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LO-phonon and plasmon coupling in neutron-transmutation-doped GaAs
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Coupling between the longitudinal-optitO) phonon mode and the longitudinal plasma mode in neutron-
transmutation-dopedNTD) semi-insulating GaAs was studied using Raman-scattering spectroscopy and a
Fourier-transform infrared spectrometer. When the electron concentration due to the activation of NTD impu-
rities (Geg, and Se.) approaches-8x10'® cm™3, the LO-phonon—plasmon coupling is observed. This
behavior is consistent with the free-electron absorption due to the activation of NTD impurities in samples
annealed above 600 °C.

In the study of neutron-transmutation-dop@®irD) semi-  of Ge and Se impurities is evaluated to b€.4x 10" cm
insulating (SI) GaAs irradiated with fast neutrons of Y0  ~3. If Ge and Se impurities are created in the lattice sites
cm™ 2, it has been reported that the annihilation of radiationwhere they are introduced, these impurities behave as donors
defects dominates the activation process of transmuteith GaAs. The annealing of irradiated samples was performed
impurities>? In particular, it has been suggested that anin N, flow for 30 min at desired temperatures. A laser Ra-
abrupt decrease in resistivity at an annealing temperatumman spectrophotometddASCO NR-180D was employed
around 600 °C arises from the annihilation of the Ga antisitdor a study on Raman scattering. The Raman spectra were
defects on As sitefGa,,) and As antisite defects on Ga sites taken at room temperature in backscattering geometry using
(Asg,) through the interaction with the Ga vacarichs a  a 514.5-nm line of Af -ion gas laser with a power of 100
result, NTD-SI GaAs is converted from Sl to the low- mW. A typical beam spot was 1-mm ®. The spectra were
resistivity material. One advantage of NTD is the creation ofrecorded at a scanning rate of 2 chper minute. This pro-

a uniform doping of impurities, assuming that the naturalcedure was repeated three times to make certain that the data
isotopes®®Ga (natural abundance 60.2%'Ga(39.8%, and  were reproducible. The margin of error is about 0.2¢m

>As (100% are distributed homogeneously in the matetial. Infrared-absorption spectra were recorded at room tempera-
Another is the precise control of the impurity concentration.ture using a Fourier transformer spectromeferkin-Elmer
Previous works® have shown that the coupling between theModel 180 with a resolution of 1.0 cm'. The resistivity
longitudinal optic (LO)-phonon mode and the longitudinal and Hall measurements were carried out at room temperature
plasma mode occurs at electron concentrations above abousing the van der Pauw method.

1x 10 cm™3. Therefore, one expects that the mixed LO- Raman spectra are shown in Fig. 1 for unirradiated, as-
phonon—plasmon modes are observed in a NTD process higradiated, and annealed samples. These spectra were taken
choosing a suitable doping level. The observation of the coufor the (100-oriented surface. The intensity and linewidth of
pling mode would give an important measure for the evaluthe LO-phonon peak of as-irradiated samples are similar to
ation of the electrically activated NTD impurities without the those of unirradiated samples. This situation is consistent
fabrication of the electrodes. In this paper, we report thewith the following fact. Rutherford backscattering stuflies
observation of the mixed LO-phonon — plasmon modes irshow that neutron-irradiated GaAs keeps the single crystal-
NTD GaAs with electron concentrations above aboutlinity in spite of the creation of the defects of 10
8x10' cm~3. This behavior is consistent with the free- cm~2. The Mott-type hopping conduction is observed at an
electron absorption due to the activation of NTD impuritiesannealing temperature up to 500 ®€. The electrons in the

in samples annealed above 600 °C. conduction band are less than those in the defect levels, since

Materials used in this study were undoped S| GaAsthe electrons arising from the NTD donor impurities would
(p=10"Q cm) grown by the liquid-encapsulated Czochral- be trapped in the defect levélsonsisting of Ag;, and EL2
ski (LEC) method. Neutron irradiations were performed at(or EL2-like defect, and they contribute to the hopping con-
the center of the core in the Kyoto University Reactorduction in the defect levels. The remarkable feature is the
(KUR), which is a light-water-moderated reactor. Sampledow intensity and asymmetric linewidth of the LO-phonon
were irradiated with thermalthe fluence is 1.5%10®  spectrum observed in annealed samples, which are annealed
cm~?) and fast (%10 cm~?) neutrons at fluxes of above 600 °C. The behavior is not understood by consider-
8.2x 10" and 3.9<10" cm~2 s !, respectively. The de- ing the only LO phonon. We should pay attention to the
tailed situation of the neutron irradiation was described inelectrical activation of NTD impurities, which begin to acti-
our previous paper.Ge and Se impurities are transmuted vate electrically around 600 °C. In the long-wavelength
from Ga and As atoms, respectively. The total concentratiofimit, the valence electrons, the polar lattice vibrations, and
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FIG. 1. Raman spectra at room temperature taken for the various FIG. 2. Infrared-absorption spectra at room temperature taken
annealing temperatures df.00)-oriented NTD GaAs irradiated for the various annealing temperatures of the NTD GaAs used for
with neutron dose& thermal neutron of 1610 cm~2 and afast  the Raman-scattering experiments.
neutron of 2 10" cm~2). The couplingL_. mode is observed at

- 7 -3
annealing temperatures above 600 (%8e Table )L about 0.95 for an electron concentration of 10" cm ™3,

while that for the low-frequency modé_) is below 0.1.
Therefore, the asymmetric linewidth of the Raman spectrum
@bserved in the annealed NTD GaAs arises from both the
LO-phonon and_, modes, but thé _ mode is not observed
because of a very weak phonon strength. As a result, the
LO-phonon intensity decreases with increasing coupling, and
The high-frequency valu€. ) of the mixed LO-phonon— thel, mode appears beside the LO-phonon peak.

