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Implantation sites of In, Cd, and Hf ions in diamond
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The implantation sites of In, Cd, and Hf ions in diamond have been investigated with complementary
electron emission channeling~EC! and perturbedg-g angular correlations~PAC! spectrometry on radioactive
111In, 111mCd, and181Hf probes implanted into natural type-IIa diamonds. The fraction of probes occupying
specific sites were determined from comparisons of the measured axial channeling yields with channeling
patterns calculated using the many-beam formalism of electron motion through the crystal. For the In-
implanted sample the EC measurements, after room-temperature implantation and annealing at 1473 K or after
implantation at 1373 K, show a substitutional or near-substitutional fraction of 32(4)%, atetrahedral intersti-
tial fraction of 10(3)%, and the remainder in highly disturbed environments. Theg-g PAC measurements
confirm the near-substitutional population, but show that about 10% of the In probes are at sites with nearest-
neighbor point defects and 20% at sites with more distant defects, but none in a defect-free environment. The
111mCd measurements confirm these results and show that the loss of anisotropy in the PAC signal is not due
to ‘‘aftereffects’’ of the electron capture decay of In to Cd, but due to extended lattice damage produced by the
implantation process. The In PAC measurements confirmed the previously observed In-defect interaction in
diamond, with a quadrupole coupling frequency ofnQ5117 MHz, and in addition, showed evidence of a new
defect interaction withnQ5315 MHz at annealing temperatures above 1473 K. A diamond sample implanted
with overlapping profiles of111In and hydrogen and annealed up to 1673 K showed no evidence of the
higher-frequency component or of any signal attributable to the formation of In-H pairs. This suggests that in
diamond no significant fraction of the implanted In atoms act as electrically active acceptors. In the
181Hf-implanted diamond, the present EC and PAC measurements yield consistent results of a near-
substitutional fraction of only 10% –15%, in contrast to earlier observations.

DOI: 10.1103/PhysRevB.64.195207 PACS number~s!: 61.80.Jh, 68.55.Ln, 81.20.2n
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I. INTRODUCTION

Considerable research activity in the past two decades
been focused on ion implantation studies in diamond~see,
for example, Refs. 1–17!. This has been stimulated by som
of the extreme properties of diamond, such as its wide b
gap ~5.4 eV!, high thermal conductivity and hardness, a
high mobility for bothp- andn-type carriers, which make i
potentially an ideal base for the fabrication of semicondu
ing devices. To realize this potential the problems of inc
porating suitable dopants in the diamond lattice must
overcome.

Among the natural diamonds the type-IIb diamonds
p-type semiconducting, due to low levels of boron whi
forms an acceptor level at 0.37 eV above the top of
valence band.7,18 Boron implantation of other natural an
synthetic diamonds has also been shown to result inp-type
conductivity.6,16,17 Attempts at producingn-type semicon-
ducting diamond layers have met with less success. Theo
ical calculations show that, except for nitrogen, the form
tion energy of potential dopants is high~5.5 eV for Li, 10.4
eV for P, 15.3 eV for Na!.19 This and the metastable nature
the diamond structure preclude thermal diffusion as a me
of incorporating the dopant atoms in the lattice. Ion impla
0163-1829/2001/64~19!/195207~8!/$20.00 64 1952
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tation, which offers accurate control of dopant concentrat
and depth, is an attractive alternative. For a dopant atom
be electrically active it must rest at a regular lattice site in
unperturbed environment. Hence any damage of the lat
accompanying the implantation process must be annealed
and the lattice restored on a long-range scale. Several di
ent implantation conditions and annealing procedures h
been followed in this quest. These include implantation
low or room temperature and isochronal annealing, impl
tation at high temperature, and more recently cold implan
tion and rapid annealing~CIRA!.7

