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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
(Aw). It is suggested that the slight reduction && 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 samp[&0163-182@06)02443-5

The study of disordered structures in neutron-thermal and fast neutrons at fluxes of 8.20° and
transmutation-dopedNTD) GaAs is important for under- 3.9x 10 cm?s™?, respectively. The fluences of thermal
standing its electrical transport propertieGe and Se impu- and fast neutrons were 8.0 and 7.0 1047 ¢cm~2 for
rites are transmuted from Ga and As atoms by ¥)  sampleA, 3.0< 10" and 1.4< 10'® cm~2 for sampleB, and
reactions, re_spectively. Th(_e annihilation of radiation-induc¢d7_1>< 10'® and 3.4x 108 cm? for sampleC, respectively. The
defects dominates the activation process of transmuted inyetailed situation of the neutron irradiation was described in
purities. In particular, it has been suggested that an abrugy,, previous papet. A laser Raman spectrophotometer
decrease in resistivity at an annealing temperature aroun@ASCO NR-180Dwas employed for a study of Raman scat-
600 ?C arises from the ann_ihilation of Ga a”“S“‘? defects Orlering. The Raman spectra were taken at room temperature in
Ar‘]S sﬂe;(_GaAS) Z.ind A_shantlsne defec%s on Ga SI’EIG‘SSGB) backscattering and nonbackscattering geometry, using the
tsé%?—?nssjrl];?irnagczgl? \(IBVZA: i(s-;acgﬁ\fgpteﬁsfrgn:essllj tioNIE[\?v- 514.5-nm line of an Af-ion gas laser with a power of 100

W. The nonbackscattering geometry was used to obtain the

resistivity material. One expects that in the activation proces O-ph K clear] d the oh K tak ;
of transmuted impurities, the phonon scattering in NTD -phonon peak clearly, and the pnonon peaks were taken a

GaAs would be affected by the defect structure. The defect tilt angle of 3° from thg(lOO) '?‘X'S'.A typical beam spot
structure in ion bombarded GaAs has been studied by usin@s ~1—mm ®. A typical slit width used here was
Raman spectroscopyUsing a simple mod&lfor the LO- 00 um, corresponding to a resolution of 1.9 ¢h The
TO-phonon frequency splitting, one can estimate a ratio ofpectra were recorded at a scanning rate of I tmer sec-
interstitials, or antisites, to atoms in the crystal. This model igond. This procedure was repeated five times to make certain
useful for quantitative considerations of defect structures irthat the data were reproducible. The width of the LO-phonon
nonconductive materials, since, in conductive material, thgpeak of unirradiated samples was 5.6 thusing a slit width
couplind* between the LO-phonon mode and the plasmorof 200 wm. These measurements have a margin of error of
mode, which arises from the collective motion of free elec-about+0.2 cm™. The relationship between the resolution
trons, modifies the original frequency of the LO phonon. Inof the wave number and the margin of error of phonon peaks
fact, the coupling mode has been observed in NTD GaAss similar to that of the low-temperatufeT)-grown epitax-
with electron concentrations above8x 10 cm~3. There- ial GaAs® The lattice parameter measurements were per-
fore, the defect structures prior to electrical activation offormed by using a conventional diffactometéRigaku-
NTD impurities can be evaluated in terms of the LO-TO Geigerflex CN201B
phonon frequency splitting. In this paper, we report that the Raman spectra are shown in Fig. 1 for unirradiated and
reduction of the LO-TO-phonon frequency splitting in NTD three irradiated samples. These spectra were taken in non-
GaAs arises from vacancy-interstitial clusters rather than ansackscattering geometry for tH&00-oriented surface. The
tisite defects. This situation is supported by lattice parameteidown-shift of the LO-phonon peak was observed in irradi-
Rutherford backscattering, and electron paramagnetic resated samples and increased with increasing neutron fluence,
nance(EPR measurements. whereas the shift of the TO-phonon peak of irradiated
Materials used in this study were undoped S| GaAssamples was much smaller, which was within the margin of
(p=10'Q cm) grown by the liquid-encapsulated Czochral- error. The significant difference between spectra is a small
ski method. Neutron irradiations were performed at the cenreduction in the LO-TO-phonon frequency splittings «f)
ter of the core in the Kyoto University Reactor, which is a arising from the down-shift of the LO-phonon peak. Table |
light-water-moderated reactor. Samples were irradiated witlists the peak frequencies for the spectra in Fig. 1. The pos-
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Q can be separated into a loca®) and nonlocal Q)

effective charge, such th@=0Q,+Q,,. The LO- and TO-
[ phonon frequency data in GaAs can be fiftedth the fol-
lowing values:Q,=0.78 andQ,,=1.38. The effect on the

| phonon shift for antisite pairs is also given®by

|
sample C / | X5 20 00w o=02(—4—0.69N,4/N, ?)
Using

| | ' where N, is the number of antisite pairs.
, | ' dwo=-1.4 cm ! for sample C in Table |, for the
sample B / | : interstitial-vacancy case we obtah, /N=2.2% from Eq.

i (1), whereas for the antisite pairs case we obtain
| [ ! N,/N=1.4% from Eq.(2). Thus a ratio of vacancies to at-
| ! ! oms in the crystal is estimated to bel.1%, whereas a ratio
sample A : : of antisite pairs to atoms in the crystal is estimated to be
|
[
[
|
[

RAMAN INTENSITY.

