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Atomic environment of Fe following high-temperature implantation in InP
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We report on the structural investigation of the atomic environment of Fe impurities introduced in InP by
high-temperature ion implantation. The lattice location of the implanted Fe atoms and its evolution upon
annealing treatments have been investigated by means of proton-induced x-ray emission and Rutherford back-
scattering spectrometry in channeling conditions. X-ray absorption spectroscopy measurements have been
performed in order to study the Fe local structure. The results of these measurements have been correlated to
those obtained with other structural characterization techniques, as transmission electron microscopy and
high-resolution x-ray diffraction, and provide an overall picture of the Fe incorporation mechanisms at the
atomic level. It has been found that the high-temperature implantation process favors the incorporation of Fe in
high-symmetry sites. Conversely, the point defect flux occurring during high-temperature annealing controls
the kick-out of the Fe atoms from substitutional locations, leading to the formation of Fe-P complexes.
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I. INTRODUCTION

Among transition-metal impurities, iron is of key impo
tance in the InP-based optoelectronic and microwave ap
cations, thanks to its peculiar electronic and optical prop
ties. Due to its near-midgap deep acceptor level Fe acts
efficiently as an electron trap,1 and is therefore routinely
used in bulk and epitaxial crystal growth to produce se
insulating ~SI! substrates or SI current blocking layers f
vertical isolation and charge confinement in various dev
structures.2–4 The same singly charged Fe21 trap state re-
sponsible for electrical compensation shows also interes
optical properties due to internald-shell transitions between
the 5T2 and 5E states whose degeneracy is removed by
InP tetrahedral crystal field;1 these transitions give rise to
sharp photoluminescence spectrum centered at 3.5mm
which could be exploited to produce an emitting device
the mid-IR region.5,6

A major drawback of Fe-related applications is due to
rather low solubility in InP. This limits the maximum con
centration of substitutionally located, electrically and op
cally active Fe atoms attainable with equilibrium techniqu
to values<1017 cm23 before precipitation occurs.7–9 As a
typical nonequilibrium technique, ion implantation may
used to overcome solubility limitations, and many pap
appeared in the past dealing with the various aspects o
implantation process.10–18 One of the problems with Fe im
plantation in InP is related to its high reactivity with th
0163-1829/2003/68~22!/224113~11!/$20.00 68 2241
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implant induced defects, especially when amorphous clus
or regions are produced:19 the high-temperature annealin
treatments necessary for the damage recovery induce st
redistribution/gettering phenomena which completely a
the implantation profile with detrimental effects on the d
sired electrical or optical properties. Damage-related und
ired effects can be avoided by high-temperature implan
tion. Wendler et al.20 showed that the formation o
amorphous zones can be suppressed for doses as hig
1015–1016 cm22 and medium mass ions~Si and Se! by keep-
ing the InP substrate at temperatures above a critical valu
the order of 400 K during the implantation; only residu
isolated point defects and point defect clusters are left du
dynamical annealing effects inside the collision cascades
some recent papers, by means of current-voltage, phot
duced current transient spectroscopy and photoluminesc
and electroluminescence measurements,21–23 we demon-
strated that a concentration of electrically active iron of t
order of 231018 cm23 can be achieved by using an impla
tation temperatureT.200°C; this active iron concentration
well above the Fe equilibrium solubility limit, is obtaine
without detrimental effects on the electrical, electronic, a
optical properties of the Fe21 centers due to the implan
induced damage.

Despite these important applicative results, several imp
tant questions of more fundamental character remain o
and deserve careful investigation, mainly regarding the str
tural aspects of the ion-solid interaction. Presently, little
©2003 The American Physical Society13-1
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no knowledge exists on the microscopic status of the cry
after the high-temperature implantation process and on
relationship between the host atoms, the produced def
and the implanted Fe impurities. It would be of particu
interest to know what is the effect of the dynamical anne
ing processes on the final location of the implanted Fe ato
and how the latter is modified by the following anneali
treatments. Extracting information about the final site oc
pied by Fe could help, e.g., to understand why the elec
cally active Fe fraction after annealing treatments appear
be of the order of 10% only, as measured in the previou
cited papers.21,22

The aim of this work is to study the structural relatio
between the InP crystal and the implanted Fe atoms afte
elevated temperature (T.200°C) implantation process an
the subsequent high-temperature annealing treatme
Thanks to the reduced damage rate during the implanta
process, it is possible to introduce a relatively large amo
of Fe without destroying the long-range crystallinity of th
substrate and thus avoiding strong damage-related redist
tion phenomena during the annealing: this allows to succ
fully employ structural techniques which otherwise suffer
sensitivity limitations~with respect, e.g., to the electrica
electronic ones! and to directly compare their results wit
those obtained by electrical measurements.

In order to obtain a clear picture of the structure of
implanted in InP on various length scales different te
niques have been used. X-ray absorption spectrosc
~XAS! with synchrotron radiation was used to study t
short-range environment of the implanted Fe atoms;24,25 due
to low concentration of the Fe absorber atoms, these m
surements take full advantage of the high photon brillian
of third-generation synchrotron radiation sources. As
other main analytical tool we employed ion channeling o
proton beam, detecting backscattered protons~Rutherford
backscattering spectrometry, RBS! as the matrix signal, to be
compared with the Fe characteristic x-ray emission com
from the Fe impurities ionized by the beam~proton induced
x-ray emission, PIXE!. Other analytical tools were also em
ployed to have an overall picture of the implantation proce
these are secondary ion mass spectrometry~SIMS!, transmis-
sion electron microscopy~TEM!, and high-resolution x-ray
diffraction ~HRXRD!. Thanks to the cross-related inform
tion obtained by the different techniques we will be able
propose a clear overall picture of the interaction of Fe w
the InP lattice after implantation and as a consequence o
annealing process.

