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Abstract Ion implantation provides a precise method of incorporating dopant
atoms in semiconductors, provided lattice damage due to the implantation process
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can be annealed and the dopant atoms located on regular lattice sites. We have
undertaken 57Fe emission Mössbauer spectroscopy measurements on GaAs and
GaP single crystals following implantation of radioactive 57Mn+ ions, to study the
lattice sites of the implanted ions, the annealing of implantation induced damage and
impurity–vacancy complexes formed. The Mössbauer spectra were analyzed with
four spectral components: an asymmetric doublet (D1) attributed to Fe atoms in
distorted environments due to implantation damage, two single lines, S1 assigned to
Fe on substitutional Ga sites, and S2 to Fe on interstitial sites, and a low intensity
symmetric doublet (D2) assigned to impurity–vacancy complexes. The variations in
the extracted hyperfine parameters of D1 for both materials at high temperatures
(T > 400 K) suggests changes in the immediate environment of the Fe impurity
atoms and different bonding mechanism to the Mössbauer probe atom. The results
show that the annealing of the radiation induced damage is more prominent in GaAs
compared to GaP.
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1 Introduction

Impurity defects in semiconductors have been an area of interest over the past
few decades, stimulated by the growing importance of semiconductors in high-
frequency and optoelectronic devices [1, 2]. The incorporation of extrinsic defects
in semiconductors by ion implantation and appropriate annealing gives rise to insta-
bilities that profoundly affect their electronic and optical properties. Consequently,
the knowledge of the annealing behavior of the implantation induced damage, site
location of the implanted atoms and hence the chemical nature of these defects is
vital for the understanding of new properties in doped compound semiconductors.
Hyperfine interaction methods, in particular Mössbauer spectroscopy is a powerful
technique to investigate impurities in semiconductors, giving information on the
electronic configuration of the impurity ions and their site symmetry.

Previous Mössbauer studies of Sn impurity atoms in GaAs [3–5] and GaP [6, 7] and
other group III–V semiconductors such as InP, InAs, and InSb [8–11] using implan-
tation of radioactive 119In and 119mSn as precursor isotopes have shown that ∼ 60%
Sn atoms occupy substitutional III sites upon implantation and thermal annealing
at temperatures above 625 K [6]. However, 119Sb implantations [12] showed Sb on
substitutional V sites that dominated after annealing at 350◦C. These sites were then
inherited by the 119Sn Mössbauer daughter atoms which maintained the respective
lattice locations due to the lower recoil energies imparted to the Sn atoms compared
to the displacement threshold energies. Site selective implantation [8] was observed
for different types of precursor isotopes which decayed to 119Sn in the 24 keV
Mössbauer state. As an amphoteric dopant, Sn atoms that occupied substitutional
III or V sites act as a donor or an acceptor, respectively [11]. Mössbauer emission
spectroscopy studies of Fe impurities in GaAs after implantation of radioactive 57Co
(57mFe) [13] showed that the Fe atoms were located in a disordered environment and
after annealing of the implantation damage between 300–450◦C, a single line was
observed in the spectra.
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In the present study, results from 57Fe Mössbauer emission spectroscopy exper-
iments following implantation of radioactive 57Mn+ atoms in GaP and GaAs are
reported.

2 Experimental details and data analysis

Radioactive ion beam of 57Mn∗ (T1/2 = 1.5 min) is produced at the ISOLDE facility
at CERN, using a 1.4 GeV proton-induced nuclear fission in a UC2 target. The
57Mn atoms are subsequently ionized by multi-frequency, element specific, laser
irradiation and then accelerated to an energy of 60 keV before they are magnetically
mass separated to yield a pure beam of ∼ (1–3)×108 57Mn+/s [14]. The GaAs and
GaP single crystals were held at temperatures between 77–700 K and implanted with
57Mn+ ions with low fluence (<1012/cm2) to avoid overlapping damage cascades.
57Mn∗ β¯ decays to the 14.4 keV Mössbauer state of 57mFe (T1/2 = 98 ns). Mössbauer
spectra were recorded with an acetone gas-filled resonance detector equipped with
57Fe enriched stainless steel foils mounted on a conventional velocity drive system
outside the implantation chamber. The detector was mounted 90◦ to the beam
direction and 60◦ relative to the crystal surface normal. The velocity and isomer shift
values are calibrated relative to α-Fe at room temperature.

