analysis com-
pared to those reported previously. Measurements
have been performed at room temperature and at 77
K to determine Debye temperatures for the impurity
atoms in different defects. Annealing studies have
been undertaken to investigate roughly the binding
energies or kinetics of the defect structures.
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II ~ EXPERIMENTA'L

To prepare the " Sb, the " Te isomers (4.7 d

Te and 16 h " ~Te) were produced by irradiating
natural Sn metal with 20-MeV n particles from the
cyclotron of the Niels Bohr Institute in Copenhagen.
The Sn target was prepared by letting molten Sn soli-
dify on a silver cooling plate. The irradiated Sn target
was separated from the Ag plate by dissolving it in

concentrated HCl. A black residue remains when the
target dissolved. This residue carries the Te activity
almost quantitatively. The Te was extracted from the
residue with HNO3 to which 2 mg Te carrier was ad-
ded. After removal of HNO3 by fuming with HCl,
elemental Te was precipitated from 4 M HCl with
SO& gas. The Te precipitation was repeated in order
to reduce the contamination with Sn. The 38-h " Sb
activity was allowed to grow in the purified Te. One
mg Sb carrier was added, and elemental Sb was pre-
cipitated from a hot 2 M HCl solution by reduction
with Fe foils. The Sb was filtered and mounted in
the ion source of the isotope separator. Further
milking of " Sb was performed after a new growth
period.

Irnplantations of" Sb were carried out at an ener-

gy of 60 keV at room temperature with an elec-
tromagnetic isotope separator. Single crystals of n-

type silicon were implanted. The crystals, cut perpen-
dicular to a major axis, were tilted by —7 relative to
the beam axis to avoid an implantation in a chan-
neled direction. The crystal surfaces were highly pol-
ished and cleaned chemically before the implantation.

An upper limit on the implanted dose was obtained
from the ion current of the separation. The dose rate
was &10' atoms/cm's for the mass number 119.
From the radioactivity of the implanted crystals, the
number of implanted " Sb atoms was determined to
be &10" atoms/cm . The total implanted dose for
mass number 119 (mainly "Sn) were &10"and
=10"atoms/cm' for two implanted samples, respec-
tively.

Mossbauer spectra were measured with a conven-
tional electromechanical drive system sychronized to
a multichannel analyzer operated in the multiscaling
mode. The y rays emitted from the implanted
sources were detected in a resonance detector of the
parallel-plate avalanche counter type. " Sn02 reso-
nance absorber material (enriched to —90 at. % in" Sn) was applied to allow for fast data acquisition.
Annealing of implanted samples was performed in a

dry nitrogen atmosphere for 20 min. Afterwards the
samples cooled to room temperature in -5 min.

III. EXPERIMENTAL RESULTS
AND DATA TREATMENT

Figure 1 shows Mossbauer spectra measured at 77
K directly after the implantation of" Sb at room
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FIG. 1. Mossbauer spectra of" Sn in silicon from a

room-temperature implantation of" Sb. The spectra have
been measured at 77 K directly after the implantation (upper
spectrum) and after an annealing of the sample at 873 K for
20 min (lower spectrum). The decomposition of the spectra
into different lines and the curve obtained from a least-
squares-fit procedure are shown by the drawn curves.

temperature (upper spectrum) and after annealing of
the sample for 20 min at -900 K (lower spectrum).
The latter spectrum has been analyzed assuming two
emission lines from the source and, as for all further
spectra, the known quadrupole splitting of the Sn02-
absorber material (5 =0.54 mm/s) has been taken
into account. A least-squares fit to the lower spec-
trum yields a line at 5=1.90 mm/s with a linewidth
of I =0.98 mm/s (a typical I value for this Sn02 res-
onance detector setup) and a broadened line (I —1.2
mm/s) at 5 —3.3 mm/s with a much lower intensity.
In the fit shown in Fig. 1, the position and width of
the latter line have been fixed to values obtained
from spectra where this line had a larger intensity
and where its parameters could be determined more
accurately (see Table I, sample 2 annealed at 1173
K). The upper spectrum of Fig. 1 has been analyzed
assuming two emission lines, one of them, being
identical to the line at 5=1.90 mm/s found in the
lower spectrum, was fixed in position and linewidth
values in the fit. With these constraints the fit yield-
ed a line at 5=2.59 mm/s with a linewidth of
I =1.37 mm/s, as shown in Fig. 1.

