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GaN epilayers grown on sapphire substrate were irradiated with various dosages of neutrons and
were characterized using Micro-Raman and photoluminescence. It was found that the A1�LO� peak
in the Raman spectra clearly shifted with neutron irradiation dosage. Careful curve fitting of the
Raman data was carried out to obtain the carrier concentration which was found to vary with the
neutron irradiation dosage. The variation of the full width at half maximum height of the
photoluminescence was consistent with the Raman results. The neutron irradiation-induced
structural defects �likely to be GeGa� give rise to carrier trap centers which are responsible for the
observed reduction in carrier concentration of the irradiated GaN. © 2005 American Institute of
Physics. �DOI: 10.1063/1.1999011�

In recent years, GaN and related compounds have at-
tracted a great deal of interest1–3 due to their wide applica-
tions including blue/ultraviolet light-emitting devices,4,5 sun
blind detectors,6 and high-power/high-temperature electron-
ics. Although GaN-based light-emitting devices including la-
ser diodes have been commercialized, the effects of various
defects on the performance of the devices are still far from
being fully understood. Further applications of GaN in opto-
electronic devices demand a better understanding of the way
optoelectronic properties of GaN films depend on some types
of defects. It is well known that irradiation of high-energy
particles, such as neutrons and electrons, can induce struc-
tural defects in semiconductors. In the past few decades,
there were many reports discussing the irradiation-induced
defects in silicon,7 GaAs,8–10 GaP,11 and InP.12 However,
only a few studies13,14 have been reported on the effects of
neutron irradiation on the microstructural and optical prop-
erties of GaN thin films. In this letter, we report on neutron
irradiation-induced defects and their effects on the carrier
concentration of GaN epilayers using Raman scattering and
photoluminescence �PL� techniques. It is found that, in com-
parison with the as-grown material, the neutron-irradiated
samples exhibit a clear variation in the position and line
shape of the A1�LO�-mode Raman peak as well as in the full
width at half maximum �FWHM� height of the PL spectra as
the neutron irradiation dosage changes. Careful curve fitting
for the Raman peak, together with theoretical modeling
based on the plasmon frequency, is used to determine the
carrier concentrations of the neutron-irradiated GaN. The re-
duction of carrier concentration observed in the irradiated
material is explained in terms of structural damage/or defects
induced by neutron irradiation acting as carrier trapping
centers.

The GaN wafer used in the study was grown on a sap-
phire �0001� substrate using the hydride vapor phase epitaxy

method. Using Hall measurements, the carrier concentration
and mobility of the GaN were found to be 3.3�1017 cm−3

and 258 cm2 V−1 s−1, respectively. To study the effect of neu-
tron radiation on GaN, the wafer was cut into small pieces
with an area of 4 mm�4 mm. The samples were irradiated
with neutrons �with a fast to thermal neutron ratio of 30%/
70%� under different dosages, i.e., 1�1015, 5�1015, and 1
�1016 cm−2. In the following, these three samples are re-
ferred to as “low”, “middle” and “high” dosage, respectively
with the as-grown sample being used as a reference. The
irradiated samples were not annealed.

For the PL measurements, the samples were mounted on
the cold finger of a Janis closed-cycle cryostat with a tem-
perature range of 4 K–300 K and were excited by the 325 nm
line of a Kimmon He–Cd continuous-wave laser with an
output power of 40 mW. The PL setup has been described in
detail elsewhere.15 The micro-Raman scattering experiments
were carried out under a backscattering geometry with a
combination of instruments, namely a monochromator
equipped with a 1800 lines/mm grating, a microscope, a
charge coupled device detector cooled by liquid nitrogen and
a notch filter. The 488 nm line of a Coherent Ar++Kr+ mixed
gas laser was employed as the excitation light in the Raman
measurements and the typical spatial resolution of the Ra-
man instrument was about 1 �m. Again, the detailed descrip-
tion on the confocal micro-Raman system can be found in a
previous publication.16 All Raman scattering experiments
were performed at room temperature.

Figure 1 shows the measured micro-Raman spectra of
the GaN irradiated by different dosages of neutrons. The in-
tensity of A1�LO� peak in each curve is normalized to unity.
For clarity, the curves are vertically shifted. From Fig. 1, it
can be seen that the A1�LO� mode of the neutron-irradiated
GaN samples shifts toward the low-frequency side. More-
over, when compared to the as-grown sample, the line shape
and the FWHM of the A1�LO� mode of these samples also
change with neutron dosage. By comparison, the E2 �high�
mode of all the samples including the as-grown one does not
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change, confirming that the A1�LO� mode’s redshift seen in
the irradiated samples is not due to any systematic experi-
mental effect. It is known that the plasma mode of a free
electron gas can couple with the longitudinal optical �LO�
phonon lattice vibration mode in semiconductors giving rise
to the so-called coupled mode whose frequency is closely
related to the electron density.1,3,17,18 In order to estimate the
free electron density in the neutron-irradiated GaN samples,
the A1�LO� modes peak shape was fitted to the functional
form:17–20
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where �L and �T are, respectively, the frequencies of the LO
and transverse optical phonons, respectively. K, n, �, and �
are, respectively, the constant coefficient, the carrier density,
the plasmon damping constant, and the phonon damping
constant. Here, we use �T=533 cm−1, �L=735 cm−1, 

