
Phonon shifts relating to the defect structure in neutron-transmutation-doped
semi-insulating GaAs

K. Kuriyama and Shigeki Satoh
College of Engineering and Research Center of Ion Beam Technology, Hosei University, Koganei, Tokyo 184, Japan

M. Okada
Research Reactor Institute, Kyoto University, Kumatori, Osaka 590-04, Japan

~Received 30 April 1996!

Phonon shifts relating to the defect structure in neutron-transmutation-doped semi-insulating GaAs have
been studied using Raman-scattering and x-ray-diffraction methods. The defect structure is discussed for the
two cases of vacancy interstitials and antisites using a simple model of the LO-TO-phonon frequency splitting
(Dv). It is suggested that the slight reduction ofDv originates from the vacancy-interstitial clusters rather
than the antisite defects, considering the volume expansion, the antisite defect concentrations, and the displace-
ment atoms in neutron-irradiated samples. The clusters are associated with a volume expansion of about 0.4%
observed in the neutron-irradiated samples.@S0163-1829~96!02443-5#

The study of disordered structures in neutron-
transmutation-doped~NTD! GaAs is important for under-
standing its electrical transport properties.1 Ge and Se impu-
rities are transmuted from Ga and As atoms by (n,g)
reactions, respectively. The annihilation of radiation-induced
defects dominates the activation process of transmuted im-
purities. In particular, it has been suggested that an abrupt
decrease in resistivity at an annealing temperature around
600 °C arises from the annihilation of Ga antisite defects on
As sites~GaAs) and As antisite defects on Ga sites~AsGa)
through interaction with a Ga vacancy.2 As a result, NTD
semi-insulating~SI! GaAs is converted from SI to low-
resistivity material. One expects that in the activation process
of transmuted impurities, the phonon scattering in NTD
GaAs would be affected by the defect structure. The defect
structure in ion bombarded GaAs has been studied by using
Raman spectroscopy.3 Using a simple model3 for the LO-
TO-phonon frequency splitting, one can estimate a ratio of
interstitials, or antisites, to atoms in the crystal. This model is
useful for quantitative considerations of defect structures in
nonconductive materials, since, in conductive material, the
coupling4 between the LO-phonon mode and the plasmon
mode, which arises from the collective motion of free elec-
trons, modifies the original frequency of the LO phonon. In
fact, the coupling mode has been observed in NTD GaAs
with electron concentrations above;831016 cm23. There-
fore, the defect structures prior to electrical activation of
NTD impurities can be evaluated in terms of the LO-TO
phonon frequency splitting. In this paper, we report that the
reduction of the LO-TO-phonon frequency splitting in NTD
GaAs arises from vacancy-interstitial clusters rather than an-
tisite defects. This situation is supported by lattice parameter,
Rutherford backscattering, and electron paramagnetic reso-
nance~EPR! measurements.

Materials used in this study were undoped SI GaAs
(r>107V cm! grown by the liquid-encapsulated Czochral-
ski method. Neutron irradiations were performed at the cen-
ter of the core in the Kyoto University Reactor, which is a
light-water-moderated reactor. Samples were irradiated with

thermal and fast neutrons at fluxes of 8.231013 and
3.931013 cm2 s21, respectively. The fluences of thermal
and fast neutrons were 1.531018 and 7.031017 cm22 for
sampleA, 3.031018 and 1.431018 cm22 for sampleB, and
7.131018 and 3.431018 cm2 for sampleC, respectively. The
detailed situation of the neutron irradiation was described in
our previous paper.5 A laser Raman spectrophotometer
~JASCO NR-1800! was employed for a study of Raman scat-
tering. The Raman spectra were taken at room temperature in
backscattering and nonbackscattering geometry, using the
514.5-nm line of an Ar1-ion gas laser with a power of 100
mW. The nonbackscattering geometry was used to obtain the
TO-phonon peak clearly, and the phonon peaks were taken at
a tilt angle of 3° from thê 100& axis. A typical beam spot
was ;12mm F. A typical slit width used here was
200 mm, corresponding to a resolution of 1.9 cm21. The
spectra were recorded at a scanning rate of 1 cm21 per sec-
ond. This procedure was repeated five times to make certain
that the data were reproducible. The width of the LO-phonon
peak of unirradiated samples was 5.6 cm21 using a slit width
of 200 mm. These measurements have a margin of error of
about60.2 cm21. The relationship between the resolution
of the wave number and the margin of error of phonon peaks
is similar to that of the low-temperature~LT!-grown epitax-
ial GaAs.6 The lattice parameter measurements were per-
formed by using a conventional diffactometer~Rigaku-
Geigerflex CN2013!.