The results from a series of measurements on this
implanted sample 2 at liquid nitrogen and room tem-
perature after different high-temperature annealing
treatments are listed in Table I. All spectra have
been analyzed in terms of the above mentioned three
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FIG. 2. Mossbauer spectra of" Sn in silicon from a

room-temperature implantation of " Sb. The spectra have
been measured after a subsequent annealing at 1173 K (a)
and 1373 K (b) and (c). Spectra (a) and (b) are measured
at 77 K and spectrum (c) at 279 K. Curves obtained from
least-squares-fit procedures in terms of different lines are in-

dicated. Spectra (b) and (c) have been analyzed assuming
three and two lines to be present, respectively (see text).

lines which have been labeled 2, 3, and 4 in the order
of their isomer shifts. Spectra obtained after anneal-
ing at -1200 K and -1300 K measured at liquid ni-

trogen and at room temperature, respectively, are
shown in Fig. 2. After an annealing at -1200 K
(spectrum a of Fig. 2), Sb is expected to start rnigrat-
ing. Line 4 is seen to increase but no qualitative
changes of the spectrum are observed as compared to
that after the 900 K annealing. Drastic changes are
found after the annealing step at -1400 K [spectrum
2(b)]. Besides a strong increase in the intensity of
line 4, a line at 5=2.6 mm/s, labeled line 3', is
found. This line has a relatively large intensity in the
spectra, however, it is not shown in the analysis of
Fig. 2(c).

Figure 2, spectrum 2(c), shows that it is possible to
obtain a satisfactory fit to the room-temperature
spectrum without the assumption of a line at 8 —2.6
mm/s, i.e., with a fixed line at 8=1.83 mm/s and
only one additional line. However, no consistent fit
to both spectra from this sample measured at 77
[2(b)] and 297 K [2(c)] can be obtained if only two
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lines are included. A comparison of spectrum 2(c) to
spectrum 2(b) shows that one must add a third line

at 8=2.6 mm/s. Both spectra are explained con-
sistently with only three lines. In particular, the

parameters for lines 2 and 4 remain the same as be-
fore the annealing at -1400 K.

The results from similar experiments on a second
implanted sample (sample 1) are included in Table 1.
Again an analysis in terms of three lines has been
achieved by fixing the position of line 2 from the
spectrum after an annealing at -900 K. The results
are in good agreement with those obtained for sample
2. The annealing temperature of line 3 is between
-700 and 900 K. For sample 1 already after the
1200 K annealing largt'. intensities are found for lines
3' and 4.

In order to find the origin of these two lines after
the 1400 K treatment of sample 2, the implanted
layer ( &300 A) was removed by firstly etching with

boiling HN03 and subsequently treating the sample
with HF. The spectrum measured after this pro-
cedure should then stem mainly from Sb diffused
into the nonimplanted bulk material. The measured
spectrum showed only an emission line at 5=1.9
mm/s. Thus lines 3' and 4 originate from Sb in the
implanted layer.

From the measurements at room temperature and
at 77 K, the Debye temperature 0 for the individual
lines can be obtained from a high-temperature Debye
approximation for the Debye-Wailer factor
f =exp( —6Ea T/k8') 'Here Ea i.s the recoil energy
of the emitting nucleus and k is Boltzmann's con-
stant. Since the intensity of a line I; is proportional
to the relative fraction of emitting atoms associated
with the specific defect i, p;, and to the Debye-Wailer
factor f;, the Debye temperature can be determined
from the intensity ratio at two different temperatures.
The Debye-Wailer factors can then be calculated
from the high-temperature approximation and the re-
lative number of defects can be deduced. From the
annealing experiments an independent test on the re-
liability of the assumption of individual lines and
their Debye-Wailer factors can be obtained from the
normalization condition for all emitting atoms:

g,p; = X,I f~
' =const. These sums are included in

Table I and it can be concluded that they are reason-
ably constant. The following average Debye tempera-
tures are deduced: 02=220(20) K, 04=240(30) K,
83 =160(20) K before annealing at -1200 K,
03=250(40) K, after annealing at 1200 K. (A possi-
ble systematic error due to the application of the
high-temperature approximation is &

~

—3%~ and has
not been included in the above values. ) The changes
in line positions due to the second-order Doppler
shift are found to be roughly in accordance with the
above Debye temperatures for lines 2 and 3. The
average isomer shifts for the three lines are deter-
mined to be 52=1.83(6) mm/s, 53=53=2.60(10)

mm/s, and 84=3.30(10) mm/s at room temperature
(uncorrected for a possible geometrical velocity error
of &

(
—0.04) mm/s).