~0.7%, on the basis of Eq§l) and(2), respectively.

Next we examine the validity of the estimation above.
The isolated Ag, antisite defecproduced by fast neutron
irradiation with a fluence of 37 10* cm~2 have been esti-
mated to be 3.8 10'® cm 3 by EPR measurements at 77 K.
Gays antisite defects have also been observed by photolumi-
I nescence methdtiGa,, defects of~ 108 cm ™2 are presum-

320 300 280 260 ably introduced, because an abrupt decrease in resistivity at
WAVE NUMBER [ cm™] an annealing temperature around 600 °C arises from the ex-
change of Ggs and As;,through the interaction with vacan-

FIG. 1. Raman spectra at room temperature taken for the nongies' glgus _t?e net antisite defect Conce_ntrat_ior_‘ of
backscattering configuration in semi-insulating00-oriented ~ ~ 2> 10" cm™~* would be produced by neutron irradiation.
GaAs irradiated with the various neutron fluen¢gse Table)l This concentration corresponds to 0.011% of atoms in GaAs

(8/a3=4.43< 1072 cm~2). The value estimated from E¢Q)

sible mechanisnisfor the reduction of the LO-TO-phonon is about 60 times larger than the observed one. The reduction
frequency splittings are discussed in termg@fstrain, (b) ~ of the LO-TO-phonon frequency splittings relating to the
phonon confinementg) defect-induced changes in the force antisite defects has been observed(li)-grown epitaxial
constants, an¢t) defect-induced changes in the ionic plasmaGaAs (Ref. 6 [or LT GaP(Ref. 9] layers and phosphorus-
frequency. Changes in the effective charge originating fromion-implanted GaP layerS.However, the antisite defects of
the defect structures can be investigated by changes in thie 10?2 cm™2 were produced in these materials. These defect
LO-TO-phonon frequency splittings. In zinc-blende struc-concentrations are about 2 aimes larger than those in
tures, the effects on the phonon shift for a case where thBeutron-irradiated samples. We conclude therefore that in

displaced atoms are interstitials, which will create vacanciegdyeutron-irradiated samples the main origin of the reduction
are given by of the LO-TO-phonon frequency splittings is not attributed

to the antisite pairs.
o odw o=0%(—16+4)N, /N, ) Next we consider an alternative origin for the reduction of
the LO-TO-phonon frequency splittings. It has been well
whereN is the number of primitive unit cells in the crystal known that, after neutron irradiation, samples remain single
(each primitive cell contains one GaAs molecule, so there arerystalline even though a volume expansion of
2N atoms in the crystal N, the number of vacancies, and AV/V~0.45% and a displacement of atofof ~107°
Q the ionic plasma frequency of the LO phondn€2 is  cm~2 are introduced in the crystals. The former evaluation
given by 4N Q% ..V, whereN/V is the density of Ga-As has been performed by x-ray-diffraction methods and the lat-
pairs, u the GaAs reduced mass,, (=11.3 the high- ter by Rutherford backscattering methods. In the present
frequency dielectric constant, an@ the effective charge. study, the volume expansion in neutron-irradiated samples

unirra.

TABLE I. Fast neutron fluences, LO- and TO-phonon frequencies, LO-TO-phonon frequency splitin@sand volume expansions of
neutron-irradiated GaAs.

Fast neutron LO-phonon TO-phonon Aw Volume expansioh
Sample (1% cm™?) frequency(cm™1) frequency(cm™1) (em™1) (%)
unirradiated 294.2 268.8 254
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

8/alues estimated from th@00) face in(100)-oriented GaAs.
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from the (400 face as listed in Table I. The volume expan-
(400) sion of sample C irradiated with a fast neutron of
3.4x10"® cm~? was comparable to a previous reported
value (0.45%.1! The diffuse neutron scatterifigalso 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
sample C 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
sample B of clusters in neutron-irradiated samples is consistent with a
continuous infrared absorptib# observed before the elec-
trical activation of NTD impurities. The contribution to the
phonon shift of the vacancy-interstitial cluster in samples
andB would be essentially similar to that of samile ex-
. cept the production rate of the defects.
unirra. In conclusion, a small reduction of the LO-TO-phonon
| I I frequency splitting was observed in NTD GaAs. The origin
658  66.0 66.2 66.4 66.6 of the small reduction was evaluated using a simple model
for the LO-TO-phonon frequency splitting relating to two
26 [deg] cases of the defect structures, namely, vacancy interstitials
and antisites. We suggested that the reduction of the LO-TO-
FIG. 2. X-ray-diffraction patterns corresponding to K, and phonon frequency splitting originates from vacancy-
CuKas, lines from the(400) face in semi-insulatingl00-oriented  jnterstitial clusters rather than antisite defects, considering
GaAs irradiated with various neutron fluendsse Table )l the volume expansion of-0.4%, the antisites of- 10'8
cm~3, and the displacement atoms 6f10°° cm™2 in the
neutron-irradiated samples.

(08

Q2

X-RAY INTENSITY

sample A

was evaluated by the x-ray-diffraction method. Figure 2
shows x-ray-diffraction patterns corresponding to Ku,
and CuKa, lines from the(400 face for various neutron
fluences. The downshift of the peak position increases with Part of this work was carried out under the Visiting Re-
increasing fast neutron fluence. The volume expressiosearchers Program of Kyoto University, Research Reactor
[(a3—a%/ad] was estimated using the diffraction angles Institute (KURRI).
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