II. EXPERIMENT

Czochralski n-doped ~001! InP wafers were used a
implantation substrates, both Sn and S doped, with ba
ground electron concentration in the 1018 cm23 range.
Samples were placed on a substrate holder kept at a tem
ture T5220°C during implantation. Fe implants were pe
formed at 350 keV at doses of 331015 cm22 ~samples A! or
231015 cm22 ~samples B!, and at 300 keV with a
231015 cm22 dose~samples C!. Four different dopings were
employed for samples A: Sn 231018 cm23 ~A1!, Sn
22411
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531018 cm23 ~A2!, S 531018 cm23 ~A3!, and S
131019 cm23 ~A4!; a single doping was used instead f
samples B and C, that is Sn 231018 cm23 and Sn
131018 cm23, respectively. Annealing was carried out fo
all the samples at a temperatureT5600°C for a timet
590 min in a tubular furnace with flowing purifiedN2; the
samples were placed in a small graphite boat where a p
phorus overpressure~generated by a saturated Sn:InP so
tion! was maintained in order to prevent surface decomp
tion due to P evaporation.26 Samples B were annealed also
different temperatures fromTmin5300°C to Tmax5600°C
for time intervals varying betweent515 min and t
590 min.

The evolution of the crystal damage was monitored
4He1 RBS channeling at energies between 1.8 and 2.2 M
Some selected samples were analyzed by cross-sect
TEM measurements with a FEI field-emission gun TECN
F20 SuperTwin microscope, operating at 200 kV either
bright-field or high-resolution mode. Cross-sectional samp
were prepared by mechanical prethinning followed by
incidence, 4-keV Ar1 beam thinning on a Gatan PIPS sy
tem. Secondary ion mass spectrometry was used to d
mine the Fe depth profiles, using a 5.5-keV oxygen beam
detecting positive secondary ions. High-resolution x-ray d
fraction experiments, using the~004! Bragg reflection, were
carried out by means of a Philips X’Pert diffractomet
equipped with a graded multilayer mirror and a Barte
channel-cut high-resolution monochromator for selecting
CuKa1 radiation. To reduce the background scattering co
ing from the sample, a thin slit was placed in front of th
detector with an acceptance angle equal to nearly 0.3°;
fraction profiles were recorded in thev22u scan mode un-
der controlled temperature conditions.

XAS measurements were performed at the ‘‘GILDA
~BM8! beamline of the European Synchrotron Radiation F
cility in Grenoble, France. A sagitally focussing Si~311!
monochromator run in the dynamical mode was used;27 har-
monics were rejected using a pair of Pd-coated grazing i
dence mirrors and by detuning the crystals. The Fe abs
tion coefficient was monitored by recording the intensity
the Fe Ka line as a function of the exciting photon energy b
using a thirteen-element hyperpure Ge detector with
digital electronics. An Fe metallic foil and powder sampl
of Fe2O3 ~hematite!, Fe3O4 ~magnetite!, FeP, Fe2P, and Fe3P
were measured in the transmission mode as reference
the XAS signal of Fe in different local environments. E
tended x-ray absorption fine structure~EXAFS! spectra were
recorded in the range 6950–8200 eV using an energy
providing an increment ink space smaller than 0.03 Å21.
X-ray absorption near-edge structure~XANES! spectra were
recorded in the range 7050–7250 eV, with an energy ste
small as 0.1 eV in the range corresponding to the ox
preedge peaks and to the rising edge of bulk Fe, the F
reference compounds and the samples.

Fe lattice location by PIXE channeling was carried o
with a 1.85-MeV H1 beam detecting the Fe Ka line at 6.4
keV with a Si~Li ! detector. Complete angular scans acro
the ^100& and ^110& axial crystallographic directions wer
3-2



ra
en
ns
om
wi
a

in
e
e
s
Th
w
on

ro

d
a

o

tr
tio
at
a

s,
r

f t
he

by
een
a
sed
ve
left
ase

to
ese
tri-
ta-
in,
or-

ight
n of
D

ased
ed
m-
he
t-
e
he
igh
nt;

d
T
fo

es
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performed for all the samples, recording the complete x-
spectrum for each angular position. Control measurem
along the^111& axial and the three major planar directio
were also performed to assess the exact location of Fe at
Proton backscattering spectra were recorded in parallel
each PIXE spectrum in order to compare the Fe and In
gular yields; to rule out differences due to the dechannel
the In signal was integrated from the surface over a thickn
containing about 90% of the total implanted Fe. Each sp
trum was recorded with the beam impinging on a fre
sample position to avoid damage accumulation effects.
angular scans around the various axes were performed
the beam remaining parallel to a fixed major planar directi
usually$100% or $110%.

III. RESULTS

A. Implant-induced lattice modifications

1. As-implanted samples

SIMS measurements show that the Fe implantation p
files have a projected rangeRp of 200 or 250 nm depending
on the energy, with a peak concentration between 6 an
31019 cm23 depending on the dose; the Fe concentration
the surface is in the range of 1019 cm23 for both doses, and
the tail on the bulk side extends to a maximum depth
1200-1500 nm.

