PHYSICAL REVIEW B VOLUME 58, NUMBER 14 1 OCTOBER 1998-II

Recoil-implanted *’Fe in diamond
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The lattice sites of’Fe recoil implanted into diamond at low concentrations have been investigated in
in-beam Mwsbauer spectroscop§PAr ions incident at 110 MeV on an enrichedFe foil were used to
Coulomb excite and recoil implaitFe nuclei into a pair of diamond targets. Conversion electrosstauer
spectra were measured at sample temperatures of 300, 600, 700, and 800 K. The spectra were consistently
resolved into three components: two symmetric doublets and a weak singlet. At 300 K the singlet had an
isomer shift of6=+0.16 mm/s: the doublei{®, andD,) had quadrupole splittings of 2.33 mm/s and 2.10
mm/s, and isomer shifts 0f0.51 mm/s and+0.04 mm/s, respectively. The line intensities and linewidths of
the three components showed little change with temperature. Time-differential measurements showed no
evidence of any dynamic rearrangement of the implanted Fe atoms within the time window of the measure-
ments(100 ng. Comparison of the observed isomer shifts with theoretical calculations and similar measure-
ments in Si allow us to attribute the singldt~10%) to interstitial Fe. The isomer shift of doubB} is in
agreement with the calculations for substitutional Fe. However, the large electric-field gradiBntsued D,
caution against any firm conclusions on these components, but indicate that two differently disturbed implan-
tation sites are populated with considerable lattice damage in the neighborhood of the implanted ions.
[S0163-182608)02237-1

. INTRODUCTION Sawicki, and de Waarff,? in investigations on®’Co im-
planted into diamond, obtained spectra dominated by a broad

lon implantation has found increasing application in re-doublet that suggested that the majority of the implanted Fe
cent years as a means of incorporating dopant atoms in semitoms were in highly damaged regions in the host matrix. A
conductors, especially in systems where solubility of theweak singlet component was also observed whose intensity
dopants atoms is low. Diamond is one such system, wher@creased from 3% at 300 K to 20% at annealing tempera-
the extremely low solubility of potential-type dopants rule tures above 600 K, indicating a transition of the implanted
out thermal diffusion or incorporation during growth as dop-atoms to a high-symmetry site. A systematic study of the
ing mechanisms. lon implantation is an attractive alternativeamorphization of the diamond lattice produced by the im-
and has been used in several recent studies on diahond. plantation of different doses of'Co was conducted by de
lon implantation is free of any limitations imposed by solu- Potter and Langouch@.Their data showed that implantation
bility considerations and offers precise control of dopant spedoses= 10" Co cri ? results in the formation of a com-
cies, depth, and concentration. However, a major difficulty ispletely amorphous layer, which does not anneal up to tem-
that the implantation process is invariably accompanied byeratures of 1173 K, and that the isomer shifts of some com-
lattice damage, which is compounded in semiconductors bponents were dependent on the implantation dose.
the large variety of defects that can be formed. HenceMossbauer spectra obtained for a dose of*bin~2 were
several techniques, and in particular, “#d4bauer resolved into two doublets and two singlets. The singlets had
spectroscop¥;1° have been used to investigate the implan-quite large isomer shifts, indicative of the considerable lat-
tation sites and diffusion of dopant atoms in diamond, and tdice strain around the Fe atoms.
study the immediate neighborhood of the implanted atoms Very little information exists on lattice location of Fe at-
and their annealing characteristics. oms implanted in diamond. Molecular-orbital calculations by

The resonance spectra observed in the earldlauer Lowther* suggest that Fe should be stable in substitutional
studies were characterized by a broad doublet. Sawickand metastable in interstitial sites. The present measurements
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were therefore aimed at investigating the lattice sites of Fe

atoms in diamond achieved with low dose implantation, and i
were therefore undertaken employing the in-beams#4o 4+
bauer spectroscopBMS) technique, and exploiting some

of its unique feature¥ In the IBMS method, Coulomb ex- 3r
citation reactions of a heavy-ion beatAr or Xe) on an 5

enriched®’Fe foil result in electric quadrupoleEQ) excita-
tions of the ™~ and 3~ states in°’Fe at 136, 366, and 706 1l
keV. Close to 90% of the population of these states decay
into the Massbauer level at 14.4 keV. The excitéfFe*
nuclei leave the foil with their angular distribution peaked
between 20° and 70°, and therefore may be implanted into
samples mounted on either side of the beam axis, while the
primary beam passes through without striking the samples.
The kinetic energy imparted to the recoiling nuclei ranges up
to several MeV, and results in a uniform implantation profile
with a depth extending to 1@&m. The sample, implanted 1k
with the excited®’Fe* nuclei, acts as a source, and, hence,
low implantation doses<t10' cm™?) are sufficient to ob-
tain spectra with good statistics. This coupled with the large
implantation range results in extremely low dopant concen- 3t
trations (10% cm™3). Single atom implantation is thus
achieved, there is no interaction between neighboring probe
atoms, and overlap of implantation induced damage cascades
is avoided. Recoilless emission of the 14.4 kegVays from