Raman spectra are shown in Fig. 1 for unirradiated and
three irradiated samples. These spectra were taken in non-
backscattering geometry for the~100!-oriented surface. The
down-shift of the LO-phonon peak was observed in irradi-
ated samples and increased with increasing neutron fluence,
whereas the shift of the TO-phonon peak of irradiated
samples was much smaller, which was within the margin of
error. The significant difference between spectra is a small
reduction in the LO-TO-phonon frequency splittings (Dv)
arising from the down-shift of the LO-phonon peak. Table I
lists the peak frequencies for the spectra in Fig. 1. The pos-
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sible mechanisms3 for the reduction of the LO-TO-phonon
frequency splittings are discussed in terms of~a! strain, ~b!
phonon confinement,~c! defect-induced changes in the force
constants, and~d! defect-induced changes in the ionic plasma
frequency. Changes in the effective charge originating from
the defect structures can be investigated by changes in the
LO-TO-phonon frequency splittings. In zinc-blende struc-
tures, the effects on the phonon shift for a case where the
displaced atoms are interstitials, which will create vacancies,
are given by3

vLOdvLO5V2~21614!Nv /N, ~1!

whereN is the number of primitive unit cells in the crystal
~each primitive cell contains one GaAs molecule, so there are
2N atoms in the crystal!, Nv the number of vacancies, and
V the ionic plasma frequency of the LO phonons.7 V2 is
given by 4pNQ2/«`mV, whereN/V is the density of Ga-As
pairs, m the GaAs reduced mass,«` ~511.3! the high-
frequency dielectric constant, andQ the effective charge.

Q can be separated into a local (Ql) and nonlocal (Qnl)
effective charge, such thatQ5Ql1Qnl . The LO- and TO-
phonon frequency data in GaAs can be fitted7 with the fol-
lowing values:Ql50.78 andQnl51.38. The effect on the
phonon shift for antisite pairs is also given by3

2vLOdvLO5V2~2420.68!Na /N, ~2!

where Na is the number of antisite pairs. Using
dvLO521.4 cm21 for sample C in Table I, for the
interstitial-vacancy case we obtainNv /N52.2% from Eq.
~1!, whereas for the antisite pairs case we obtain
Na /N51.4% from Eq.~2!. Thus a ratio of vacancies to at-
oms in the crystal is estimated to be;1.1%, whereas a ratio
of antisite pairs to atoms in the crystal is estimated to be
;0.7%, on the basis of Eqs.~1! and ~2!, respectively.

Next we examine the validity of the estimation above.
The isolated AsGa antisite defects5 produced by fast neutron
irradiation with a fluence of 3.731018 cm22 have been esti-
mated to be 3.331018 cm23 by EPR measurements at 77 K.
GaAs antisite defects have also been observed by photolumi-
nescence method.8 GaAs defects of;1018 cm23 are presum-
ably introduced, because an abrupt decrease in resistivity at
an annealing temperature around 600 °C arises from the ex-
change of GaAs and AsGa through the interaction with vacan-
cies. Thus the net antisite defect concentration of
;531018 cm23 would be produced by neutron irradiation.
This concentration corresponds to 0.011% of atoms in GaAs
(8/a0

354.4331022 cm23). The value estimated from Eq.~2!
is about 60 times larger than the observed one. The reduction
of the LO-TO-phonon frequency splittings relating to the
antisite defects has been observed in~LT!-grown epitaxial
GaAs ~Ref. 6! @or LT GaP~Ref. 9!# layers and phosphorus-
ion-implanted GaP layers.10 However, the antisite defects of
;1020 cm23 were produced in these materials. These defect
concentrations are about 102 times larger than those in
neutron-irradiated samples. We conclude therefore that in
neutron-irradiated samples the main origin of the reduction
of the LO-TO-phonon frequency splittings is not attributed
to the antisite pairs.