In Fig. 1 we report the 1.8-MeV4He1 RBS-channeling
results for some of the 231015 cm22, 350-keV implanted
and annealed samples. The as-implanted sample spec
shows the presence of a diffuse dechanneling contribu
throughout the entire implanted region, with only a moder
increase of the RBS yield with respect to the spectrum of
unimplanted reference sample; no direct scattering peak
would be caused by the presence of heavily damaged
gions, are detected. TEM measurements~not shown! confirm
the absence of detectable amorphous clusters, even i
implanted dose is almost two orders of magnitude hig

FIG. 1. RBS-channeling spectra (4He1 beam, 1.8-MeV energy!
of 350-keV, 231015 Fe/cm2 implanted samples, both as-implante
and annealed at the different indicated temperatures for 90 min.
random reference spectrum is multiplied by the indicated factor
a better visualization.
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than the room-temperature amorphization threshold.19,20

Moreover, increasing the dose from 231015 to
331015 cm22 does not modify the damage level detected
RBS. The depth distribution of the induced defects has b
investigated by means of HRXRD; in Fig. 2 we report
rocking curve for the same as-implanted sample discus
above. Two distinct features are visible in the rocking cur
@Fig. 2~a!#: a well-separated and rather sharp peak on the
of the main InP substrate peak and a more diffused incre
of the reflectivity on the right side, with a tail extending
values of about 2000 arc sec from the central peak. Th
features clearly indicate the presence of two distinct con
butions to the lattice deformation induced by the implan
tion: the peak on the left is associated with a positive stra
i.e., an expansion of the lattice parameter in a direction n
mal to the sample surface; the large shoulder on the r
side is associated with a negative strain, i.e., a contractio
the lattice in the same direction. The experimental HRXR
curves were analyzed by means of a best fit procedure b
on the standard dynamical diffraction theory for distort
crystals.28,29 The subsurface region corresponding to the i
plantation depth was divided into several thin layers. T
layer thicknesst, the static Debye-Waller factor and the la
tice spacing modificationDd/d were the parameters of th
calculations. In order to increase the quality of the fitting t
experimental rocking curves were collected with a very h
statistic within the whole angular range of measureme

he
r

FIG. 2. ~a! HRXRD experimental and simulated rocking curv
of the 350-keV, 231015 Fe/cm2 as-implanted sample;~b! strain
depth profile~continuous line, left-hand scale! and SIMS Fe im-
plantation profile~dashed line, right-hand scale!.
3-3



m
bl
e
n
nd
un
by
n
b

n

h
o
0

rg
se
v
e
F

a
t
le
al

3
in
th
c
f

os
a

m
in
u

p
m

ic

c
s

,
n-
a
p

ec
pr
e

o
ig
V,

n
s-

tion

rly

file

d
om-
ck-
ctra
ted
tom,

-

ken
be-

T. CESCAet al. PHYSICAL REVIEW B 68, 224113 ~2003!
moreover, the incoherent diffuse scattering, due to ther
vibrations, was taken into account by introducing a suita
piecewise-smooth function. The diffuse scattering valu
were obtained by triple crystal diffractometry measureme
in several points on the tails of the diffraction curves a
then assumed as data points for the piecewise-smooth f
tion. The reliability of the fitting results was also tested
repeating new calculations with very different starting co
ditions, in order to assure the convergence toward a glo
minimum. The result of the fitting is shown in Fig. 2~a!,
where an excellent agreement has been obtained betwee
experimental and calculated curves. The resultingDd/d pro-
file is reported in Fig. 2~b!, where it is compared with the
as-implanted Fe depth distribution measured by SIMS. T
presence of both lattice expansion and contraction is c
firmed: lattice expansion is localized in a region between 2
and 500 nm, peaked in a position roughly corresponding
the maximum of the Fe implantation profile, whereas a la
contraction effect is present in the near-surface region; a
ond region with negative strain contribution, though less e
dent than the one in the surface, is found at depths betw
500 and 1000 nm, corresponding to the bulk tail of the
implantation profile.

2. Annealed samples

The RBS spectra of annealed samples~see Fig. 1! show
that the defect recombination induced by the thermal tre
ments leads to a good crystal reconstruction already a
annealing temperature of 450°C, with an almost comp
recovery in the near-surface region. For the 600°C anne
sample an increase of the channeling yield is visible in
region corresponding to depths between about 170 and
nm, very likely due to the onset of extended defects. Aga
similar results are obtained for the samples implanted at
331015 cm22 dose, without a significant increase of the se
ondary defect production. The onset of extended defects a
annealing at the highest temperatures is confirmed by cr
sectional TEM observation, as reported in Fig. 3 for
331015 cm22 implanted sample annealed at 600°C: this i
age shows the formation of a band of extended defects
region starting at a depth of about 200 nm and extending
to several hundred nanometers. Most of these defects ap
very similar to the ones detected and studied in roo
temperature implanted InP samples:19,30 though a detailed
analysis of these defects is beyond the scope of this art
they are very likely extrinsic dislocation loops@see Fig. 3~b!#
due to the condensation of the excess interstitials produ
by the implant which survived the recombination proce
with vacancies. The SIMS measurements~not reported here
see Ref. 31! show that the implanted Fe profiles do not u
dergo severe modification upon annealing. The 450°C
nealed sample profile is identical to the as-implanted sam
one; after the 600°C annealing a minor redistribution eff
is observed in the region between the surface and the
jected rangeRp , with a plateau visible in the near-surfac
region and a small peak centered at aroundRp/2. No Fe
gettering phenomena due to secondary defect formation
served at greater depths are visible from SIMS profiles. F
ure 4 reports the HRXRD results for the 350-ke
22411
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231015 cm22 implanted sample annealed at 600°C. A
overall reduction of the strain with respect to the a
implanted sample is already evident from a simple inspec
of the rocking curve@Fig. 4~a!#. The strain profile@Fig. 4~b!#
shows two contributions to the lattice expansion (Dd/d
.0) at different depth, separated by a region with a clea
distinguishable lattice contraction (Dd/d,0). An hypoth-
esis about the possible origin of this particular strain pro
will be presented in the discussion section.