5’Fe occurs within the lifetime«= 141 ns) of the Mesbauer
state after the implanted probes have come to rest. Hence, the .0 2
probes cannot form clusters, precipitate, or escape from the Velocity (mm/s)
sample during the time window of the measurement. How- , o
ever, one drawback of the IBMS technique is that the mea- F'G- 1. In-beam Mesbauer spectra of Fe in diamond. The spec-
surements are performed in the “as-implanted” state at thdra were consistently resolved into a singlet and two doublets.
sample temperature. Thermal treatment of the host sampl
such as an isochronal annealing sequence, is not possible

Relative Yield

[
T

%’ecause of the special construction of the targets thesMo
‘bauer measurements were made in reflection geometry. Con-
version electron spectra of the 14.4 keMjuanta were col-
Il. EXPERIMENTAL lected with small, light-weight resonance counters mounted
directly onto conventional Mgsbauer drives that were oper-

The measurements were made at the VICKSI acceleratojteq in constant acceleration mode. The resonance counters
at the Hahn-Meitner-Institute, Berlin. TtEFe nuclei were yere gas-filled parallel plate avalanche counters, with one
produced in their 14.4 keV Misbauer state by bombarding glectrode made of stainless steel foil in which the Fe content
an enrichedFe foil with a pulsed 110 MeV°Ar beam. The  \yas enriched to 95% ii’Fe (Ref. 14. Spectra were col-
Fe foil was 2 mg/crhithick and covered with a 100g/cn? |ected in time-differential modé for sample temperatures of
layer of Ag for thermal conduction. It was kept at liquid 300 600. 700. and 800 K.
nitrogen temperature during measurements. 4%e beam, ' ’ ’
of intensity 150 nA, had a pulse width of 2 ns and a repeti-
tion period of 400 ns and was swept vertically over the Fe
target at a frequency of 200 Hz. To reduce background data Mossbauer spectra for sample temperatures of 300, 600,
was collected only during beam-off period. and 800 K are displayed in Fig. 1. The spectra have the

Details of the IBMS arrangement are given in Ref. 13.overall shape of broad symmetric doublets together with a
Diamond targets of large surface ai@@ mmx20 mm) were  weak singlet, and show little change with temperature. To
required. Hence, each target was assembled from 5.0btain consistent fits the spectra were analyzed in several
mmXx5.0 mmx2 mm thick “tiles” of synthetic high- different ways. An initial analysis, in which the spectra were
temperature high-pressure produced type-lb single-crystditted with a single broad doublet and a singlet, as was found
diamonds, with the nitrogen concentration kept below 10Cfor similar IBMS measurements in &, failed to produce
ppm. The “tiles” were polished parallel to the.00) faces, satisfactory fits to the data. The most consistent results were
carefully aligned and brazed onto a metal backing plate. Aobtained in an analysis in which the spectra at the four tem-
pair of halogen lamps mounted behind the samples allowegeratures were fitted simultaneously, allowing for the ex-
controlled heating of the samples up to a temperature of 90pected second-order Doppler shift in isomer shift with
K. Two diamond targets were used, mounted on either sidesample temperature. Such a fit required two symmetric dou-
of the primary beam. This arrangement allowed the recoilingblets,D; andD,, and a single§; . The parameters extracted
S’Fe* nuclei to be implanted into the target samples whilefrom the analysis are listed in Table |, where the isomer
the “°Ar beam passed through without striking the samplesshifts are expressed as absorber shifts relative-Fe.

lIl. RESULTS
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TABLE I. Linewidth I' (FWHM), isomer shift(é), quadrupole splitting 4Eo), and line aredA), of the
singlet (S;) and doublet$D,; andD,) observed in the resonance spectra at the different sample temperatures.
The isomer shifts are expressed as absorber shifts relative-&

D, (I'=1.3 mm/s) D, (I'=1.0 mm/s) S; ('=0.5 mm/s)

Temp. ) AEq A o AEq A o A
(K) (mm/9 (mm/9 (%) (mm/s (mm/s (%) (mm/9 (%)
300 —0.51(3) 2.333) 42(2) +0.043) 2.103) 50(2) +0.165) 8(1)
600 —-0.733) 2.193) 41(2) -0.183) 2.01(3) 51(2) —-0.125) 8(1)
700 —0.803) 2.133) 41(2) —-0.253) 1.983) 52(2) —0.135) 71
800 —0.893) 2.073) 40(2) —-0.333) 1.943) 52(2) —0.205) 71