3 Results and discussion

The Mössbauer spectra obtained for GaAs and GaP, together with fitted spectral
components, are shown in Fig. 1 as a function of temperature. The fits were
performed in an iterative procedure taking advantage of the temperature dependent
appearance or disappearance of spectral components for their unequivocal iden-
tification. Simultaneous analysis of all spectra required four spectral components: (i)
an asymmetrically broadened doublet (D1), (ii) a single line (S1), (iii) a symmetric
doublet (D2) present over the measured temperature range, and (iv) a single line
(S2) with low intensity only present below 320 K. The total area of all components
closely followed the Debye model temperature dependence behavior, justifying
the assumption that the spectral area fraction of each component represents its
respective state or site population to a good approximation, with minor corrections
at the highest measured temperatures.

The isomer shift (δ) and quadrupole splitting (�EQ) values of all components with
the exception of D1 were restricted to follow the second order Doppler shift (SOD)
and T3/2 dependence [15], respectively, over the measured temperature range. The
Gaussian broadening of D1 was found to decrease at increasing temperature, and
in the final analysis it was constrained to follow a smooth decrease. The extracted
hyperfine parameters of all spectral components for both materials are presented in
Table 1.

The asymmetry of the doublet D1 is similar to the components observed in
group IV semiconductors after 57Mn+ implantation [15–18] assigned to Fe in iso-
lated disordered regions. The broad line-width coupled with the asymmetry of this
component results from correlated distribution of the isomer shift and quadrupole
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Fig. 1 Selected 57Fe
Mössbauer spectra obtained
after implantation for 57Mn+
in GaAs and GaP, at the
temperatures indicated

Table 1 Extracted hyperfine parameters of the various spectral components obtained at room
temperature for GaAs and GaP

(mm.s−1) D1 D2 S1 S2

δ �EQ δ �EQ δ δ

GaAs 0.57 (4) 1.12 (2) 0.02 (2) 1.43 (3) 0.29 (4) 0.99 (2)a

GaP 0.51 (5) 1.25 (4) 0.04 (5) 1.48 (1) 0.34 (2) 1.03 (3)a

aIsomer shift at 77 K

splitting of Fe impurity sites [17], most probably as a consequence of the Mössbauer
probe atoms being located in isolated amorphous regions. Such spatially isolated
disordered zones [19] have been observed by transmission electron microscopy in
GaP and GaAs after 50 keV Xe+ implantation with fluences ≤2 × 1011 ion/cm2.
D1 is assigned to Fe atoms in implantation related damage sites (FeD). The damage
site shows marked annealing stages of 300–600 K for GaP and 300–550 K for GaAs,
which leads to a corresponding increase in the intensity of the single line S1 in both
materials. Component S1 is assigned to substitutional Fe at Ga sites. This assignment
is consistent with Mössbauer measurements of 119Sn implanted into GaAs where the
observed spectra at high temperature implantations (525–625 K) were dominated by
a single line assigned to Sn on substitutional Ga sites [5–7]. The absence of S1 at
temperatures below 320 K is due to the fact that Fe at this site forms upon annealing
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Fig. 2 Temperature dependence of the isomer shift and quadrupole splitting values observed in
Mössbauer spectra for GaAs and GaP after 57Mn+ implantation