B. Fe local environment: XAS measurements

In Fig. 5 we report XANES spectra of four selecte
samples compared with those of three reference Fe-P c
pounds, bulk Fe and two iron oxides. The preedge ba
ground was subtracted using a linear function and the spe
were normalized to a common value at 7250 eV. As expec
on the basis of the charge transfer on the Fe absorbing a
and extensively reported in the literature,32,33 the position of

FIG. 3. ~a! Cross-sectional bright-field TEM image of a 350
keV, 331015 Fe/cm2 implanted sample, annealed atT5600°C for
90 min; ~b! enlargement in the damaged region; the image is ta
at a different tilt angle and dislocations and dislocation loops
come clearly visible.
3-4
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the absorption edge in the spectra of the two oxides is
nificantly shifted towards higher energy with respect to m
tallic Fe. The spectra of the four samples have inflect
points significantly lower in energy than those of the oxid
~by ;5 eV!: this excludes that Fe in the samples is presen
significant fraction in the form of oxides. Moreover, the com
parison of the overall line shape of the sample spectra w
that of bulk Fe indicates that iron is not present in the m
tallic form in the samples. A comparison of the sample sp
tra with those of the three Fe-P compounds is more probl
atic and provides less direct information. While an over
similarity can be observed, it is difficult to establish wheth
the spectrum of any of the samples is similar to one part
lar Fe-P compound. Only some qualitative remarks can
made. There are noticeable changes between the spec
as-implanted and annealed compounds. The double-p
structure in the range 7130–7145 eV in the as-implan
samples is filled, forming a single oscillation as in FeP, in
annealed ones; at the same time, the rising edge~7110–7120
eV! of the spectra becomes more structured, with a sha
step, upon annealing, as in Fe2P and in FeP. These observ
tions suggest that upon annealing the local coordination
Fe becomes similar to that present in the FeP compound
intense preedge feature in the XANES spectra of 3d metals
is a well known signature of the presence of metallic ato
in tetrahedral symmetry; the peak at;7114 eV in magnetite
has this origin. No such prepeak can be observed in

FIG. 4. ~a! HRXRD experimental and simulated rocking curv
of the 350-keV, 231015 Fe/cm2 annealed sample;~b! strain depth
profile ~continuous line, left-hand scale! and SIMS Fe implantation
profile ~dashed line, right-hand scale!.
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sample spectra. However, the comparison between spect
oxide and phosphide compounds is not straightforward
fact it is probable that, due to bonding arrangements
charge-transfer different from the oxides, bound and c
tinuum state transitions overlap in Fe-P compounds. The
fore, the absence of a prepeak in the XANES of the i
planted samples cannot be taken as a demonstration o
absence of Fe sites with tetrahedral symmetry.

EXAFS data were quantitatively analyzed with th
AUTOBK and FEFFIT programs34,35 using theoretical phase
signals generated byFEFF 8.0.36 Raw absorption data wer
background subtracted using theAUTOBK routine. Despite
the low concentration of the absorber atom the spectra ar
sufficient quality to obtain first shell information. In Fig.

FIG. 5. XANES spectra of four selected samples, as-implan
~A2 as-imp, C as-imp! and annealed at 600°C for 90 min~A2 ann,
C ann! compared with those of three Fe-P compounds, bulk Fe
two iron oxides.

FIG. 6. Selected EXAFS data for sample A2, as-implanted a
annealed at 600°C for 90 min: raw data~continuous line!, filtered
first shell contribution~dashed line!, fit ~dots!.
3-5
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we report the raw data, the filtered first shell contributio
and the fits of a selected sample~A2!, as-implanted and an
nealed. Similar results were obtained for all the investiga
samples. Qualitative inspection shows only a single f
quency signal to be present. The envelope of oscillati
decreases rapidly as a function of the wave vectork, suggest-
ing bonding with a low-Z element; moreover, a systemat
increase in the EXAFS amplitude can be observed in
spectra of annealed samples with respect to those of the
implanted ones. The presence of a single frequency is c
firmed by analysis of the Fourier transforms~not shown here,
see Ref. 37! and the hypothesis that the EXAFS signal is d
to a low-Z element is in agreement with the previously d
scribed analysis of the XANES spectra. The spectra w
fitted in theR range 0.9 to 2.6 Å and in thek range 2.8 to
10 Å21, using ak0 weight and a single Fe-P signal. Th
fitting parameters were the interatomic distance, the m
square relative displacement (s2), the coordination numbe
~CN!, and an energy origin shift; the many-body amplitu
reduction factor was fixed to the value found from analy
of the FeP standard compound. The results of the quan
tive analysis are summarized in Table I~reported errors are
purely statistical and correspond to 1s in the fitted param-
eter!.

The main difference in the local structural parameters
systematic increase in the Fe-P CN upon annealing. Whi
is difficult to propose a unique structural model and it
highly probable that in these sample Fe is present in a n
ber of different local configurations, the values for the C
suggest that in the as-implanted samples Fe is predomina
in a local configuration with a CN close to 4 and that anne
ing induces a transition to a CN close to 6. A CN equal to
would be found for a substitutional or an interstitial Fe in t
InP lattice while a CN equal to 6 would be found in loc
structures similar to FeP or FeP2. In all cases the structure
are not ordered beyond the first coordination shell. The v
ues of the first shells2 do not vary much and are constant
moderately high levels. The interatomic distances de
mined from the fit are close to Fe-P bond lengths in FeP
FeP2, which range between 2.243 and 2.350 Å,38,39 and also

TABLE I. Quantitative results of the fitting procedure for th
Fe-P first shell: coordination numbers~CN!, mean square relative
displacements (s2), and interatomic distance (R).

Sample CN s2 (1023 Å2) R ~Å!