A 300 K, the quadrupole splittingAE,, of the doublets in Ref. 10. The spectra in Ref. 7 were fitted with a singlet
were 2.385) mm/s and 2.1() mm/s, respectively, corre- and a single broad doublet; the isomer shift of the doublet is
sponding to electric-field gradientd/,, of 1.07x10'® in reasonable agreement with the mean shift of the two com-
Viem? and 0.96<10' V/cm?. These values are quite large, ponents required to fit our data. The values of the quadrupole
but consistent with the electric-field gradients observed foisplittings are a little smaller than observed in the earlier mea-
other heavy ions in diamond.The quadrupole splittings de- surements, which may be reflecting the reduced damage pro-
crease with increasing temperature, following ¥ depen-  duced in the vicinity of the probes in the present low dose
dence, as is shown in Fig. 2, with proportionality constantsn-beam measurements.

—1.50(2)x10 2 K*2and—0.91(2)x 10 2 K32 for dou- The singletS; in our data has an isomer shifi=
bletsD, andD,, respectively. +0.16 mm/s. Singlet components with large negative isomer

A search was made for evidence of dynamic re-shifts, as were observed previously, were not evident in our
arrangement of th&’Fe probe atoms between implantation spectra. Two sources could contribute to the different results.
and decay, by binning the time differential spectra into fourThe first is the large difference in the dopant concentration
time bins of 50-125, 125-200, 200-275, and 275-350 ns.

Spectra measured at 300 K are shown in Fig. 3. Little evi- Al ' ' ' '
dence of any temporal behavior is evident. Dynamic rear- At= 50-125 ns
rangements, if any, occur within a time100 ns after im- 3 M
plantation. :# W”W#@
2+ 44
" ¥
IV. DISCUSSION 1k "?M’ M\’Q\‘w‘
In Table Il we compare the isomer shifts and quadrupole ol ' ' ' '
splittings determined in our measurements with the results of At=125-200 ns
de Potter and Langoucteand Sawicka, Sawicki, and de #Wﬁﬁ #
Waard! The earlier results were obtained from measure- 4r *# # ﬂ;
ments in which®’Co was implanted into diamond samples at = )
energies of 85 and 50 keV, respectively, and at implantation g 2r , ./ N,,.
doses of 18 cm 2 and 5x 10*® cm 2. The isomer shifts of © g™ "
the doublets are in reasonable agreement with those observed 2 6f
< At =200-275 ns
]
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FIG. 3. Time-differential Mgsbauer spectra of Fe in diamond
FIG. 2. Quadrupole splittingEq of doubletsD; andD,, plot- observed at 300 K, for time intervals 50-125, 125—-200, 200-275,
ted as a function oT%?2, and 275-350 ns, after implantation.



8958 K. BHARUTH-RAM et al. PRB 58

TABLE Il. Isomer shifts(6) and quadrupole splittings\E) of TABLE lll. Comparison of experimental and calculated isomer
the singlet §) and doublets D;) determined in the present mea- shifts of °>’Fe in diamond and Si. The isomer shifia mm/s are
surements compared with the results of de Potter and Langouctexpressed as absorber shifts relativetfe.

(Ref. 10 and Sawicka, Sawicki, and de WadRlef. 7). The isomer

shifts are expressed as absorber shifts relative-Fe. Theory
Expt. Interstitial ~ Substitutional
Component Present Ref. 10 Ref. 7
(a) Diamond D;: —0.51(3) +0.22  +0.09—0.19
Dy: &(mm/9 -0.513) —0.705) D,: +0.043)
AEq (mm/g 2.333) 2.6005) S;: +0.165)
D, &(mm/g +0.043) —-0.165  —0.125) (b) Si D: +0.103) +0.89 +0.13
AEq (mm/9 2.103) 2.475) 2.37) (Refs. 16 and 18 S;: +0.7505)
S;: §(mm/y +0.165) +1.61(5) S,: —0.205)
S,: 8(mm/y -0.795) —0.955)

o ! our experimental and calculated isomer shifts for Fe in dia-
which is less by a factor of £0n our IBMS measurements mond, with results for S8 The IBMS spectra in Si show

compared with those used in Refs. 7-10. The single lingno strong doublet f=70%) and a singlet f~30%).
components with large negative isomer shifts observed in thesp  calculations identical to those carried out in the
earlier measurements have been attributed to probes at regyasent case reproduce the observed isomer shifts verfwell
lar but highly compressed lattice sites. Evidently these force§nq indicate that in Si the singletS{) with 6=

are reduced in the IBMS measurements. A second factor i3 g 75 mm/s is due to tetrahedral interstitial Fe, while a sec-
that in our case exute_a Fe probes are directly implanted g singlet that appears at temperatufes600 K may be
into the host whereas in the source based measurements tgyinted to substitutional Fe. The observed diffusional
dioactive *’Co were implanted in the diamond samples. Af- roadening of componens, confirms this assignmert.
tereffects of the>’Co—~>Fe electron capture decay may Tps gives confidence in the present calculations and allows
make some contribution to the difference in the electrong ¢, interpret the singlet componerit{10%) as due to Fe
charge distribution around the probes. implanted at highly symmetric tetrahedral interstitial sites in