Rutherford backscattering and channeling measureme3

on 121Sb, 74Ge, 75As, 31P, and6Li implanted in diamond at
high temperature~1373 K! show that substitutional fraction
of about 50% can be achieved for Ge and As ions, while
Sb ions are randomly distributed in the lattice. Emissi
channeling studies by Hofsa¨ss and co-workers10–13show that
with conventional low dose implantation and anneali
above 1270 K, substitutional fractions of 55% can
achieved for73As, 70% for 33P, and 35% for111In, while
8Li occupies both substitutional and tetrahedral intersti
sites.14 These results show that ion implantation does achi
the required dopant concentrations, but leaves unansw
questions on the microstructure of the lattice in the vicin
of the implanted atoms.
©2001 The American Physical Society07-1
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In this contribution we report on investigations on t
nature of implantation sites of heavy ions in diamond
which the radioactive nuclides111In, 111mCd, and181Hf were
used as probes. These nuclides are particularly suited to
a study since the channeling effects of the conversion e
trons emitted in their decay provide unambiguous identifi
tion of the lattice sites of the ions, while perturbed angu
correlation~PAC! spectroscopy using gamma rays emitted
their decay cascade yields information on electric field g
dients and, hence, on the microstructure of the lattice in
neighborhood of the probes.

Earlier PAC measurements on In-implanted diamon1,9

showed a very small fraction of the implanted probes at s
with a unique electric field gradient~EFG!. The majority
experienced a distribution of electric field gradients indic
ing the high density of lattice defects induced by the impla
tation process. Emission channeling~EC! measurements fol
lowing low-dose implantation and annealing above 1200
on the other hand, showed substitutional In fractions of ab
30% –35%.10,11 For 181Hf-implanted diamond, the observe
PAC spectra showed less than 10% of probes at sites
well-defined EFG’s.4 However, reanalysis of earlier EC da
showed, surprisingly, approximately 50% of substitutiona
implanted probes and about 50% on tetrahedral interst
sites.20 The large difference in site fractions is difficult t
reconcile. In the earlier investigations the PAC and EC m
surements were performed at different times and on diffe
sets of samples, with implantation conditions also not be
identical. In the present study these inconsistencies are o
ated by performing EC and PAC measurements in seque
on the same samples after implantation and annealing.

In 111In PAC spectroscopy the actual measurements
made ong-g cascades from the daughter111Cd nuclide fol-
lowing electron capture decay of the radioactive parent. T
electron capture decay process generates a complex d
tion of the electron configuration close to the PAC probe, a
the subsequent Auger electron emissions leave the probe
in a highly ionized state. If recovery towards an undistor
electronic environment is not complete before the firstg
quantum of the daughter is emitted, i.e., within a few 100
the anisotropy of the secondg is reduced and the PAC signa
is strongly damped. In order to check for any loss of anis
ropy in the PAC signals due to such decay ‘‘aftereffects
comparative PAC measurement was done in which the
tope 111mCd, instead of111In, was directly implanted into a
diamond sample. PAC measurements were made on
gamma cascade emitted in the direct decay of the isom
111mCd state. Emission channeling measurements were
made on the conversion electrons emitted in this decay.

This work therefore presents the results of several set
measurements.

~a! EC and PAC measurements were made on a diam
sample implanted with111In at room-temperature~RT! and
then annealed at various temperatures up to 1673 K to s
the lattice sites of the implanted atoms and study annea
characteristics of radiation-induced damage.

~b! EC and PAC measurements were made on a diam
sample after111In implantation at 1373 K to check whethe
high-temperature implantation yielded a higher substitutio
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fraction than conventional RT implantation followed b
high-temperature annealing.

~c! The influence of ‘‘after effects’’ of the electron captur
111In→111Cd decay on the anisotropy in the111In PAC mea-
surements was checked in comparative EC and PAC m
surements on a diamond sample directly implanted w
metastable111mCd ions.

~d! In an attempt to identify the observed quadrupole co
pling frequencies and to search for In-H defect formati
PAC measurements were performed on a diamond sam
implanted with overlapping profiles of111In and H.

~e! Finally, EC and PAC measurements were made o
sample implanted with181Hf so as to resolve the anomaly i
the site fractions determined in earlier studies.