IV. DISCUSSION

The analysis of all spectra from samples measured
or annealed at different temperatures in terms of
only four lines, is now considered sufficiently well es-
tablished to serve as a basis for the interpretation of
the experiments. The individual lines are defined by
their isomer shifts (and quadrupole splittings) and
are distinguished further by different Debye tempera-
tures. Although the spectroscopic resolution in a sin-
gle spectrum may be poor, their existence can be
unambiguously concluded from the combination of
all experimental results (cf. also Part II of this paper).
These four lines originate from impurity atoms in dif-
ferent defects of the host lattice. The questions arise:
What is the lattice location of the impurity atoms in

these defects? What can be learned about the proper-
ties of these defects from the Mossbauer experi-
ments'? Finally, can a self-consistent interpretation of
these and related experiments be given~

A. Considerations on the influence of the electron

capture decay of the Mossbauer source nuclei

on the measured spectra

In a discussion of the origin of the measured lines,
the influence of the " Sb radioactive decay on the
spectra measured for the 24-keV transition of " Sn
has to be considered. Two effects of the nuclear de-
cay may be important. Firstly, a displacement of the
decaying impurity atom might occur due to the recoil
energy transferred to the nucleus, and secondly, im-

mediately after the electron-capture decay the Sn
atoms will be left in nonequilibrium charge states.
This may influence the structure of the final, detect-
ed defects.

The displacement energy of a substitutional silicon
atom is about 20—25 eV. ' This holds approximately
for a substitutional Sb atom, too. However, a vacan-
cy associated Sb atom is expected to possess a re-
duced displacement energy. An estimate based on
force constants calculated from a Debye model by us-

ing the experimental Debye temperatures yields a
reduction of the displacement energy of no more
than 50% (see discussion in Secs. IVC and E). Since
the recoil energy of the electron capture (EC) decay
of " Sb is about 2 eV, no permanent displacement of
the decaying atom is anticipated.

In the electron-capture decay of " Sb, a K electron
will be captured with a high probability. Thus im-

mediately after the nuclear decay the daughter " Sn
atom will have a hole in the K shell. The lifetime for
a K hole in the host material silicon has been es-
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timated to be -1.5 X10 ' s. The lifetime can be
expected to be even shorter for the Sn atom. ' The
hole in the K shell will be removed by the emission
of x rays or Auger electrons which in turn can
create several holes in the outer electronic shells. As
a net result the atom can be left in a highly charged
state. These processes can be assumed to occur in

times that are much shorter than the lifetime of the
Mossbauer state (r =2.8 X 10 s s). The time for the
refilling of the final holes in the valence shells in sili-
con has been estimated to be 4 X 10 "s.' Thus it
can be assumed that the decaying atoms have
reached the electronic configuration of Sn atoms long
before the Mossbauer y radiation is emitted. The
relevant electronic structure for the interpretation of
the Mossbauer spectra is therefore associated with
tin.

On the other hand, the position and local lattice
environment of the Sn atom may be similar to that of
the implanted Sb atom. This would be true, if no
atomic diffusion or substantial relaxation occurs
within times of the order of the lifetime of the
Mossbauer state. It seems unlikely that the inter-
mediate charge state of the Sn atom should cause
such motions because the holes are filled in times
that are short compared to characteristic lattice vibra-
tion times. However, the permanent change in the
number of atomic electrons by minus one from the
EC decay may cause electronic and geometric relaxa-
tions of the surrounding lattice. The characteristic
response time of the lattice for such relaxations may
be approximated by the dielectric relaxation time
(a/2rrrr —10 ' x cr 's '). For the n-type material
used here (-50 cm), this relaxation time should be
much shorter than the lifetime of the Mossbauer lev-
el ~ Thus the detected signals are from Sn atoms at
least with electronic equilibrium. The overall config-
urational structure, however, could be determined
by the Sb atoms, if this structure when associated
with a Sn atom, is stable to within the lifetime of the
Mossbauer state.

B. Interpretation of ' Sn isomer shifts

The relationship between the isomer shift 5 and
the electron density at the nucleus p{0) is given by
the well-known formula

t

2rre'c ZR' 28R (,(0),( ))
5 E„R p p

Here, Z is the nuclear charge, E„ the energy of the
resonant y quantum, and SR/R the relative change
of the effective nuclear radius R =1.2A' '. The
quantities p'(0) and p'(0) are the electron probabili-
ty densities at the nucleus for emitter and absorber,
respectively. The calibration constant for this relation
for the case of" Sn is unfortunately not yet deter-

mined unambiguously {see Ref. 27). In the follow-
ing calibration by Antoncik' will be used. In particu-
lar, the interpretation will be based on an assignment
of values of 5=1.3 mm/s for four electrons in the
ideal covalent Ss'Sp' tetrahedral configuration and of
5=3.2 mm/s for four electrons in the atomic Ss Sp
configuration.