plasmon modes is calculated from the roots of the dielectric The absorption spectra in the various annealing tempera-
constant of Eq(1). The frequencies of the L mode and of tures for NTD GaAs are shown in Fig. 2. In unirradiated
the longitudinal plasma mode,=(4mne*/e,.m*)¥2 for  samples, an absorption around 2350 ¢his assigned as the
various annealing temperatures are listed in Table |. Here antisymmetric stretching vibration of CQarising from

is the electron concentratiom* the effective mass in the CO, in an ambient atmosphere. The absorption peaks ob-
conduction band=0.07m), ande., (=11.3 the optical di- served around 500 cnt are also assigned as a two-phonon
electric constant. The mixed LO-phonon — plasma mode apevertone scatterify of transverse optical phonondO);
pears around 300 cit for electron concentrations ¢0.8 —  these were observed at 493 ¢m[2TO(X)], 508 cm*

2)x 10 cm-2. The phonon strengttor the high-frequency [2TO(L)], and 524 cm® [2TO(I')], respectively. In as-
mode(L .) of the interacting plasmon — LO-phonon mode isirradiated samples, a continuous absorption extending to the

the conduction electrons make additive contributions to th
total dielectric response functién:

e7(0,w)=¢,+(gg—eu)/(1— wzlwzt) — wgsw lw?, (1)

TABLE |. Electron concentrations and the coupling modes of NTD GaAs.

Sample Electron concentration LO-phonon frequencyL . mode Plasma frequency

(cm™3) (em™1) (ecm™1) (ecm™1)

unirradiated +2x10 296.6

as-irradiated a 295.6

500 °C annealed a 297.8

600 °C annealed 8:210' 296.0 299 96.4

650 °C annealed 2210 296.6 304 158

700 °C annealed 2:610Y 296.2 305 168

aSince the conduction is dominated by Mott-type hopping condu¢Rad. 9, the electron concentration can
not be measured by the van der Pauw method.
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higher energy was observed. Although this origin cannot be In conclusion, the coupling between the longitudinal-
understood clearly at the present time, it may be attributed toptic-phonon mode and the longitudinal plasma mode was
interstitial anion clusters as discussed in neutron irradiatedbserved in the NTD process of semi-insulation GaAs. When
GaP'* This assignment is based on a consideration that fashe electron concentration arising from NTD impurities ap-
neutron irradiation produces defect cascades in the crystal gtoached~8x 10 cm ™3, coupling occurred, which is ac-
the primary stage, in which clusters of vacancies are in th@ompanied by the decrease in the intensity of the Raman
core and interstitials of high density rate in the surroundinGscattering of the LO phonon and by the appearance of the
. 13 o
regions.” In samples annealed above 600 °C, the remarkablg , mqade. The collective motion as the plasmon was consis-

absorption was observed at wave numbers below 1450.cm ot yyith the occurrence of the free-electron absorption in the
The absorption increases with increasing annealing tempera. (-oled samples

ture (see Fig. 2 This behavior arises from the free-electron
absorption due to the activation of NTD impurities, which  Part of this work has been carried out under the Visiting
occur at annealing temperatures above 600 °C. The fredResearchers Program of Kyoto University, Research Reactor
electron absorption observed here is consistent with a collednstitute (KURRI). The authors wish to thank Professor R.
tive motion as a plasmon mode described in RamanNakasima of Hosei University, for suggesting improvements
scattering studies. to the manuscript.

IM. Satoh, K. Kuriyama, K. Yahagi, K. lwamura, C. Kim, T. M. Satoh, H. Kawahara, K. Kuriyama, T. Kawakubo, K. Yoneda,

Kawakubo, K. Yoneda, and I. Kimura, Appl. Phys. Lé&®, 580 and I. Kimura, J. Apply. Phys$63, 1099(1988.

(1987. 8K, Kuriyama, M. Satoh, M. Yahagi, K. lwamura, C. Kim, T.
M. Satoh, K. Kuriyama, and Y. Makita, J. Appl. P85, 2224 Kawakubo, K. Yoneda, and I. Kimura, Nucl. Instrum. Methods

(1989. Phys. Res. Sect. B2, 553(1987.

3M. Satoh, K. Yokoyama, and K. Kuriyama, iBemi-insulating  9m. Satoh and K. Kuriyama, Phys. Rev.4®, 3473(1989.
I1I-V Materials, edited by A.G. Milnes and C.J. MinéHilger, 10K, Kuriyama, K. Yokoyama, and T. Taniguchi, Phys. Rev4§
Bristol, 1990, pp. 47-52; J. Appl. Phy$8, 363(1990. 6251 (1992

4 . .

M. Satoh, K. Kuriyama, and T. Kawakubo, J. Appl. Ph¥i, 111 gekine, K. Uchinokura, and E. Matsuura, J. Phys. Chem. Solids

5 A35,\j2(19§9' d G.B. Wright, Phys. Rev. L 1 48 109101977,
o MOOVadl_an an dGA-L- I\/:I%Ntfll tyS.Phev. ;16 93949 92?9 12T, Kawakubo and M. Okada, J. Appl. Phy¥, 3111(1990.
. Mooradian and A.L. McWhorter, Phys. Rev. Left9, 133 A. Brinkman, J. Apply. Phy25, 961 (1953,

(1967).