II. EXPERIMENTAL DETAILS

A. Principles of the experimental techniques

1. Emission channeling

Details of emission channeling measurements are
scribed in Refs. 21 and 22. Radioactive probe nuclei
implanted into single-crystal samples, and the yield of em
ted charged particles (a, b1, b2, or conversion electrons! is
measured outside the sample as a function of angle rela
to the different crystal axes and planes. In the case of e
tron emission, the electron wave functions for transverse m
tion are strongly localized at the minimum of the effecti
potential, i.e., along the atomic rows or planes. Hence,
electron-emitting atoms located at substitutional sites, ch
neled electrons are bound to the positively charged ato
rows and consequently, result in enhanced emission yi
along all crystallographic axes. For emitter atoms loca
away from the atomic rows the channeling effects are
duced; for example, in thê110& axial direction electrons
emitted from interstitial sites are not bound in axial or plan
potentials and produce a nearly isotropic distribution.

In order to obtain quantitative estimates of the fractions
implanted ions at the different lattice sites channeling p
ternsx th(Q,F) for the conversion electrons are calculate
within the many-beam formalism, around the principal ax
directions and fitted to the respective measured channe
spectrumxexpt(Q,F). The effects of dechanneling and the
mal vibrations of the probe nuclei are taken into account
discussed in Refs. 21 and 22. The corresponding fit func
is given by

x f i t~Q,F!5F11S (
i

f ixexpt~Q,F! i21D G .
Q andF are the horizontal and vertical tilt angles with r
spect to the axial direction, andf i represents the fraction o
implanted probes at sitei. The remainder (f R512( f i) is
assumed to be on nonunique or irregular sites of low sy
metry. Comparison of measured yields with combinations
site-sensitive simulated channeling spectra permits one
obtain estimates of the occupancy of the modeled lat
sites.
7-2
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2. Perturbed angular correlations

Details of the perturbed angular correlation method
reviewed in Refs. 23–25; aspects relevant to the pre
measurements are highlighted here. In essence,g-g PAC
measurements consist of implanting excited probe nuclei
a host material and measuring the angular correlation
tween theg rays emitted in the decay of the probe state a
those that populate the probe state. Information on the la
sites of the probe is inferred from the perturbation of theg-g
angular correlation produced by the hyperfine interacti
between the quadrupole moment of the excited nuclear s
and the electric field gradients at the implantation sites.

The EFG is described in terms of a traceless tensor wh
has three diagonal elementsVxx , Vyy , and Vzz, arranged
according toVxx<Vyy<Vzz. It is completely specified by
the largest of its three components,Vzz, and the asymmetry
parameter

h5~Vxx2Vyy!/Vzz, with 0<h<1.

The quadrupole coupling constantnQ5(eQVzz)/h, where
Q is the nuclear quadrupole moment, represents the stre
of the EFG andh expresses its deviation from axial symm
try. For spin 5/2 the quadrupole frequency is related to
precession frequencyv,

nQ5~10/3p!v.

In g-g PAC measurements with a conventional four d
tector (180°,90°) geometry, 12 time spectra are collecte
The spectra are characterized by the lifetime of the pr
state and the perturbation frequencies at the sites of the
planted probes. In the analysis the count ratesN are used to
generate the ratioR(t), which is defined by

R~ t !5
2y22

y12
'A22

e f fG22~ t !, with y

5

S )
m51

4

Nm~180°,t !D 1/4

S )
n51

8

Nn~90°,t !D 1/8 . ~1!

A22
e f f is the effectiveg-ray angular correlation coefficient an

G22(t) the perturbation function. The experimentalR(t)
function is then fitted with a theoretical perturbation functi
for different lattice sites:

Rtheor~ t !5A22
e f f(

i
f iG22

i ~hkinQt !, (
i

f i51. ~2!

Each implantation sitei is characterized by the fractionf i , of
probes occupying the site, the quadrupole coupling
quencynQi , and the asymmetry parameterh i .

For static quadrupole interactions the perturbation fu
tion is given by24

G22~ t !5S01 (
n51

3

exp~21/2sn
2t2!Sn~h,ki !cos~vnt !. ~3!
19520
e
nt

to
e-
d
ce

s
te

h

th

e

-
.
e
-

-

-

The coefficientsSn(h,k i) depend on the asymmetry pa
rameter and the orientation of the EFG with respect to
detector geometry; the exponential term takes accoun
slight variations in the EFG~assumed to have a Gaussia
distribution around a mean value with widths) which re-
sults in a damping of the perturbation.

The probe atoms may be exposed to several different
croscopic environments, each with its characteristic pertur
tion function. As discussed by Wichertet al.,24 four distinct
situations can arise.