C. Site assignment for line 2

Line 2 {5=1.83 mm/s) can be easily identified as
due to substitutional Sn atoms since the isomer shift
agrees with that found for substitutional " Sn in sil-
icon, 8 =1.84 mm/s. ' " Also the Debye tempera-
ture of this line, 02=220 K from temperature-
dependent measurements compares well with that
found for similar measurements for substitutional

Sn, 0 =230 K." (There is a discrepancy between
the f factor at room temperature calculated from the
above Debye temperature in a high-temperature De-
bye approximation and a direct measurement of the f
factor at room temperature. ' This problem will be
discussed in the forthcoming paper. ) The low
linewidth indicates that local disturbances of the sur-
rounding lattice are negligible within the accuracy of
Mossbauer spectroscopy.

The isomer shift of the substitutional line 2 is not
very close to the value for ideal hybridized covalent
bonds. However, from a semiquantitative calculation
of the relative isomer shifts for substitutional " Sn
atoms in group-IV elements with diamond structure,
the nature of this deviation can be well under-
stood. "' It reflects the dehybridization of the
ns np bonds with increasing n. The substitutional" Sn impurity atoms redistribute their s- and p-
valence electrons according to the character of the
host bonds, for Sn in silicon an electronic configura-
tion of 5s' 5p is concluded. ' '

For samples annealed at -900 K or implanted at
-750 K, ' line 2 is found to dominate in all Moss-
bauer spectra. For such conditions, both Sb and Sn
atoms have been determined to be on substitutional
sites in silicon by channeling lattice location stud-
ies 10,31, 32

The fact that the Mossbauer results for " Sn and" Sb agree for high-temperature implanted or an-
nealed samples and do give simple lines only indi-
cates that "after effects" are of no importance for sub-
stitutional sites.

D. Defect formation by Sb implantations

A comparison of the Mossbauer spectra for room-
temperature implantations of" Sb and " Sn can
directly determine which lines are related to original
Sb defects formed in the silicon lattice and which to
original Sn defects. For" Sn implantations, only
the single-line spectra from substitutional atoms
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(8 =1.84 mm/s) have been observed for low doses
( &10' atoms/cm ).' ' Therefore, the occurrence
of line 3 for room-temperature implantations of Sb
must be due to different lattice interactions of Sb in

comparison with Sn. Since the radiation damage pro-
duced in the slowing-down processes is virtually the
same for the two ions, the origin of this difference
must stem from the difference in the "chemical" in-

teractions of the two elements in the highly reactive
surroundings of the disordered regions at the end of
the track. Thus, it is tempting to assume that line 3 is

due to an Sb daughter defect structure. This struc-
ture is either not formed or is thermally unstable at
room temperature for times of the order of days in

Sn implantations. Ho~ever, it does not anneal within

the lifetime of the Mossbauer state when it is formed
after the EC decay of Sb in this structure. The rela-
tively high annealing temperature of the parent defect
(between 700 and 900 K) suggests that it is of a more
complicated nature than a simple vacancy or intersti-
tial associated with Sb. (For example, the antimony-
vacancy pair has been found to anneal below 580
K.") In general, in ion irnplantations, more compli-
cated defects are produced as compared to irradia-
tions with electrons or neutrons. In accordance with

the annealing temperature of the defect, no indica-
tion of line 3 has been found for implantations of Sb
in silicon at 720 K. ' Similarly, line 4 has not been
observed for annealed samples implanted with Sn. '

Thus, this line is also attributed to an Sb daughter
defect structure.

It is interesting to note that in the as-implanted spec-
tra from both samples 1 and 2, a slight indication for
some intensity in line 4 can be seen [compare Figs.
1(a) and 1(b)]; however, attempts to include this line
in the fit of the spectra did not allow a conclusive de-
cision on the existence of this line in the spectra
directly after the implantation.

E. Site assignment for line 3

In this subsection it is shown that the measured
Mossbauer parameters and other properties of the
line-3 defect are consistent with the identification of
this structure as a (nearly) substitutional Sn atom in

a multivacancy complex. In a complete discussion, it
would be necessary to exclude other lattice positions
proposed for heavy impurities, e.g. , interstitial sites,
or other structural configurations of the defect.
However, a detailed discussion of these possibilities is
omitted here, since in Part II of this paper, interstitial
lattice positions are discussed in connection with the
assignment of line 4 to an iriterstitial position. Furth-
ermore, a new line 1, which is not observed in Sb
implantations, is assigned to another possible Sn-
vacancy defect of quite different structural configura-
tion. From the discussions of these lines in Part II it
emerges clearly that it seems reasonable to exclude a

number of other possible structural configurations for
the line-3 defect.