As-implanted
A2 4.460.6 7.963.2 2.35460.017
A3 3.960.6 6.563.9 2.36760.020
A4 4.360.4 6.962.3 2.34660.012
C 3.660.4 4.562.3 2.38660.013

Annealed 600°C 90 min
A1 6.460.8 7.763.2 2.35160.016
A2 6.960.8 9.362.9 2.34860.015
A3 6.160.8 7.263.1 2.34060.018
A4 5.660.7 7.463.2 2.33860.017
C 5.860.9 8.163.6 2.37560.019
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to the sum of the covalent radii of Fe and P. These lo
structural parameters are consistent with the XANES li
shape analysis.

A detailed high-resolution TEM~HRTEM! investiga-
tion has been performed on sample A4~350 keV, 331015

Fe/cm2, annealed at 600°C for 90 min! in the region where
secondary extended defects have been revealed~see Fig. 3!,
that is in the Fe implant peak region. The images have sho
Moiré fringes induced by inclusions in the crystalline matri
The fast Fourier transform analysis of these regions in co
parison with that obtained from the host InP matrix has de
onstrated that these inclusions are originated by local dis
tions at small angles of the InP matrix and no reflection fro
an Fe-P phase has been revealed; moreover, no other s
tures~neither amorphous nor crystalline! possibly associated
with Fe-containing precipitates or complexes are visible
HRTEM.

C. Fe lattice position: PIXE-channeling results

Most of the channeling measurements were performed
the 350-keV implanted samples~samples A and B!. The main
results of angular scans~also named ‘‘channeling dips’’ in
the following! performed around̂100& and ^110& axes for
the 350-keV as-implanted samples are presented in Fig
The In and Fe yieldsx In andxFe as a function of the angula
coordinate from the axes are reported; the yieldx is normal-
ized to the random yield obtained by a circular scan p
formed around the axial coordinate. A simple qualitative

FIG. 7. ^100& ~a! and ^110& ~b! channeling dips of 350-keV,
231015 and 331015 Fe/cm2 as-implanted samples.
3-6
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spection of the dips reveals that for both the implanted do
channeling strongly affects the Fe angular yield behavior.
evident minimum is observed at the channel center for
^100& axis, whereas a more structured situation is visible
the ^110& case, with an evident peak superimposed to
minimum at the channel center. Control scans perform
along the^111& direction ~not shown! show a single mini-
mum dip structure similar to the one detected for the^100&
axis. The intensities of both the observed minimum and
central peak decrease with increasing dose, but the effe
still clearly present for the 331015 cm22 implanted sample.
The decrease of the yield moving from the planar alignm
towards the channel center for all the three directions in
cates that a significant fraction of the Fe atoms is align
with the crystal rows and is therefore prevented from hav
close-encounter collisions with the channeled beam. T
means that this fraction of Fe atoms occupies positions
well-defined high symmetry in the InP host lattice after im
plantation. For the zincblende structure these positions
be either substitutional or tetrahedral interstitial sites.40,41

The significantly higher Fe yield observed for the^110& per-
fect alignment is a clear indication that part of the Fe atom
aligned with thê 100& and^111& crystal rows, occupy tetra
hedral interstitial sites and are not shadowed by the^110&
rows. The evident peak at the channel center is due to
beam flux enhancement effect known as ‘‘flux peaking’’~see,
for example, Refs. 42,43!; a single peak at the channel cent
is expected due to tetrahedral interstitials, as we perform
most of the angular scans with the beam parallel to the$100%
planar direction.41 This picture is confirmed also by angula
scans performed across the major planar crystal directi
taking into account that tetrahedral interstitials in zincblen
structure are shadowed in both$100% and $110%, but not in
$111% planar alignment.

In order to extract quantitative information from the di
we have to compare the In and Fe yields as explained in
following. The basic assumption is that for 100% alignme
of the Fe atoms with the crystal rows the In and Fe yie
will be equal, as will be the relative channeling dips. For d
with a single minimum at the channel center, as in the cas
the ^100& angular scans, we can evaluate the fractionf A of
Fe atoms aligned with the axial row from the minimu
yields using the known Feldman expression.44 The remaining
fraction f R512 f A gives the number of Fe atoms which a
not shadowed by the crystal rows in all the axial directio
and are therefore randomly distributed within the crys
~random fraction!. The fractionf A calculated from thê100&
~or equivalently from̂ 111&) dips contains atoms positione
both in substitutional and tetrahedral interstitial sites. To
timate the relative weight of the two site occupancies
have to analyze thê110& channeling dips. We start from th
phenomenological expression proposed by Yuet al.40 for the
yield at the^110& channel center, which takes into accou
the flux peaking effect. The normalized Fe yield can be w
ten as

xFe5 f R1 f A@Fx1x In~12x!#, ~1!

wherex represents the fraction of^100& aligned iron atoms
which are actually located in tetrahedral interstitial sit
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while (12x) indicates the portion of̂100& aligned iron at-
oms which occupy substitutional positions. The contributi
of the interstitials is multiplied by the factorF, the flux peak-
ing parameter: it is a number>1 and represents the enhanc
ment effect of the nonuniform beam flux distribution insid
the channel. The exact value ofF cannot be easily deter
mineda priori: from channeling simulations of surface lay
ers~100 nm! in a diamond cubic lattice Bech Nielsenet al.43

estimated a value between 1.8 and 2.2. The exact value
the shape of the resulting peak is influenced by the exp
mental conditions and in particular by the dechanneling; t
ing into account this effect, Yuet al.40 estimated a value ofF
between 1.5 and 1.7 for a 5-mm thick layer in InP. We there-
fore prefer to try to reproduce the overall shape of our ch
neling dipsexcludingthe flux peaking peak region. By im
posingF51 we may use Eq.~1! to represent the iron yield
curve as a function of the angular coordinatec in the hy-
pothesis of a uniform beam flux across the channel: the c
plete^110& indium dipx In is used to model the shape of th
Fe dip, which is related to the substitutional atoms. Howev
in this way the iron atoms in tetrahedral interstitial sites a
treated as if they contributed to the random fraction in
whole range of angular coordinates. This is strictly corr
only for the central point of the dip, whereas the interstit
iron contribution rapidly decreases when moving away fro
the ^110& axis towards the$100% plane. In fact, a better
agreement with the experimental curve is obtained if we u
instead of a constantF value, an angular dependent param
eterp(c) varying between 1 and 0, defined as follows:

p~c!512
1

s
ucu, ~2!