~i! Probe nuclei in an unperturbed site of tetrahedral
cubic symmetry experience no electric field gradient~i.e.,
VZZ50). The correspondingR(t) function ~and the pertur-
bation function! has a constant value, independent of timet:

G22~ t !5S01Sn51. ~3a!

~ii ! Probes in a site of cubic symmetry, but surrounded
distant defects, experience a distribution of EFG’s ab
^VZZ50&. TheR(t) spectrum shows a slow exponential d
cay with a perturbation described by

G22~ t !5S01 (
n51

3

exp~21/2sn
2t2!Sn . ~3b!

~iii ! A probe nucleus at a site with a point defect in
nearest-neighbor position experiences a unique EFG. F
static distribution of EFG’s theR(t) spectrum is given by
Eq. ~3! above.

~iv! For probes at sites with extended defects in ma
different configurations in the immediate neighborhood,
R(t) signal is rapidly damped.

B. Measurements

Natural type-IIa diamonds witĥ110& surface orientation
were used in all measurements. The111In ions were im-
planted at the ion implanter at the University of Konstan
the 111mCd ions at the on-line isotope separator ISOLDE
CERN, Geneva, and the181Hf ions at the Institut fu¨r
Strahlen- und Kernphysik, University of Bonn. All implanta
tions were done at an angle of about 7° to the surface nor
to avoid channelling effects. The implantation energies, te
peratures, and doses, together withSRIM ~Ref. 26! estimated
mean implantation depths and peak concentrations, for
different ions are listed in Table I.

The properties of the relevant nuclear states in the th
probes and theg-g transitions and conversion electron em
sions utilized in the PAC and EC measurements are liste
Table II. The EC measurements were made with a three-
goniometer. The diamond samples were annealed in vac
for 10 min at temperatures up to 1673 K, using either eva
ated quartz ampoules or a graphite heater. After each ann
ing the diamond sample was preoriented with the aid of La
x-ray photographs and then mounted in the vacuum cham
of the goniometer. Conversion electron emission yields w
measured along thê110&, ^100&, and^111& crystallographic
directions, with a Si surface barrier detector with an an
7-3
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K. BHARUTH-RAM et al. PHYSICAL REVIEW B 64 195207
resolution of 0.12° for the In and Cd measurements a
0.25° for the Hf measurements.

g-g PAC measurements were made on each sample
mediately after an EC measurement, using a coplanar ge
etry of four detectors at anglesuD590° and 180°. The ex-
perimental R(t) spectrum for each measurement w
generated from 12 time spectra as discussed above. As
primary aim was to extract information on the fraction
probes at different lattice sites, the measurements were d
in ‘‘polycrystalline’’ geometry. The small single-crystal dia
mond was embedded at the center of a sphere which
randomly rotated, at the axial center of the detector geo
etry, in a flowing air stream. By thus averaging all the crys
orientations one measures polycrystallineSn(h,k i) coeffi-
cients and obviates the need to know the crystal orienta
as well as the EFG orientation.

III. RESULTS AND DISCUSSION

A. Emission channeling measurements:

Axial channeling peaks are expected along the^111& and
^100& directions for electron-emitting probe nuclei locat
either at substitutional~S! or tetrahedral interstitial~T! sites.
Along the^110& axis, however, anSsite yields a channeling
maximum and a T site almost isotropic emissio
distribution.21,22 Theoretical axial channeling patterns we
calculated~as discussed above! for emitters at substitutional

TABLE I. Implantation energies, temperatures, doses, and m
depths and peak concentrations of the different ions implanted
diamond.

