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Abstract- Neutron irradiation induced defects and their
effects on the carrier concentration of GaN epilayers are
investigated with Raman scattering and X-ray diffraction
techniques. Relative to the as-grown sample, the neutron-
irradiated samples exhibit a clear variation in the position and
lineshape of the A;(LO)-mode Raman peak as well as in the full-
width at half-maximum height (FWHM) of the XRD rocking
curves. Careful curve fitting and adequate calculations give the
carrier concentrations of the irradiated GaN. It is found that the
defects induced by neutron irradiation act as carrier trap centres
which capture the electron carriers so that the carrier
concentration of the irradiated GaN is reduced.
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I. INTRODUCTION

Gallium nitride (GaN) is currently a material attracting
technological interest [1-3] due to its application in blue/ultra-
violet light emitting devices[4,5], sun blind detectors [6] and
high power/high temperature electronics. Although GaN
based light emitting devices including laser diodes have been
commercialized, the effects of various defects on device
performance are still far from being fully understood.
Moreover, the stability and reliability of devices which
operate in radiation environments is also an important area of
study. It is well known that irradiation by high-energy
particles such as neutrons and electrons can induce structural
defects in semiconductors. In the past few decades, there
have been many reports discussing the irradiation-induced
defects in silicon [7], GaAs [8-10], GaP [11] and InP [12].
However, only a few studies [13,14] have reported on the
effects of neutron irradiation on the microstructural and
optical properties of GaN thin films. In this work neutron
irradiation induced defects and their effects on the carrier
concentration of GaN epilayers have been investigated using
Raman scattering and X-ray diffraction ® rocking scan curve
(XRD) techniques. It is found that the neutron-irradiated
samples exhibit a clear variation in the position and lineshape
of the A;(LO)-mode Raman peak as well as in the full-width
at half-maximum height (FWHM) of the XRD spectra as the
neutron irradiation dosage increases. Careful curve fitting to
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the A;(LO)-mode Raman peak using theoretical modeling
based on the plasmon frequency is used to determine the
carrier concentrations of the neutron-irradiated GaN. A
reduced carrier concentration is observed in the irradiated
material which is explained on the basis of structural
damage/or defects induced by the neutron irradiation that act
as carrier trapping centers. The trap centres act to compensate
the carrier concentration in GaN.

[I. EXPERIMENTS

The GaN wafer used in the study was grown on a
sapphire (0001) substrate using hydride vapor phase epitaxy
(HVPE) method. The GaN had a room temperature carrier
concentration and mobility of 3.3x10"7cm™ and 258cm?V's!
respectively as measured by Hall measurement. To study the
effect of neutron radiation on GaN, the wafer was cut into
small pieces with area 4 mm x4 mm. Some pieces of the
sample were irradiated by neutrons (30% ratio of fast neutrons
to thermal neutrons) under different dosages, i.e, 1x10",
5x10", and 110" cm™. In the following these three samples
are referred to as “low”, “middle” and “high” -dosage,
respectively with the as-grown sample being used as a
reference. The irradiated samples were not annealed.

The crystal structures of the samples were investigated
using XRD o rocking scans. The measurement system is a
high intensity Cu Ko Bruker D8 Discover X-ray
diffractometer with a divergence of less than 0.05° at
0.001/step speed. 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. The typical spatial resolution of the Raman
instrument is about lum. The detailed description of the
confocal micro-Raman system can be found in a previous
publication [15]. All Raman scattering and XRD experiments
were performed at room temperature.
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Ill. RESULTS AND DISCUSSION