wheres is an adjustable parameter of the order of the ch
neling dip width; best results are obtained for a value ofs
'1°. With this position, Eq.~1! assumes the following as
pect:

xFe5 f R1 f A@p~c!x1x In~12x!#. ~3!

The result of this procedure for the 231015 cm22, 350-keV
as-implanted sample is shown in Fig. 8. The resulting an

FIG. 8. ^110& channeling dip of the 350-keV, 231015 Fe/cm2

as-implanted sample. The continuous line represents the best r
achieved by using Eq.~3!; the values ofx are reported in the legend
ands51.3° is used.
3-7



e

ac
itia
o

ex
n
ic
ns

t t

d
e

r
gh
ed

tu

om
u

ed
os
t

ti

s
ea

ir
he
t

sit
w

bs
F
th

ed
s
t
ub
o
lo
n
e
. O
re
4
a

he-
hl

nd

ron
r it

sen-

n at
ith
-
t the
in-

ed

ed
ure-
ide
ta-

re-
am-
dual
oint
r
se,
the
me

ail-
ra-
s.
lo-
ich

Fe
eV,

are
en-
t

imi-
ions
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lar curves are shown for three different values ofx, showing
also the sensitivity of the method in determining the valu
of x. This procedure was applied to all the^110& channeling
dips of the different samples implanted at 350 keV to extr
the values of the substitutional and tetrahedral interst
fractions. It has to be pointed out that, whereas the rand
and aligned fractions valuesf R and f A are directly calculated
from experimental results and are therefore exact within
perimental errors, the interstitial and substitutional fractio
derived from the above described procedure are only ind
tive of the relative consistency of the two site populatio
Anyhow, a further check can be done by calculatinga pos-
teriori the value of the flux peaking parameterF from the
difference between experimental and calculated curves a
center of thê 110& channel, where we assumedF51. Re-
sulting values ofF are in the range from 1.7 to 2.2, in goo
agreement with the previously cited values of Bech Niels
et al.

The quantitative results obtained with this procedu
show that a high fraction of the Fe atoms reside on hi
symmetry sites after implantation in the as-implant
samples: 84(65)% for the 231015 cm22 and 48(63)% for
the 331015 cm22 dose. Most of these atoms are substi
tionally located, whereas a minor fraction~about 10–20%!
occupies tetrahedral interstitial sites. The remaining Fe at
are randomly distributed throughout the InP lattice, witho
preferential positions. The fraction of randomly distribut
Fe atoms appears to increase with the implantation d
leading to a saturation of the total substitutional Fe conten
a value of ;1.231015 cm22. It is worth noting that this
value corresponds to a substitutional Fe peak concentra
of about 331019 cm23, which is ;300 times higher than
the equilibrium Fe solubility limit in InP. The situation i
radically changed after high-temperature annealing tr
ments: the angular scans performed on the 331015 cm22

implanted samples~samples A! annealed at 600°C for 90
min ~not reported here, see Ref. 45! show a nearly uniform
yield across the entire channel width for both^100& and
^110& directions, indicating that most of Fe atoms left the
substitutional or tetrahedral interstitial positions during t
thermal treatment and are randomly oriented with respec
the host InP lattice. The effect of the annealing on the
occupancy of the Fe atoms is displayed in Fig. 9, where
show, as a function of the annealing temperature, the su
tutional, tetrahedral interstitial, and randomly distributed
fractions evaluated from the channeling dip analyses for
231015 cm22 implanted samples~samples B!. For tempera-
tures lower than 400°C the situation is only slightly modifi
with respect to the as-implanted sample, with a high sub
tutional Fe concentration and a rather constant amoun
tetrahedral interstitial iron. Between 400 and 450°C the s
stitutional concentration starts to decrease while the rand
fraction increases; at higher temperatures the Fe atoms
progressively their substitutional locations in favor of ra
dom locations, until the concentration of randomly locat
iron reaches 100% for the highest annealing temperature
the other hand, the fraction of tetrahedral interstitial iron
mains approximately constant for temperatures between
and 550°C, showing only a slight decrease between 350
22411
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400°C; this behavior of both the substitutional and tetra
dral fractions is in analogy with the results obtained by Wa
and co-workers46 in emission channeling studies on Cu a
Ag implanted Si. At an annealing temperatureTann
5600°C it appears that, for both the implanted doses, i
has been completely removed from substitutional sites, o
is present at these locations in concentration below the
sitivity of our technique~between 5 and 10%!. Similar mea-
surements performed on samples B, annealed for 15 mi
the same temperatures, show a very similar behavior, w
only slightly higher values of the aligned fraction with re
spect to the 90-min annealed samples. This suggests tha
annealing temperature dominates the dynamic of the Fe
corporation in the InP lattice sites, with a minor role play
by the annealing duration.