=5.351, m*=0.2m0

2, and C=0.4 �Ref. 19� for GaN. The fitting
parameters are listed in Table I and the carrier concentrations
of the samples derived are thus 2.5�1017 cm−3, 1.3
�1017 cm−3, 1.2�1017 cm−3, and 2.9�1017 cm−3 for the
low dosage, middle dosage, high dosage, and as-grown
samples, respectively. Since GaN is transparent to the 488
nm excitation light used in the Raman measurements, the

Raman signal from the sapphire substrate is thus observed.
Therefore, the substrate phonon peak ��749 cm−1� is sub-
tracted in order to obtain a clean baseline.19

Usually, carrier removal is mainly due to the trapping of
majority carriers by structural defects.8,9,21,22 To test this idea
and to investigate the crystal structure of the irradiated GaN,
PL spectra of the samples were taken. Figure 2 shows the
low-temperature PL spectra of the samples. Unlike the cases
studied by Kuriyama et al.,13 for the present study, the band-
edge transition at �3.48 eV still dominates even for the
sample irradiated with the highest neutron dosage since the
neutron dosages employed by us are lower by at least three
orders of magnitude. However, the FWHM, intensity, and
even the position of the band-edge transition vary with irra-
diation dosage. The FWHM of the PL spectra is seen to
increase with neutron dosage. Moreover except for the low-
dosage sample, the PL intensity drops as the neutron dosage
increases. The PL intensity of the low-dosage sample is
slightly higher than that of the as-grown sample. However,
this is not definitive as the effect is of the same order of
magnitude as our systematic error. It is known that both the
FWHM and peak intensity of the PL spectrum from a sample
are closely related to its quality.23 For samples with the same
crystal structure and chemical composition, the widened PL
peak width certainly indicates a deterioration of crystalline
quality. Thus, from the PL data, it can be concluded that, as
the neutron dosage increases, the structural quality of the
samples deteriorates. The physical origin of the blueshift of
the band-edge transition as the neutron dosage increases is
not clear at present. It is likely to be due to the reduction of
the carrier concentration as the E2 �high� mode peaks in the

FIG. 1. Micro-Raman spectra of GaN samples, both as-grown and irradiated
by neutron with different dosages.

TABLE I. Values of the fitting parameter for Raman A1�LO� mode and the
PL FWHM.

Irradiation dosage As-grown 1�1015 5�1015 1�1016

Fitting
parameters

�P 120 105 55 50
� 300 265 259 218
� 5.4 7.1 7.0 6.8

Derived
Carrier concentration

��1017 cm−3� 2.9 2.5 1.3 1.2
PL FWHM �meV� 3.34 3.55 3.66 3.84

FIG. 2. Low-temperature PL spectra of GaN samples, both as-grown and
irradiated by neutron with various dosages.
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Raman spectra shown in Fig. 1 do not shift. The E2 �high�
mode is very sensitive to the strain of the GaN epilayer.16

Now we turn to discuss the defect-related emission
peaks. During the irradiation process, the GaN structure is
not only bombarded by thermal neutrons that transmute
69Ga, 71Ga, 72Ga to 70Ge, 72Ge and/or 14N, 15N to 16O
�Ref. 13� but also by fast neutrons producing point defects.
Both of these processes cause the crystal structure to slightly
distort with a subsequent production of strain.8,10,24 These
defects can be shallow traps and/or deep level defects and
even complex defect centers.13,14,24 A weak blue lumines-
cence peak centered at �2.9 eV can be observed for all the
samples. However, its relative intensity with respect to the
band-edge transition changes with neutron dosage. Except
for the low-dosage case, the relative intensity of the 2.9 eV
broad peak increases as the neutron dosage increases. This
indicates that the emission peak should be related to the neu-
tron irradiation. Kuriyama et al.13 also observed a 2.9 eV
emission in their neutron-transmutation-doped GaN which
was annealed at 1000 ° C for 60 min and attributed it to the
neutron transmuted Ge atoms at Ga sites. One theoretical
study shows that the GeGa can produce a DX-like state
through capturing an electron.24 Furthermore, this negatively
charged GeGa state can act as a metastable center and intro-
duces a singlet state which almost degenerates with the
valence-band top and a second singlet state 0.5 eV below
the bottom of the conduction band.24,13 Therefore, the
neutron transmuted Ge should be responsible for the relative
increase of the 2.9 eV peak intensity. The blue emission from
the metastable states in GaN epilayers has been observed by
Xu et al.25 They also found that the blue emission band was
closely related to the yellow emission. Note that the yellow
emission of the samples in the present study is much weaker
and thus from which reliable information cannot be derived.

In conclusion, GaN samples irradiated by different neu-
tron dosages have been investigated using Raman scattering
and PL spectroscopic techniques. It has been observed that
the A1�LO� peak position in the Raman scattering spectra
clearly shifts toward the lower-frequency side and the
FWHM of PL spectra becomes larger with increasing neu-
tron irradiation dosage. From careful analysis of experimen-
tal Raman spectra, it is found that the carrier concentration of
GaN samples decreases as the neutron irradiation dosage in-
creases. This has been explained on the basis of the DX-like
centers induced by neutron irradiation acting as the carrier
trapping centers thereby compensating for the carrier con-
centration of the GaN samples.
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