Figure 1 shows the measured micro-Raman spectra of the
GaN irradiated by different dosages of neutrons. The intensity
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Fig.1 Micro-Raman spectra of the GaN as-grown and irradiated
by neutron with different dosages

of the A (LO) peak in each curve is normalized to unity. For
clarity, the curves are vertically shifted. From the figure, it
can be seen that the A;(LO) mode of the neutron-irradiated
GaN samples shifts towards the low-frequency side.
Moreover, the lineshape and FWHM of the A;(LO) mode also
change with neutron dosage relative to the as-grown sample.
By comparison the E, (high) mode of all the samples
including as-grown one does not change, confirming that the
A;(LO) mode’s redshift seen in the irradiated samples is not
due to any systematic experimental effect. It is known that
the plasma mode of a free electron gas can couple with the
LO phonon lattice vibration mode in semiconductors giving
rise to the so-called coupled mode whose frequency is closely
related to the electron density [1,3,16,17]. In order to
estimate the free electron density in the neutron-irradiated
GaN samples the A;(LO) modes peak shape was fitted to the
functional form[17-20]:
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where @, and @, are respectively the frequencies of the

longitudinal and transverse optical phonons. K, n, y, " are

respectively a constant coefficient, the carrier density, the
plasmon damping constant and the phonon damping constant.

Here we use @, =533cm’, @, =735cm™, & =5.35 [1],
m"=02m, [2] and C=0.4 [I8] for GaN. The fitting

parameters are listed in Table I. The carrier concentrations of
the samples derived are thus 2.5%x10"7 em?, 1.3x10"7 cm?,
1.2x10" em, and 2.9x10" em 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 (~749cm™) is observed and is taken into
account in the fitting calculations [18].

Usually, carrier removal is mainly due to the trapping of
majority carriers by structural defects [8,9,20,21]. To test this
idea and to investigate the crystal structure of the irradiated
GaN, XRD o scans of the samples were made. Figure 2
shows the XRD o scan spectra of the samples. From Fig. 2
and Table I, it can clearly be seen that the FWHM of the
irradiated samples varies with irradiation dosage. It is noted
that the FWHM of the as-grown sample’s spectrum is a little
larger compared to that of the low-dosage sample. This effect
may, however, be due to the as-grown sample being taken
from GaN closer the wafer edge. It is known that the quality
of samples close to the edge is worse than for samples close to
the center. Moreover, it is known that the FWHM of an XRD
o scan spectrum reflects the quality of a sample [22]. For a
group of samples with the same crystal structure and chemical
composition, the wider FWHM indicates a worsening of
crystalline quality. Thus, from the XRD data, it can be
concluded that the structural quality of the samples becomes
worse after the GaN samples are irradiated by neutrons.
During the irradiation process, the GaN structure is not only
bombarded by thermal neutrons that transmute ®Ga, "'Ga,
2Ga to Ge, "*Ge and/or "N, N to '%0 [13] but also with
fast neutrons that elastically collide with atomic nuclei to
produce point defects. Both of these processes cause the
crystal structure to slightly distort with a subsequent
production of strain [8,10, 23]. These defects can be shallow
traps and/or deep level defects and even complex defect
centers [13,14,23]. They generally act as carrier trapping
centers and thus influence the carrier concentration of the
neutron irradiated GaN.

IV. CONCLUSIONS

GaN samples irradiated by different neutron dosages
have been investigated using Raman scattering and XRD
spectra techniques. It has been observed that the A;(LO) peak
position in the Raman scattering spectra clearly shifts towards
the lower frequency side and the FWHM of XRD spectra



TABLE 1. Values of the fitting parameter for Raman A;(LO) mode and

XRD FWHM
Trradiation dosage As-grown | 1x10" | 5x10" | 1x10"
Fitting p 120 105 55 50
parameters Y 300 265 | 259 | 218
r 5.4 7.1 7.0 6.8
Carrier
Derived concentration 2.9 2.5 1.3 1.2
(x10"7cm’)
XRD FWHM (°) 0.106 0.103 0.112 0.109
3 —— as-grown
Y B TS low-dosage
18 - — - middle-dosage
- - - - - - high-dosage
:‘ 17.26 17.27 17.28 17.29 17.30 |
d i ® scan
2
®
c
2
£

17.3
® scan

Fig.2 XRD spectra of GaN samples as-grown and irradiated by
neutron with various dosages

generally increases with neutron irradiation dosage. From
careful analysis of the experimental Raman spectra, it is found
that the carrier concentration of GaN samples varies as the
various neutron irradiation dosages. This has been explained
on the bases of the structural damage and/or defects induced
by neutron irradiation acting as carrier trapping centers which
compensate the carrier concentration of the GaN samples.
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