IV. DISCUSSION

The investigation of the crystal damage in our implant
samples performed by RBS-channeling and TEM meas
ments have shown that the increased defect mobility ins
the primary collision cascade due to the elevated implan
tion temperature locally favors the vacancy-interstitial
combination; this causes a strong reduction of the total d
age production in the as-implanted samples and the resi
damage mostly consists of isolated point defects and/or p
defect clusters, in agreement with the results of Wendleet
al.20 Moreover, the effect is independent of the Fe do
again in accordance with the presence of a plateau in
damage vs ion dose curve reported by Wendler. At the sa
time, the limited damage production, together with the av
ability of implant-induced vacant sites, favors the incorpo
tion of the implanted Fe atoms in substitutional In position
This has been confirmed by the results on the Fe lattice
cation obtained by PIXE-channeling measurements wh

FIG. 9. Substitutional, tetrahedral interstitial, and random
fractions as a function of the annealing temperature for the 350-k
231015 Fe/cm2 implanted samples~B series!, evaluated from the
analysis of the PIXE-channeling dips; the annealing treatments
performed at the various temperatures for 90 min. The frame
closes the results of the as-implanted sample. The value aT
5550°C~open triangle! represents the resulting^100& aligned frac-
tion: due to measurement uncertainties it is not possible to discr
nate between the substitutional and tetrahedral interstitial fract
from the analysis of the corresponding channeling dip.
3-8
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ATOMIC ENVIRONMENT OF Fe FOLLOWING HIGH- . . . PHYSICAL REVIEW B 68, 224113 ~2003!
indicate that substitutional Fe densities more than two ord
of magnitude above the Fe solubility limit in InP can b
achieved in the as-implanted samples. XAS measurem
have also provided a cross-validation to this high degree
substitutionality demonstrating that Fe is fourfold coor
nated with the P atoms in the as-implanted samples, a
occurs for Fe occupying substitutional or tetrahedral inter
tial sites in the InP lattice.

These results are consistent with the features visible in
HRXRD curve of the as-implanted sample~Fig. 2!. The si-
multaneous presence of both lattice expansion and con
tion and their different depth distribution are in agreem
with the different depth distribution of vacancies and int
stitials produced during the implant.47–49In particular for ion
implantation in InP, Christel and Gibbons48 have shown that
due to the forward momentum transfer to the recoiling ato
an excess of vacancies exists at shallow depths in the
planted samples, while excess interstitials are presen
greater depths, in the implant peak region; both have p
concentrations of the same order of magnitude of the imp
tation profile peak. In our case, as previously remark
thanks to dynamical annealing effects occurring during
high-temperature implants most of the vacancies and in
stitials locally recombine; nonetheless, due to the kinetics
the defect production, it is very likely that the remainin
point defects follow the above mentioned depth distributi
excess vacancies are left behind in the near-surface reg
while excess interstitials are present in proximity of the
peak. The different defect distribution gives rise to latti
deformations of opposite sign in two distinct regions: a l
tice contraction where vacancies dominate and a lattice
pansion where interstitials prevail. This explains the featu
visible in Fig. 2~b! in the near surface and the iron pe
regions. Conversely, the negative strain contribution visi
in the region corresponding to the bulk tail of the iron profi
cannot be anymore attributed to the presence of excess
cancies, whose concentration is negligible at those depth
possible explanation is instead related to the presence of
concentrations of iron atoms occupying substitutional po
tions, as revealed by PIXE and XAS. The idea is based
atomic size considerations: the ionic radius of Fe in the F31

state~0.64 Å! is smaller than the ionic radius of In~0.81 Å!
and a contraction of the lattice parameter may occur when
Fe atom substitutes for an In atom, inducing a negative st
component. Such an effect is visible only at depths co
sponding to the Fe implant tail where the concentrations
excess vacancies and excess interstitials are negligible
do not contribute significantly to the strain.

The situation radically changes upon annealing. The te
perature evolution of the extended defect formation~Fig. 1!
and the annealing behavior of the Fe site occupation~Fig. 9!
suggest a correlation between these two phenomena.
postimplantation thermal treatments favor the recombina
of the implant-induced vacancies and interstitials and a g
crystal recovery can be obtained forT>450°C. At the high-
est annealing temperatures the interstitials gain enough
bility to coalesce and form secondary extended defects
directly observed by TEM~Fig. 3!. Correspondingly, the in-
crease of the annealing temperature above 450°C resul
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an increase of the randomly located Fe fraction to the de
ment of the substitutional occupation and at 600°C almos
the Fe atoms have moved out from high-symmetry sites. T
situation is similar to the one observed by Pearton and
workers for GaAs implanted with shallow dopant ions.50 An
increased Fe mobility is expected due to the increase of
point defect mobility observed at high annealing tempe
tures. This is confirmed by SIMS measurements wh
showed that a slight Fe redistribution occurs in the 600
annealed sample, in the region between the sample sur
and the projected rangeRP , which is the region where the
most intense interstitial-vacancy flux during point defect
combination occurs. These results indicate that the high c
centrations of interstitials produced during the implant a
their high mobility, which at the highest temperatures cau
the formation of extended defects, may be responsible
both the Fe redistribution phenomena and the escape pro
of the Fe atoms from high-symmetry locations. Seve
works reported in the literature indeed confirm that iron d
fuses in InP via a kick-out mechanism mediated by mob
interstitials.51,52 Nonetheless, after their escape from t
high-symmetry positions the Fe atoms do not diffuse ins
the samples. The SIMS measurements clearly show tha
Fe profiles are stable upon annealing even at the hig
temperatures: the previously discussed Fe redistribution
curring in the 600°C annealed sample confirms the domin
role of the interstitials in the kick-out process of the Fe ato
but it also shows that it is not quantitatively relevant. A
explanation to the limited Fe mobility upon annealing can
related to the formation of Fe-P complexes with octahed
coordination~as FeP or FeP2) revealed by XAS. The forma-
tion of FeP and FeP2 precipitates has been observed in t
past in highly Fe doped vapor-phase epitaxy~VPE! and
metal-organic chemical-vapor deposition~MOCVD! grown
InP samples.8,9 The presence of Fe-P clusters in these eq
librium grown samples is a confirmation that the FeP a
FeP2 configurations are stable in Fe-doped InP. Nonethel
some significant differences have to be pointed out in
case with respect to VPE or MOCVD grown samples.
particular, in equilibrium growth processes the formation
Fe-P clusters is related to Fe precipitation when it is int
duced in concentrations above 1017 cm23. In our case in-
stead we do not observe the nucleation of Fe-P cluster
large dimensions: it is the displacement of the Fe atoms
to interstitial diffusion that favors the formation of stab
Fe-P complexes consisting of few atoms. EXAFS and TE
results have provided a support to this hypothesis. The E
AFS measurements, indeed, have shown that the sample
not show a structural signal beyond the first coordinat
shell indicating that the local surrounding of Fe is quite d
ordered beyond the first shell~as it would happen if Fe is
never exclusively in an undistorted site! and/or that the com-
pounds are extremely small. Beside this, TEM images
not reveal the presence of Fe-containing clusters confirm
that the spatial extent of the Fe-P complexes revealed
XAS measurements is very small~fractions of nanometers
i.e., involving few atoms! being below the TEM sensitivity.