Ion Ei Ti Dose Depth Concentration
keV ~K! cm22 A° (cm23)

111In 120 300 531012 325~65! 2.831018

120 1373 531012 325~65! 2.831018

111mCd 60 300 631011 195~40! 6.031017

181Hf 70 300 331013 195~30! 3.831019

1H 5 300 131015 380~90! 5.031020

231015 1.031021
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tetrahedral interstitial, and hexagonal interstitial sites, as w
as for displacements along the^111& axis in antibonding and
bond-center directions. The site fractionsf i were then deter-
mined from fits to the experimental spectra. Figure 1 d
plays the channeling effects observed along the^110&,
^100&, and ^111& axial directions for the In-implanted
sample, after annealing at 1473 K. The strong channe
peaks show that the diamond samples are not amorph
and that an appreciable fraction of the implanted ions are
or close to, substitutional lattice sites. The best fit to the d
along the^110& direction is represented by the solid line
Fig. 1~a! which is the calculated yield for a substitution
fraction f S50.32(4), a tetrahedral interstitial fractionf T
50.10(3), and afraction f R50.58 at sites of extended dam
age which gives an isotropic channeling distribution. A go
fit is also obtained for fractionsf S50.31(4) andf R50.69,
represented by the dotted line. The dashed line repres
calculated yields forf S50.32 plus a fraction 0.50 of probe
displaced along thê111& axial direction halfway towards

an
to

FIG. 1. Channeling spectra of conversion electrons emitted
the decay of111In implanted into diamond at 60 keV, observe
along the three main axial directions. The lines represent calcul
yields as discussed in the text.
re made.

TABLE II. Relevant nuclear properties of the111In (111Cd), 111mCd and 181Hf ( 181Ta) probes, and the

energies of the gamma rays and conversion electrons on which the PAC and EC measurements we

Probe Transition Eg(keV) EK,L (keV) Q~b! T1/2

111In→111Cd* 7/21→5/21 171.3 144.6~K! 0.12 ns
167.2~L!

5/21→1/21 245.4 218.7~K! 0.77~12! 85.0 ns
241.3~L!

111mCd 11/21→5/21 150.8 124.1~K! 48.5 ns
5/21→1/21 245.4 218.7~K! 0.77~12! 85.0 ns

241.3~L!
181Hf→181Ta* 1/21→5/21 133.0 65.5~K! 18ms

121.3~L!

5/21→7/21 482.2 2.36~6! 10.8 ns
7-4
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IMPLANTATION SITES OF In, Cd, AND Hf IONS . . . PHYSICAL REVIEW B 64 195207
the bond center, as has been reported recently.27 The chan-
neling effects observed in our spectra are not consistent
such a large fraction of probes at such a configuration.
best fits along thê 100& and ^111& axial directions were
obtained for substitutional fractionsf S50.42(4) and f S
50.40(4), respectively, with the remainder giving an isotr
pic distribution. TheSandT sites are equivalent with respe
to the channeling effects along these two axial directio
The channeling effects along all the three axial directions
thus consistent with a substitutional fraction of 32(4)%, an
interstitial fraction of 10~3!%, and a random fractionf R
558%.

Figure 2 presents comparative channeling spectra in

FIG. 2. Normalized channeling yields of conversion electro
emitted along thê 110& axial direction~a! for 111In implanted at
sample temperature of 295 K and annealed at 1473 K,~b! for 111In
implanted at 1373 K, and~c! for 111mCd implanted at 295 K and
sample annealed at 1373 K.
19520
th
e

s.
re

e

^110& axial direction obtained for111In atoms implanted~a!
at room temperature and annealed at 1273 K and~b! im-
planted at a sample temperature of 1373 K. The normali
yields are practically identical, showing that the same sub
tutional fractions can be achieved following either approa
i.e., room-temperature implantation followed by anneali
above 1200 K or implantation at 1373 K.

B. PAC measurements

Figures 3 and 4 present theR(t) spectra for the In and Cd
implanted diamonds, together with their corresponding f
quency spectra. The spectra for the In-implanted samp
after annealing or implantation at 1373 K@Fig. 3~a!#, were
identical. The fits to the spectra confirm the ne
substitutional fraction observed in the EC measurements,
yield the following results on the microscopic nature of t
probe sites.

~i! Practically none of the implanted probes are at defe
free sites.

~ii ! 22(2)% of theprobes show a slowly decayingR(t)
signal, reflecting their location as being one of tetrahedra
cubic symmetry but surrounded by distant defects.

~iii ! 10(2)% of theprobes experience a unique EFG d
to In interactions at sites with nearest-neighbor point defe
After annealing at temperatureTA51373 K, the quadrupole
coupling frequency of this defect interaction isnQ
5117(2) MHz and asymmetryh50.18. After annealing at
TA51673 K @Fig. 3~b!# only 2(1)% of theprobes experi-
ence this EFG; the remaining 8% are at a new defect c
plex characterized bynQ5315(2) MHz andh50.86(3).