Next we consider an alternative origin for the reduction of
the LO-TO-phonon frequency splittings. It has been well
known that, after neutron irradiation, samples remain single
crystalline even though a volume expansion11 of
DV/V;0.45% and a displacement of atoms12 of ;1020

cm23 are introduced in the crystals. The former evaluation
has been performed by x-ray-diffraction methods and the lat-
ter by Rutherford backscattering methods. In the present
study, the volume expansion in neutron-irradiated samples

FIG. 1. Raman spectra at room temperature taken for the non-
backscattering configuration in semi-insulating~100!-oriented
GaAs irradiated with the various neutron fluences~see Table I!.

TABLE I. Fast neutron fluences, LO- and TO-phonon frequencies, LO-TO-phonon frequency splittings (Dv), and volume expansions of
neutron-irradiated GaAs.

Fast neutron LO-phonon TO-phonon Dv Volume expansiona

Sample (1017 cm22) frequency~cm21) frequency~cm21) ~cm21) ~%!

unirradiated 294.2 268.8 25.4
sampleA 7.0 294.2 269.0 25.2 0.04
sampleB 14 293.6 268.6 25.0 0.05
sampleC 34 292.6 268.6 24.0 0.44

aValues estimated from the~400! face in ~100!-oriented GaAs.
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was evaluated by the x-ray-diffraction method. Figure 2
shows x-ray-diffraction patterns corresponding to CuKa1
and CuKa2 lines from the~400! face for various neutron
fluences. The downshift of the peak position increases with
increasing fast neutron fluence. The volume expression
@(a0

32a3)/a0
3# was estimated using the diffraction angles

from the ~400! face as listed in Table I. The volume expan-
sion of sample C irradiated with a fast neutron of
3.431018 cm22 was comparable to a previous reported
value ~0.45%!.11 The diffuse neutron scattering11 also sug-
gested that 3.4% of all the lattice sites was vacant in fast
neutron-irradiated samples. As a result, the origin of the vol-
ume expansion has been attributed to a vacancy of 3.4%.
This value is comparable to the value (;1.1%) estimated
using the simple model for the LO-TO phonon-frequency
splitting. Therefore, we conclude that the main origin of the
reduction of the LO-TO-phonon frequency splittings in
neutron-irradiated samples originates from vacancy-
interstitial clusters rather than antisite defects. The existence
of clusters in neutron-irradiated samples is consistent with a
continuous infrared absorption4,13 observed before the elec-
trical activation of NTD impurities. The contribution to the
phonon shift of the vacancy-interstitial cluster in samplesA
andB would be essentially similar to that of sampleC, ex-
cept the production rate of the defects.

In conclusion, a small reduction of the LO-TO-phonon
frequency splitting was observed in NTD GaAs. The origin
of the small reduction was evaluated using a simple model
for the LO-TO-phonon frequency splitting relating to two
cases of the defect structures, namely, vacancy interstitials
and antisites. We suggested that the reduction of the LO-TO-
phonon frequency splitting originates from vacancy-
interstitial clusters rather than antisite defects, considering
the volume expansion of;0.4%, the antisites of;1018

cm23, and the displacement atoms of;1020 cm23 in the
neutron-irradiated samples.

Part of this work was carried out under the Visiting Re-
searchers Program of Kyoto University, Research Reactor
Institute ~KURRI!.
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FIG. 2. X-ray-diffraction patterns corresponding to CuKa1 and
CuKa2 lines from the~400! face in semi-insulating~100!-oriented
GaAs irradiated with various neutron fluences~see Table I!.
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