Although, as argued before, it seems unlikely that
the line-3 defect is a "simple" structure, it is useful to
consider the basic effects of the association of one
vacancy to a substitutional Sn atom. If a neutral
charge state is assumed for the Sn atom, one possible
consequence of an adjacent vacancy is that one nomi-
nal bond will become a "dangling bond. " Compared
to substitutional Sn atoms, for this configuration the
Debye-Wailer factor of the impurity atoms will be
drastically lowered, since one of the bond atoms is

missing. The effect of a dangling bond on the isomer
shift will depend on the rearrangement of the four
valence electrons with respect to their p or s charac-
ter. It seems plausible to assume that the electronic
configuration of the valence electrons is changed to-
wards a higher s-like character, since the strength of
the directional hybridized bonds is correlated with the

p character of the bonds. " From the lack of cubic
symmetry for a vacancy associated substitutional Sn
site, a quadrupole splitting of the Mossbauer line is
expected due to the occurrence of an electric field
gradient at the Sn site. Qualitatively, the effects
sketched above are all observed for the line-3 defect,
if the line broadening is attributed to an unresolved
quadrupole splitting.

The above model of a substitutional Sn impurity
atom with a dangling bond towards an adjacent va-

cancy is structurally similar to the model proposed by
Elkin and Watkins" from ESR studies for the Sb-
vacancy pair. For the zero-charge ground state of
this structure, a Jahn-Teller distortion was concluded
in which two of the three silicon atoms adjacent to
the vacancy pull together to form an electron pair
bond. About 60% of the wave function of the

paramagnetic electron was concluded to be located in

a dangling bond on the third silicon atom. Only 4%
of the wave function was attributed to a dangling
bond on the Sb impurity atom. From y and e irra-
diations, Sb atoms are known to be efficient vacancy
traps in silicon. "' Therefore, the occurrence of va-
cancy associated Sb atoms is to be expected also for
Sb+ ion implantations. The high concentration of pri-
mary defects in the vicinity of the implanted Sb
atoms makes the formation of multivacancy defects
much more likely for this case than for y or e irra-
diations. Thus, the observation of a Sn daughter de-
fect with a configuration which is structurally similar
to that of the Sb-vacancy pair seems reasonable, if
the Sb multivacancy parent defect is related to the
Sb-vacancy pair and if no strong relaxation of the
structure occurs within the lifetime of the Mossbauer
state.

On the other hand, a strong relaxation after the
nuclear decay of Sb to Sn would be plausible, since
quite a different structural and electronic configura-
tion than for the Sb-vacancy pair has been proposed
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for the Sn-vacancy pair. " In this defect the Sn atom
is located on an interstitial site in the center of a

divacancylike defect with six bonds to its nearest
neighbors. Without going into a detailed discussion
here, it can be said that it seems to be excluded that
the line-3 defect shows any similarity with this struc-
ture. In Part II of this paper, a detailed argumenta-
tion is given for the assignment of another defect line
1 observed in " Sn Mossbauer spectra from "9 Te
irnplantations to this Sn-vacancy structure. Thus,
there is no indication from the present experiment of
a large displacement of the Sn atoms from a substitu-
tional site in the Sb-daughter defect. This (nearly)
substitutional site of the Sn atoms is probably inherit-
ed from the Sb mother defect structure. A nearly
substitutional site of the Sb atoms in a multivacancy
defect structure would be in accordance with the an-
nealing behavior of line 3, since the Sb atoms are lo-

cated on substitutional sites after the annealing.
Although large displacements of the Sn atoms from

the substitutional site in the line-3 defect seem to be
excluded, it seems unlikely that no relaxation should
occur, since the Sb-vacancy pair shows considerable
lattice relaxation, ' and the probability for relaxations
should be even higher for a Sb multivacancy com-
plex. Therefore, the possibility of lattice relaxations
of the Sn atoms or the silicon atoms adjacent to the
vacancies has to be taken into account in a more real-

istic model of the line-3 defect. As long as these re-
laxations result in a slight displacement from the sub-
stitutional site, it seems likely that the electronic con-
figuration of the Sn atoms is hardly affected, whereas
the vibrational modes might be much more sensitive
to such lattice distortions.

Alternatively to a dangling bond for the substitu-
tional Sn atom in the line-3 defect, the formation of
an "extended bond" to Si neighbor atoms adjacent to
the vacancy seems possible. Such bonds have been
proposed to be formed by another group-IV impurity

atom, germanium, in a Ge-vacancy pair, where the
Ge atoms are located on substitutional sites. 36 Since
these bonds are likely to be weak compared to the

remaining three hybridizing bonds, their influence on
the lattice position and the Debye-%'aller factor may
be small, whereas the electronic configuration of the
Sn atoms might be rather different from the case of a

dangling bond.
From the qualitative discussion given above, it

emerges that the experimental evidence on the line-3
defect is consistent with a model of a (nearly) substitu-
tional Sn atom associated with more than one vacan-
cy. The Sn atom may have a dangling bond or some
weak extended bond to Si atoms adjacent to a neigh-
boring vacancy. Also a relaxation of the defect
structure, resulting in a slight displacement of the Sn
atoms from a substitutional site seems likely.