~iv! The vast majority~68%! of the probes experience
fast decay of the anisotropy, showing that they reside in s
with extended defects where they experience a distribu
of EFG’s.

Figure 3~c! shows the R~t! spectrum of the
111mCd-implanted sample after annealing the sample at 1
K. The same strong attenuation of the signal is observed

s

-
s

FIG. 3. R(t) and frequency
spectra of 111In and 111mCd im-
planted in diamond at implanta
tion and annealing temperature
indicated.
7-5
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K. BHARUTH-RAM et al. PHYSICAL REVIEW B 64 195207
for the In-implanted samples. No decay ‘‘aftereffects’’ com
into play here, and only structural defects in the host latt
can be responsible for the strong attenuation. Evidently
annealing fails to remove the residual damage effects
follow the implantation process. The emission channel
pattern for this sample, displayed in Fig. 2~c!, shows a sig-
nificant channeling effect and indicates that the channe
effects on the emitted electrons are insensitive to low c
centrations of nearest-neighbor defects.

TheR(t) and the frequency spectra for the diamond coi
planted with overlapping profiles of111In and H are dis-
played in Fig. 4, for the two implantation doses (
31015 cm22 and 231015 cm22) used in our investiga-
tions. The spectra after annealing at 1473 K and 1673 K
characterized only by a component with a quadrupole c
pling frequency ofnQ5117 MHz, as has been observed
the In-implanted diamond~Fig. 3!. There was no evidence o
the 315 MHz signal, nor was there any evidence of any s
nal due to In-H complexes as has been observed
H-implanted Si~Refs. 28 and 29! and Ge~Ref. 30! formed
by Coulombic attraction between the electrically active
and H.

Theoretical calculations of the lattice location of In
diamond, based onab initio plane-wave pseudopotentia
theory, show the most stable site to be In in an off-cen
substitutional position, in between two carbon vacanc

FIG. 4. R(t) and frequency spectra of111In and H coimplanted
in diamond.
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with an estimated quadrupole coupling frequency of appro
mately 100 MHz.31 This value is in reasonable agreeme
with the observed frequency of 117 MHz.

C. 181Hf in diamond

Figure 5 displays axial channeling spectra along
^110&, ^100&, and ^111& directions for the diamond sampl
implanted with 181Hf at 300 K and annealed at 1673 K
while Fig. 6 presents theR(t) spectra observed after annea
ing at 1473 K and 1673 K. The channeling effects are
very pronounced and correspond to near-substitutional f
tions of 10% –14%, with the remainder on sites that give
isotropic emission distribution. TheR(t) spectra are consis
tent with this and the fit yields two sites with equal popu
tions of 5(1)%, with quadrupole coupling frequencies o
335 MHz and 580 MHz, in agreement with the results
Raudieset al.4 Comparing the results obtained after111In
and 181Hf implantation shows that after annealing abo
1300 K more In than Hf atoms reside on substitutional latt
sites although their atomic radii are very similar. Theoreti
studies on P and In implanted in diamond indicate stro
binding energies of the implanted atoms with vacancies.31,32

Hence the result that fewer Hf than In atoms are observe
substitutional sites is not unexpected as the vacancy con
tration produced in diamond by 70 keV Hf ions is at least
order of magnitude higher than that produced by 120 keV
ions and is close to the amorphization threshold.

In summary, several experimental facts emerge from
EC and PAC measurements. For both the probe nuclei111In
and 181Hf, the two complimentary methods give consiste
fractions of implanted probes close to substitutional sites
the diamond lattice. The PAC results, however, do not sh
any evidence of any defect-free annealing of the diamo
lattice. The EC and PAC results of the111In-implanted
sample rule out any large fraction of In atoms at a displa
S→BC site along thê 111& axis, as has been reported r
cently by Doyleet al.27 Such a configuration would give a
axially symmetric electric field gradient with its principa
axis along^111&. A large fraction (50%) of probes at thi

FIG. 5. Normalized channeling yields of conversion electro
emitted in the decay of181Hf implanted into diamond at 70 keV
observed along the three axial directions.
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FIG. 6. R(t) and frequency
spectra of181Hf implanted in dia-
mond at 300 K, after annealing a
1473 K and 1673 K.
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site together with a 30% fraction of substitutional prob
would yield anR(t) spectrum with amplitude about a facto
of 3 larger than observed in the present work as well as
previous studies.