of the lattice damage. A higher isomer shift of FeD(δD,GaAs = 0.57(4) mm.s−1,
δD,GaP = 0.51(5) mm.s−1) corresponds to a decrease in the electron density at the
nucleus relative to the FeS component (δS,GaAs = 0.29(4) mm.s−1, δS,GaP = 0.34(2)
mm.s−1) which suggests some relaxation of the lattice surrounding the amorphous
pockets. An even lower electron density is characteristic of the single line S2
(δI,GaAs = 0.99(2) mm.s−1, δI,GaP = 1.03(3) mm.s−1) relative to FeS is indicative of
Fe impurity atoms located in interstitial positions (FeI) without bonding to nearest
neighbor atoms. A very high electron density coupled with high loss of symmetry at
the nucleus of the Mössbauer probe with respect to S1 is associated with component
D2. In GaAs, this component shows a decrease in the site population around 600 K
and a corresponding increase in the area fraction of the substitutional line suggests
that this component may be related to impurity–vacancy complexes (FeN). Similar
complexes have been observed in Mössbauer investigations on Sn implanted GaAs
[6, 7].

At temperatures below 400 K, the isomer shift and quadrupole splitting values
of FeD follow the second order Doppler shift and T3/2 dependence, respectively
as shown in Fig. 2. However, in GaAs, the isomer-shift values are lower than the
SOD trend from lower temperature behavior and the extracted isomer shift values
in GaP were higher than the SOD prediction above 400 K. In this study the observed
annealing stage in GaP (300–600 K) is in agreement with positron annihilation
studies [20–23] where annealing of Ga vacancies is observed. Similar positron lifetime
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Fig. 3 Comparison of area fractions of the different spectral components as a function of tempera-
ture in GaP and GaAs

Table 2 Average Debye
temperatures of Fe in
GaAs and GaP

Material Site θav
D (K) θ MDA

D (K)

GaP Ga 283 (9) 347
P 315

GaAs Ga 259 (8) 309
As 297

investigations in GaAs [24] within our observed annealing stage (300–550 K) suggest
the recombination of vacancy-interstitial close pairs in the As sublattice in addition
to the recovery of VGa [25, 26]. The difference in hyperfine parameters at high
temperatures with respect to the expected SOD for δ and T3/2 dependence of
�EQ, based on low temperature measurements could be associated with changes
in the surrounding and impurity-defect bonding mechanism of the Mössbauer probe
nucleus in small amorphous zones associated with more extended defects created
above 400 K.

Different annealing behaviors of the implantation induced damage are evident in
GaAs and GaP, resulting in a significant increase in the FeS site population. The
recovery of the damage is more prominent in GaAs than in GaP as depicted in the
plot of areal fractions in Fig. 3.

The average Debye temperatures
(
θav

D

)
of Fe in both GaP and GaAs (see

Table 2) were calculated after satisfactory simultaneous analyses where the area
fractions were assumed to follow a Debye behavior. The obtained average Debye
temperatures are comparable with the theoretical values predicted by the mass-
defect approximation

(
θ MDA

D

)
using the host atom Debye temperatures obtained

from B-factors i.e. theoretical Debye-Waller factors for both sublattices calculated
by Reid [27]. The higher average Debye temperatures and theoretically calculated
values for the different sublattices in GaP compared to GaAs suggests that Fe-P
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bonds are stronger than the Fe-As bonds in respective materials. In addition, minor
variations in the site population of FeN which is assigned to FeIn-VIn complexes
are observed over the measured temperature. This component is more stable in
GaP compared to GaAs at temperatures >300 K as reflected by an approximately
constant area fraction while a small decrease is observed in GaAs at the highest
measured temperature.

4 Conclusions

Our measurements have shown that Fe atoms in both GaP and GaAs single
crystals are located: (i) on substitutional Ga sites (FeGa); (ii) in interstitial sites;
(iii) in impurity–vacancy complexes; (iv) in distorted environments (damage). The
lattice damage does not anneal completely at the highest measured temperatures
of our measurements. This may be due to the creation of more extended Fe-defect
complexes. The increase in the quadrupole splitting of FeD suggests changes in the
immediate environment of the Mössbauer probe nucleus while different Fe-defect
bonding mechanisms in both materials are predictable from the different isomer
shift trends with respect to the expected second-order Doppler shift based on low
temperature data. The slower recovery of the radiation damage and higher average
Debye temperature in GaP than in GaAs shows that Fe forms stronger bonds in GaP
compared to GaAs.
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