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Interstitial Mn as a new donor in GaP and GaAs: an EPR study
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We report the observation of a new electron paramagnetic resonance centre in neutron-irradiated GaP and a similar new EPR
centre in Mn-doped GaAs. Both centres have been identified as interstitial Mn and act as a donor. To our knowledge this is the first
observation by EPR of an interstitial transition-metal impurity in a III-V compound. The implication of this new finding on the

issue of Mn diffusion is discussed.

1. Introduction

Transition-metal impurities are very common
in III-V semiconductors due to their usually high
diffusivity and the high abundance of some of
their isotopes [1-3]. They give rise to deep levels
in the gap and therefore influence the electrical
properties of the semiconductors considerably.

Transition-metal impurities in III-V semicon-
ductors have sofar only been observed on sub-
stitutional sites replacing for the Group III atom
[3]. In this paper we report the first observation by
electron-spin resonance (EPR) of a transition-
metal impurity on an interstitial site in a III-V
semiconductor, namely Mn in GaAs and in neu-
tron-irradiated GaP.

The GaAs sample was LEC-grown and doped
in the melt with Mn. The total Mn concentration
was approximately 10'7 cm™3. The GaP sample
was unintentionally doped with Mn and neutron-
irradiated with thermal neutrons. The ratio be-
tween thermal and fast neutrons was about 1000 : 1
and the fluence was 1.4 X 10" cm™2. The thick-
ness of the sample was 0.3 mm.

Neutron irradiation is often used for neutron
transmutation doping (NTD) of Si to obtain n-type
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material with a homogeneous donor distribution.
For III-V materials only recently NTD has at-
tracted some attention. In GaP, thermal neutrons
convert Ga atoms into Ge and P into S. Since the
cross-section of neutron capture by Ga is about 40
times larger than by P, the GaP is essentially
doped with Ge. After neutron irradiation the Ge
atoms are on interstitial positions and have to be
moved to substitutional positions by annealing for
which a typical temperature of 800°C is used [4].

In this paper we will first show how the identi-
fication of the defect was achieved, then we will
discuss the influence of the neutron irradiation on
the creation of the interstitial Mn and finally we
will discuss the implication that the existence of
this new centre has on the diffusion of Mn in
III-V semiconductors.

2. Identification of the defect

The newly discovered EPR spectrum, labelled
GaP-NL1, as recorded in K-band (» = 23 GHz) is
depicted in fig. 1. It clearly consists of six equidis-
tant main lines of equal intensity, with pairs of
smaller lines in between them. The spectrum is
isotropic showing no angular dependence. From
this it immediately follows that the observed split-
ting is due to the hyperfine interaction with a
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Fig. 1. EPR spectrum of the GaP-NL1 centre at K-band in dispersion mode at T'= 4.2 K.

100% abundant magnetic nucleus with nuclear
spin value I =5/2. The smaller lines are due to
spin forbidden Am, = +1 transitions. The spec-
trum can be described with the following spin-
Hamiltonian:

H=gu,B-S+AS-I—gypyB-1I. (1)

From this EPR spectrum and additional electron—
nuclear double resonance (ENDOR) measure-
ments the following parameters could be de-
termined: S=5/2, I=5/2, g=2.0011 + 0.0003,
A= 12664 +01 MHz and gy =103+ 0.2
MHz/T. From the values of S, I and gy it
immediately follows that the centre consists of a
Mn atom in its +2 charge state with electron
configuration 3d°. The simple pattern of the hy-
perfine splitting indicates that no further magnetic
nuclei are involved. Because the spectrum is iso-
tropic the centre consists of a single Mn atom on a
site of T, symmetry. Here three possibilities exist:
a Ga site, a P site or an interstitial site. Since the
EPR spectrum of Mn on a Ga site has already
been observed and is distinctly different from our
spectrum, this possibility can be ruled out [5].
Now we will discuss whether the Mn ion is
substitutionally on a P site or on an interstitial
site. In fig. 2 the relation between the absolute
value of the hyperfine constant 4 and the cova-
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Fig. 2. Relation between the absolute value of hyperfine con-
stant 4 and covalency of bonds between Mn and its nearest
neighbours for substitutional Mn in various compounds. The
point marked P is discussed in the text.
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lency of the bond between Mn and its ligand is
given for substitutional Mn in various compounds
[6]. The covalency is defined as [7-9]

[1-0.16(xp = xpn) = 0.035(xs = xp1a)’] /€.
’ (2)

where x, and x,,, are the electron negativity of
the ligand and Mn ion respectively, and ¢ is the
number of ligands. As can be seen from fig. 2 the
absolute value of 4 decreases monotonically with
covalency. In this figure we have marked a point
P, which was calculated for the model of the
GaP-NL1 centre consisting of a substitutional Mn
ion on a P site. Since this point lies far outside the
curve we conclude this model to be highly un-
likely.