The disappearance of the 315 MHz PAC signal in
hydrogen coimplanted diamond, after annealing at 1673
also merits comment. It is well established that ion impla
tation in diamond is accompanied by lattice damage due
the breaking up of some of itssp3 bonds. Under appropriat
conditions the broken bonds may reorganize to form sta
sp2 bonds and result in the formation of graphitized regio
in the lattice. The damage density threshold beyond wh
graphitization occurs in diamond after annealing is 122

vacancies/cm3.33 In our case, a total dose of 531012 cm22

of 120 keV111In ions is estimated~SRIM! to produced abou
1.631021 vacancies/cm3, which is below this threshold. A
possible explanation of the 315 MHz signal observed atTA
51673 K is that it is due to In atoms attached to dangling
bonds at damaged regions in the diamond lattice. In
H-implanted sample these bonds may be terminated by
more mobile hydrogen atoms and are not available to th
atoms, resulting in the disappearance of the 315 MHz sig
The absence of any new EFG signal attributable to the
mation of In-H pairs has an additional significance. Such p
formation is driven by the Coulombic attraction between
acceptor In and the H. This leads to the conclusion tha
diamond no significant fraction of the implanted In atoms
as electrically active acceptors.

Finally, the R(t) spectra of the 111In- and 111mCd-
implanted diamond samples display the same strong att
ation of the PAC signals, thus excluding decay aftereffect
the reason for the loss ing-g anisotropy and showing tha
the bulk of the implanted atoms are in strongly perturb
surroundings. Evidently, these implantation-induced defe
do not disappear even at annealing temperatures as hig
1673 K.

IV. CONCLUSIONS

The emission channeling results show that apprecia
fractions of ion-implanted atoms ('30% In and'10% Hf)
at substitutional sites in diamond can be achieved eithe
annealing or implantation at high temperatures. In the cas
In-implanted diamond, earlier EC results show two anne
ing stages, one setting in at about 600 K and the other at
19520
s

in

e
,

-
to

le
s
h

e
he
In
l.

r-
ir
e
in
t

u-
s

d
ts
as

le

y
of
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g

stages, one setting in at about 600 K and the other at 1
K.11 The present PAC measurements on the In- and
implanted diamonds rule out decay after effects as the ca
of the rapid loss ofg-ray anisotropy, but show, on the othe
hand, that even after annealing at temperatures as hig
1673 K residual lattice damage induced by the implantat
process still remains and no defect-free restoration of
lattice is achieved, which is a prerequisite for the electri
activation of dopants. These results therefore beg the q
tion: can incorporation of dopant atoms at defect-free site
the diamond lattice be achieved by ion implantation? Dir
evidence of the incorporation of small but appreciable fr
tions of atoms at defect-free sites in diamond comes fr
in-beam Mössbauer spectroscopy andb-NMR measurements
on 57Fe and 12B, respectively, recoil implanted into
diamond.34,35 Characteristic of both these measurements
the broad kinematic spread in recoil energies, which resu
a rather flat implantation profile with dopant concentratio
several orders of magnitude lower than in conventio
single-energy implantation methods. This suggests tha
achieve dopant incorporation at defect-free, regular, lat
sites in diamond low-dose implantation at a range of energ
is required.

The combined EC and PAC measurements presented
also caution against over-interpretation of the results of em
sion channeling measurements. In the theoretical simulat
the emitter atoms are placed at the modeled sites in a pe
defect-free lattice. The comparison between the experime
and theoretical channeling effects thus allows one to iden
whether the emitting atoms are located at substitutiona
certain simple interstitial sites and, in favorable cases,
more complex configurations provided detailed informati
on lattice defects is available. However, information on t
microstructure of the dopant sites requires compliment
measurements by techniques such as Mo¨ssbauer spectros
copy, PAC or nuclear magnetic resonance, and electrical
optical measurements.
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