Finally, the changes occurring in the samples upon
3-9
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T. CESCAet al. PHYSICAL REVIEW B 68, 224113 ~2003!
high-temperature annealing treatments and the possible
mation of Fe-P complexes have been further supported
the x-ray diffraction results~Fig. 4!. The features visible in
the strain profile can be explained by the convolution of t
effects, which provide strain contributions in opposite dire
tions. First, the presence of a residual concentration of in
stitials, not completely recombined upon annealing, produ
the expansion of the InP lattice; this effect gives rise to
positive strain contribution which is evident in the who
implantation region.53 The minimum in the strain profile vis
ible by the Fe peak, instead, is due to the superpositio
this positive contribution of a negative strain compone
whose maximum is in the Fe peak region. The presenc
Fe-P complexes can originate this negative contribution.
remarked in Sec. III B, indeed, the Fe-P bond lengths
these complexes are in the range 2.243 and 2.350 Å and
smaller than the In-P bond length in the crystal lattice~2.541
Å!. The formation of Fe-P complexes, thus, may produc
shrinkage of the lattice parameter which is more pronoun
where the concentration of these complexes is high, tha
very likely, in the region with the maximum iron densit
Beside this, a contraction effect can also be induced by
presence of a non-negligible substitutional Fe fraction in
annealed samples, in analogy with the as-implanted sam
again, the maximum effect would coincide with the im
planted Fe peak. On the other hand, the presence of a s
substitutional fraction cannot be completely excluded on
basis of our PIXE-channeling measurements: a low subs
tional fraction, indeed, may be masked by experimental
certainties as well as by the formation of the Fe-P complex
whose orientation with respect to the InP host lattice is
known; they may give rise to an enhancement of the
signal in channeled directions which masks the presenc
an axial minimum due to a substitutional fraction. Moreov
the results of electrical and optical characterizations repo
by our group in some recent papers21–23demonstrated that in
the 600°C annealed samples a fraction of about 10% of
implanted Fe is electrically and optically active, further su
porting the hypothesis that a residual substitutional fract
is however present in high-temperature annealed sam
Nonetheless, we believe that the dominant contribution to
lattice contraction in the strain profile is more likely induc
by the presence of Fe-P complexes: the residual subs
tional Fe concentration is indeed much lower than the to
implanted Fe amount eligible for their formation.

V. CONCLUSION

In this paper we presented a detailed structural invest
tion of the atomic environment of implanted Fe impurities

*Corresponding author. FAX:139.049.8277003; Electronic ad
dress: cesca@padova.infm.it
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InP. The aim was to understand the mechanisms leadin
the final location of the iron atoms during the hig
temperature implantation process and the subsequent an
ing treatments. The investigation has been performed by
ing a variety of different structural techniques whic
provided complementary information, in order to obtain
overall picture of the physical processes. In particular, PIX
channeling and XAS measurements have been extens
employed to study the lattice location of Fe in the InP crys
and its local environment. The picture we can draw on
basis of the obtained results can be summarized as follo
The high-temperature implantation process produces a
from-equilibrium situation in the as-implanted samples, ch
acterized by a limited damage production due to the lo
recombination of implant-induced point defects and a v
high fraction of Fe atoms incorporated in substitutional p
sitions. During postimplantation thermal treatments the m
bility of the residual interstitials which have not complete
recombined during the high-temperature implant increa
by increasing the annealing temperature; thanks to thi
good crystal reconstruction occurs at low annealing temp
tures, while at the highest temperatures the interstitials g
enough energy to coalesce and form the observed secon
extended defects. The diffusion of the interstitials during
annealing process, on the other hand, causes the disp
ment of Fe atoms from substitutional positions; the mec
nism is very likely a kick-out mechanism of the Fe atoms
the mobile interstitials which tend to return in their origin
sites. Consequently, most of the Fe atoms become visibl
the proton beam inside the lattice channels in PIX
channeling measurements. Beside this, XAS measurem
indicate that the displacement of the Fe atoms favors
formation of Fe-P complexes containing few atoms with
increased coordination~octahedral! with respect to the tetra
hedral coordination exhibited in the as-implanted samp
Moreover, the limited damage produced in the hig
temperature implantation processes and the formation
these Fe-P agglomerates reduce the Fe diffusivity in
samples and stable profiles as a function of the annea
temperature can be obtained, as observed by SIMS mea
ments.
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