In the following an attempt is made to estimate the
effect of a single dangling bond on the Mossbauer

parameters of a substitutional Sn atom in order to ar-
rive at a somewhat more quantitative model for the
line-3 defect structure. From this estimate, some in-

sight into the importance of geometrical and electron-
ic relaxations is obtained.

The isomer shift change due to a dangling bond
will be approximated by proportional changes in the
electron density due to changes of the valence elec-
tron character from p to s character. In this ap-
proach, any influence of the d electrons and the
screening of the s by the p or s electrons is neglected;
both assumptions seem to be reasonable in this con-
text. ' In this approximation the electronic config-
uration of an ideally tetrahedrally bonded Sn atom
(with an isomer shift of 5=1.3 mm/s) is Ss'Sp' and
that of an atomic configuration of an unbound atom
Ss'Sp' (with an isomer shift of &=3,2 mm/s). Sup-
pose the effect of one dangling bond can be estimat-
ed by a linear interpolation between the above two

configurations, then the effect on the isomer shift
should be an increase by —

4
(3.2 —1.3) mm/s

—O.S mm/s. Taking into account that the iso-
mer shift of substitutional Sn in silicon indicates a

considerable dehybridization as compared to ideal co-
valent bonds, the estimated value ~ould be less. On
the other hand, a geometric relaxation from the sub-
stitutional site and/or an electronic relaxation of the
remaining three bonds will probably lead to a further
dehybridization, i.e., an increase in isomer shift.
Thus the observed relatively large increase of the iso-
mer shift by -0.8 mm/s for the line-3 defect as com-
pared to a substitutional site suggests that at least
electronic relaxations are of importance for a realistic
model of the defect.

From the noncubic symmetry of a vacancy associ-
ated substitutional Sn atom, a quadrupole splitting
(or broadening) of the line is expected. Since the
electric field gradient at the Sn nucleus will be
predominantly determined by the unbalanced p elec-
trons, the quadrupole splitting may be estimated from
the increase in isomer shift by using an empirical re-
lation between the isomer shift and the quadrupole
splitting for tin II compounds. " From this the ex-
pected quadrupole splitting is estimated to -0.4
mm/s, in reasonable agreement with the experimen-
tal line broadening of -0.3 mm/s.

For a discussion of the measured Debye-W'aller

factors, the Debye model will be used, In this
model, for a monoatomic crystal lattice bound in har-
monic forces, the force constant between neighboring
atoms is given by y = (const) O'M, where 0 is the
Debye temperature of the material and M is the mass
of the atoms. If an impurity of mass M' is intro-
duced substitutionally into the lattice, the effect of
the mass difference between the impurity and the
host atoms can be accounted for by an effective
characteristic temperature for the impurity atom
given by O,rr=O(M/M' )'r .' Using a value of
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8=543 K for silicon, ' we find O, tT
= 260 K for sub-

stitutional tin atoms, in rough agreement with the
value of 8t=220(20) K as extracted from the mea-
surements at 77 and 297 K.

For a discussion of the Debye temperature ob-
tained for the site 3 the effect of a dangling bond on
the impurity atom may be estimated by assuming that
the force constant in a Debye model is lowered by
about a factor d =

4
for one broken bond. We then

3

find an effective Debye temperature for such a defect
structure by O,rr=8(M/M') Jd. We calculate
8 ff 190 K (using the experimental Debye tempera-
ture of line 2). This value is to be compared with a
measured value of 0=160 K. The considerably
lower experimental value (which, in the framework
of this simple model would be in agreement with two
broken bonds for the impurity atoms) indicates the
possibility of relatively large geometrical relaxations.

In summary, our model is oversimplified. On the
other hand, both the low Debye temperature and the
enhanced s character deduced for the valence elec-
trons of the impurity atoms from the isomer shift,
are in accordance with each other since a weakening
of the hybridized bonds in group-IV semiconductors
is correlated with an enhanced s character of the
valence electrons. ' Such a weakening may occur
for a relaxation of the impurity atom in the direction
of one adjacent vacancy, so that both the measured
isomer shift and the Bebye temperature for this line
are not in contradiction with the assumption of one
dangling bond for the Sn atoms. If it is assumed
from the experimental Debye temperatures that the
vibrational amplitudes of the impurity atoms increase
considerably only in the direction of the vacancy,
then the mean-squared vibrational amplitude is calcu-
lated to be four times larger in this direction than for
a regular substitutional impurity atom.