For transition-metal impurities on interstitial
sites however generally larger values for 4 are
found when compared to substitutional sites [10].
The large value for A is then indicative of a Mn
on an interstitial site. From the above-presented
reasoning we therefore conclude that the centre
consists of a Mn?* ion on an interstitial site of T,
symmetry. In semiconductors interstitial Mn can
very well be in its + 2 charge state as is the case in
Si [10].

On the basis of a further analysis of the hyper-
fine constant A, the small linewidth and the ab-
sence of a crystal field splitting, we further come
to the conclusion that the centre is very localized

and that the Mn?>* ion probably has four Ga
atoms as nearest neighbours [11]. We now assume
that since the interstitial Mn is very localized, it
forms deep levels in the gap. It then probably has
only one or two levels in the gap, the Mn?*/Mn*
and Mn*/Mn° level, making this defect a single
or double donor.

The EPR spectrum as observed for the Mn-
doped GaAs sample is shown in fig. 3. When
compared to the GaP-NL1 spectrum in fig. 1 an
additional spectrum can be distinguished. From
the literature it can be identified as originating
from substitutional Mn on a Ga site in GaAs [12].
The six sharp lines belong to a new spectrum in
GaAs which we label GaAs-NL1. This spectrum is
characterized by the same spin Hamiltonian as the
GaP-NL1 spectrum with almost identical parame-
ters. Therefore, on the basis of the preceding dis-
cussion we can identify it as a single Mn ion in its
+2 charge state with electron configuration 3d’
on an interstitial site in GaAs probably sur-
rounded by four Ga atoms.

3. Discussion

In the GaP only interstitial Mn was found,
whereas in the GaAs sample both interstitial and
substitutional Mn were present. Since only the
GaP sample was neutron-irradiated, we believe
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Fig. 3. EPR spectrum of GaAs doped with Mn at K-band for B ||[100].
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that the neutron irradiation has caused substitu-
tional Mn to move to interstitial positions. The
most probable mechanism for this is that 8 and y
recoil processes, which occur during the transmu-
tation of Ga atoms into Ge by thermal neutrons,
are responsible for moving the Mn atoms to inter-
stitial positions. This mechanism can explain the
bulk concentration of interstitial Mn in the GaP
sample, which was approximately 10'> cm™>.

After annealing the sample for 1 h at 800°C,
which was necessary in order to move the Ge
atoms from interstitial to substitutional positions,
the interstitial Mn was no longer observed.

We will now discuss the influence of interstitial
Mn on the diffusion of Mn in III-V semiconduc-
tors. The mechanism of diffusion of Mn in intrin-
sic GaAs is in the literature assumed to be the
following [13]: Two arsenic vacancies combine to
form a divacancy. This divacancy is the vehicle by
which manganese moves from one gallium site to
another. The reactions involved are:

Mnaa +2 VA*; = (VAsMnGaVAs)+’ (3)
(\/ASIVInGal\IAs)+ + Ga032
= (VAsMnGaYAs) ' + GaGal‘ (4)

The general temperature dependence of the diffu-
sion coefficient can be described by the Arrhenius
relationship:
D =D, exp(—e/kT). (5)
The activation energy e for the diffusion of Mn in
intrinsic GaAs is 2.49 eV [13]. For the diffusion of
Mn in heavily doped p-type GaAs however the
activation energy is much smaller: e¢=1.24 eV
[14], and the diffusion goes much faster. The faster
diffusion in p-type GaAs is ascribed to a mecha-
nism in which a substitutional manganese captures
three holes and forms an interstitial manganese
and a gallium vacancy (we assume the charge
states to be different than in ref. [14]):
Mn’ + 3 p= Mni* + Vg,. (6)
Since the diffusion goes much faster in heavily
p-type doped GaAs, we assume that this diffusion
mechanism plays a relevant role in p-type material
and not in intrinsic material, due to the depen-
dence of the mechanism on the concentration of
holes.

For a sample in which the second diffusion
mechanism plays a relevant role and which is
quenched rapidly from higher temperatures, it is
reasonable to assume that it contains some inter-
stitial Mn, as for our sample.

4. Conclusion

We have observed new EPR spectra in GaAs
and in neutron-irradiated GaP. The spectra have
been identified as interstitial Mn in its +2 charge
state on a site of T; symmetry probably sur-
rounded by four Ga atoms. In the GaP sample the
manganese atoms have probably been moved to
interstitial positions by 8 and y recoil processes
associated with the neutron irradiation. The inter-
stitial Mn probably plays an important role in the
diffusion process of Mn in III-V semiconductors
and can account for the fact that the Mn diffusion
is much faster in p-type material than in intrinsic
material.
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