In order to identify the implantation sites of the Fe atoms ;2 mond. Up to a sample temperature of 800 K this compo-
theoretical calculations were made of the contact charge depnt shows no increase in intensity or in linewidth.

sities at the Fe nuclei at substitution@) and tetrahedral The isomer shift of doubleD,(=-+0.04 mm/s) is in
interstitial (T) sites. The calculations were carried out in ex- ood agreement with that calculated for substitutional Fe
actllygt_he same way as for ear_lie_r calculations for.Fe in Si andyith a relaxed Fe-C bond length. This agreement, however,
Ge,” i.e., they were made within the local-density approxi- 4y e fortuitous. The atomic radii of carbon and iron atoms
mation of spm-densny-fungngnal theo,ﬂ‘SDA)’ and used are 0.77 and 1.26 A, respectively, and so the Fe environment
the augmented nonrelativistic spherical wave method tQpayid pe strongly perturbed and result in a large quadrupole
solve effective  single-particle wave equations  self-gpiing as is observed. Also arguing against assigiag
consistently. The Fe configurations were simulated by placg, g pstitutional Fe is the fact that in all cases where Fe is not
ing Fe in a large supercell that was then periodically e~ pje jn metals and in Si little or no substitutional compo-
peated. For an interstitial lattice position, one Fe atom wasant is observed immediately after implantation. Examina-
placed at the origin and the surrounding diamond lattic&;y, of the Sj IBMS resul® shows that the substitutional
filled with sixteen C atoms. For a substitutional defect, thecomponent appears only at high temperatures, presumably

diamond lattice along each of the three unit-cell edges wag, e (o part of the defect doublet transforming into the sub-
doubled and the central C atom replaced with a Fe atom. Th;, tional component through Fe interaction with vacancies

supercell for thel and S configurations may be represented ¢|oge 1g the defect. In diamond, with its Debye temperature
as FeGgE 15 and FeGgE 4, respectively, wher& represents  _5000 K such a process is expected to occur at very much
the interstitial(“empty” ) sphere. Self-consistent wavefunc- higher temperatures. Indeed, emission channeling and per-
tions were generated for Fe at the two configurations in diagrheq angular correlation measurements on As and In ions
mond and ina-Fe, and the contact charge densities at the F&ypjanted in diamontf show that large substitutional frac-
nucleus were calculated with non-relativistic corrections.  ions of dopants in diamond require either implantation or
For Fe atoms at tetrahedral interstitial sites the Calcwaénnealing at temperatures above 1200 K. These measure-
tions gave a contact charge density, relativeribe, ofAp  ents also show that the majority of the implanted heavy

_ -3 :
=-0.62%,", i.e,, a reduced electron density at the Fejgns are at highly damaged lattice sites that do not recrystal-
nucleus, which corresponds to an isomer shift &%= lize even at temperatures above 1600 K.

+0.22 mm/s. For substitutional Fe, the results depend on the The present measurements were carried out on Synthetic
relaxation of the Fe-C bond. In an unrelaxed lattice, the calt pe-lb diamond which contained 100 ppm nitrogen
culations give an increased relative contact charge density q{oncentraﬁoﬁ 1.7x107cm™3) at single substitutional
Ap=+0.55,", and a corresponding isomer shift A= sjtes. The substitutionall could present trapping points for
—0.19 mm/s. Allowing for a small relaxation of the Fe-C the Fe ions. However, the resonance structure observed in
separation reduces the relative contact charge densifypto our spectra is similar to that observed in natural type-Il dia-
= —0.26a53, and results in an isomer shift a0.09 mm/s. monds(Refs. 7—10, and suggest that the more likely cause
In order to interpret our results we compare, in Table I, of the doublet components is lattice damage due to the mis-
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match of both the Fe/C atomic radii and masses. measurements in Si and with theoretical calculations indicate
DoubletsD; and D, represent~40% and 50%, respec- that approximately 10% of the Fe ions are implanted at

tively, of the total resonance area in our spectra. Neglectin@ighly symmetric, tetrahedral interstitial sites. The remainder

effects due to different recoil-free fractions, our results therof the ions reside in two differently perturbed, but strongly

indicate that we implant approximately 10% of the Fe intodamaged environments, where they experience very large

interstitial sites, and the rest in two differently disturbed, butelectric field gradients= 1.0x 10 VV/cm).

strongly perturbed sites.
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