It is interesting to note that whereas no obvious
connection seems to exist to the " Sn defect struc-
tures found in neutron irradiation, ' the Mossbauer
spectrum observed after the thermal-neutron capture

process'"Sn(n, y)" Sn for Sn in silicon does show
two lines (of about equal intensity) with isomer shifts
very close to those of lines 2 and 3 [g = 1.8 and 2.7
mm/s (Ref. 15)). However, these lines are interpret-
ed by Nistiryuk and Seregin as a quadrupole doublet
due to Sn in an interstitial position with an associated
vacancy. ' It is not evident from their argumentation
whether an interpretation in terms of two indepen-
dent lines is excluded.

conclusions given in Part II will be anticipated: line 4
is due to interstitial impurity atoms having approxi-
mately the atomic Ss'5p' configuration. The isomer
shift of 8 = 3.3 mm/s is slightly higher than measured
for interstitial atoms in a rare-gas matrix, 5=3.2
mm/s, ' the difference is attributed to a compression
of the large impurity atoms. It should be noted that
the isomer shift and the Debye temperature of line 4
are well determined from the Sb implantations re-
ported here.

G. Annealing experiments

Annealing experiments reveal details about the
thermal properties of Sb defect structures since the
annealing is over before the Sb decays. From the
two series of annealing experiments on the implanted
samples, the annealing temperature for the line 3 de-
fect is determined to be between 700 and 900 K.
This temperature range has been found to be typical
for the annealing of complicated defect agglomerates
in ion implanted silicon. Disordered regions or even
amorphous layers produced by ion implantation are
known to anneal at about 900 K. For the low im-
plantation dose of the second sample in Table I

( &10"atoms/cm ), the formation of an amorphous
layer is unlikely, since the amorphisation dose has
been determined to be &10"atom/cm'. Thus the
defect structures should be those formed in the dam-
age cascades at the end of the track. Some annealing
or agglomeration of these defect structures is expect-
ed, since several simple defects are known to be un-
stable or mobile at room temperature. A reordering
of the lattice disorder introduced by 200-keV Sb ions
in silicon was observed below room temperature in

channeling studies. The implanted dose for the first
sample of Table I (=10' atoms/cm ) is above the
amorphous dose. Ho~ever, no pronounced differ-
ences in the Mossbauer spectra of the two samples
are observed.

The increase of line 4 after the different annealing
steps is attributed to a trapping of the impurity atoms
in interstitial sites, probably in agglomerates with a
number of silicon interstitials. Extended agglom-
erates of impurity atoms and self-interstitials are pro-
posed as a high-temperature defect structur in high-
purity silicon. Alternatively, the growing in of line
4 might be due to precipitation. This seems less like-
ly, ho~ever, since the concentration in the implanted
layer does not exceed the solid solubility of Sb in sili-
con.

F. Site assignment for line 4

A detailed discussion of the parameters of line 4
will be given in Part II of this paper on implantations
of " Te in silicon. New aspects on the character of
this line emerge from those experiments. Here, the

H. Site assignment for line 3'

The occurrence of the line at 5=2.6 mm/s after
the annealing at -1400 K is possibly due to Sb atoms
which migrate, get trapped, and end up decorating
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the residual extended damage structures in the im-
planted layer. Such structures are known to remain
in Sb-implanted silicon layers even after high-

0
temperature annealing. By removing about 200 A

from the surface of the sample in an etching pro-
cedure with HN03 and HF, it was proved that
Mossbauer signals from both lines 3' and 4 do ori-
ginate from the implanted layer even after the high-
temperature annealing. The resulting spectrum from
the etched sample (see Table I) only showed the sub-
stitutional line, which originates from Sb partly dif-

fused into the unimplanted bulk material. (After a

20-min annealing at -1200 K, it is known that a

considerable fraction of the implanted Sb atoms dif-
fuse out of the implanted layer. ' )

From the constancy of the sum of defects in the
annealing steps up to -1400 K, no change in f factor
for the lines 2 and 4 is indicated. However, there is a

drastic change of the f factor between lines 3 and 3'

after the 1400 K annealing, in accordance with the
Debye temperatures determined from the tempera-
ture dependence of the f factors. This result indi-

cates that, although the electronic structures of the
impurity atoms in the defects assigned to lines 3 and
3' (i.e., implanted and after an annealing at -1400
K) are apparently similar, their local surrounding or
possibly their coupling to the host lattice must be dis-
tinctly different. If the impurity defect structure is

considered a "molecule" in the host lattice, the elec-
tronic structure of the impurity atom will be predom-
inantly determined by their "molecular" bonds. The f
factor, however, will be sensitive not only to in-

tramolecular vibrational modes, but also to the cou-
pling of the "molecule" to the host lattice. This cou-
pling is expected to be different for different defects.
The measured isomer shift possibly indicates that line
3' may be due to Sn atoms in an extended vacancy
structure.

Comparison with channeling experiments

The above results imply that an increasing fraction
of Sb atoms occupy nonsubstitutional sites in the sili-
con lattice when the samples are annealed at higher
temperatures (900—1200 K). No indication for such
fractions have been found in channeling studies for
the lattice location of Sb in silicon ' and, in particu-
lar, no measurable fraction was found in the intersti-
tial holes along the (111) axial direction. However,
Davies et al. ' observed a drastic decrease of the sub-
stitutional fraction (to -40%) after an annealing at
1170 K. This was attributed to an outdiffusion of a
large fraction of the implanted atoms because the re-

0
moval of —50 A from the implanted layer caused an
increase of the substitutional fraction to -90%.
Therefore, the question arises whether line 4 and line
3' might be due to Sb atoms in the Si02/Si interface.
This seems to be excluded, however, since a removal

of the Si04 layer by an HF treatment after an anneal-
ing at -900 K did not change the intensity of line 4.
Furthermore, in Part II of this paper, evidence for an
annealing of both lines is found, which is unlikely to
occur for atoms trapped at the Si02 surface layer.

Recently, Swanson et al. by channeling experi-
ments measured an irradiation (He+, 2 MeV) in-
duced displacement of substitutional Sb diffused into

0
silicon. This displacement of the order of 0.2 —0.6 A

was attributed to the trapping of several vacancies at
the impurity atoms. The authors also suggested that
a narrowing of channeling dips observed for implant-
ed Sb" might be due to similar defects. This vacancy
cluster model agrees well with the model proposed
for the line 3 defect in this-investigation. In particu-
lar, a displacement of the Sb atoms from a substitu-
tional position towards an adjacent vacancy is suppor-
tive as discussed in Sec. IV E for the relatively high
isomer shift and low Debye temperature of line 3.
On the other hand, it seems not excluded, that large
vibrational amplitudes of the Sb impurity atoms in
the direction of the vacancy can account for a sub-
stantial part of the apparent displacements as seen by
channeling experiments.

V. CONCLUSION

Mossbauer emission spectra from " Sn atoms
whose parent was implanted radioactive " Sb in sili-
con have been interpreted in terms of four indepen-
dent lines. These lines are characterized primarily by
their isomer. shifts and Debye temperatures. The
four line interpretation was determined from the ob-
served annealing properties and temperature depen-
dences of the line intensities. The strongest line is
identified to be due to substitutional Sn atoms in a
locally undisturbed surrounding. A second line is at-
tributed to Sn atoms on (nearly) substitutional sites
associated with vacancies. A third line with the same
isomer shift as the foregoing is interpreted as stem-
ming from impurity atom in an extended vacancy
complex formed at high temperatures. The fourth
line is attributed to a minor fraction ( &10%) of im-

purity atoms in interstitial sites.
The vacancy associated defect structure is found to

anneal between 700 and 900 K. The electronic con-
figuration of the Sn impurity atoms in this defect
structure is characterized by an increased fraction of s
electrons compared to a substitutional site. This is
attributed primarily to a dangling bond into adjacent
vacancies, causing a redistribution of the valence
electrons from an sp' hybrid character towards an
atomic s'p' configuration. Secondarily, the defect
structure may be relaxed, causing a slight displace-
ment of the Sn atoms from substitutional sites. The
observed line broadening is in accordance with the
above electronic redistribution attributed to a quadru-



21 RADIATION DEFECTS IN ION-IMPLANTED. . . I. 4949

pole splitting. The reduction of the Debye-aller
factor for this defect structure compared to a substi-
tutional site is in qualitative agreement with the
above model assignment.

After high-temperature ( &1200 K) annealings, im-

purity atoms are found in an electronically similar
configuration but with a considerably higher Debye-
Waller factor in a defect attributed to Sn atoms which
decorate extended residual damage structures (possi-
bly vacancy loops).

At the higher annealing temperature, an increasing
fraction of impurity atoms occupy interstitial sites,

probably in agglomerates with silicon self-interstitials.
For the Sn atoms in these sites, the isomer shift is at-
tributed to an electron density characteristic of an
atomic s'p' configuration and compressional effects
due to the volume excess of the impurities. The
Debye-Wailer factor in these sites is found to be
larger than that for substitutional sites.

The complex defect structures found besides undis-
turbed substitutional sites for the " Sn atoms after
implantations of" Sb+ ions are related to the implan-
tation behavior of the Sb+ ions since no such defects
are found for " Sn implantations.
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