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The growth of the GaN epilayer and its related materi-
als has attracted much attention for both scientific and
technological reasons [1–5]. Potential applications of
the GaN compound semiconductors in optoelectronic
devices operating in the visible to ultraviolet spectral
regions have driven extensive and successful efforts to
grow GaN epitaxial films of high quality on sapphire
substrates by using various technique [6–8]. However,
GaN epilayers have inherent problems with control of
the uniform carrier density; epilayers with high mobil-
ity and with uniform carrier density are very impor-
tant for achieving highly efficient electronic and op-
toelectronic devices [9, 10]. Furthermore, since ther-
mal treatment is necessary for the fabrication processes
of optoelectronic devices, the role of the thermal an-
nealing process is very important in achieving high-
performance devices [11].

The neutron-transmutation-doping (NTD) method
is a technique using nuclear reactions between iso-
topes and thermal neutrons in semiconductors [12]. The
method can be used to dope impurities uniformly, to
control the impurity concentration accurately, and to ac-
tivate the carriers by using a relatively low-temperature
thermal treatment [13, 14]. When neutrons are intro-
duced into a semiconductor, the carrier concentration,
the mobility, and the resistivity of the doped semicon-
ductor, as well as the optical properties, are changed.
Even though the behavior of the physical parameters of
the GaN epilayer after NTD and annealing have been
investigated, the electrical and the optical properties of
NTD GaN after annealing have not.

This letter reports on the electrical and the optical
properties after NTD and annealing treatment of un-
doped NTD GaN epilayers grown by using plasma-
assisted molecular-beam epitaxy (PAMBE). Van der
Pauw Hall effect measurements were performed in or-
der to investigate the electronic parameters of the NTD
and annealed GaN epilayers, and photoluminescence
(PL) measurements were carried out to investigate the
optical properties of the samples.

The undoped GaN epilayers used in this study were
grown on sapphire substrates by using a PAMBE sys-
tem. An inductively coupled radio frequency plasma
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source provided the reactive nitrogen from nitrogen gas
with a purity of 99.9999% while Ga with a purity of
99.9999% was evaporated using a conventional effu-
sion cell. Prior to the GaN film growth, the surfaces of
the chemically cleaned substrates were exposed to an
activated nitrogen beam for 10 min in order to com-
pletely cover them with nitridated layers. The deposi-
tion of the GaN active layer on the 300-Å-thick GaN
buffer layer, which was grown at 550 ◦C, was carried
out at a substrate temperature of 750 ◦C, and its growth
rate was approximately 0.28 µm/h. The typical thick-
ness of the GaN active layer was 600 nm.

To determine the fluences of the thermal neutrons,
we inserted a Au-Al wire into the chamber with the
GaN epilayers. A Ge-Li radiation detector (EG &
G ORTEC, GMX-25190P) was used to identify the
neutron-transmutation doping. The fluences of the ther-
mal neutrons related to the doping of impurities into
the GaN epilayer were 1.09 × 1019, 5.29 × 1018, and
4.15 × 1017 cm−2. The NTD GaN epilayers were an-
nealed at temperatures between 800 and 1100 ◦C for 30
min in a nitrogen atmosphere.

To determine the carrier concentration, the mobility,
and the resistivity, we performed Hall effect measure-
ments. Van der Pauw Hall-effect measurements were
carried out at room temperature in a magnetic field of
0.5 T by using a Keithley 181 nanovoltmeter. Ohmic
contacts to the samples for the Hall effect measure-
ments were made by diffusing a small amount of in-
dium through the undoped GaN epilayers at 600 ◦C
in a hydrogen atmosphere for approximately 10 min.
The PL measurements were carried out using a 75-cm
monochromator equipped with an ultraviolet-sensitive
photomultiplier tube. The excitation source was the
3250-Å line of a He-Cd laser, and the power density
of the laser was 20 mW. The samples were mounted
on a cold finger in a cryostat, and the temperature was
controlled at 11 K by using a He displex system.

Fig. 1 shows the resistivity as a function of the an-
nealing temperature for undoped NTD GaN epilayers
exposed to various fluences. The resistivity of the GaN
epilayer decreases with increasing annealing temper-
ature. In particular, the resistivity of the GaN epilayer
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Figure 1 Resistivity as a function of the annealing temperature for un-
doped NTD GaN epilayers for various fluences.

dramatically decreases above an annealing temperature
of 850 ◦C, and this behavior originates from the Ga-
metal-like behavior resulting from the dissociation of
Ga-N bonding.

Fig. 2 shows PL spectra at 12 K for undoped NTD
GaN epilayers annealed for 30 min at 900 ◦C for flu-
ences of (a) 4.15 × 1017 cm−2, (b) 5.46 × 1018 cm−2,
and (c) 1.09 × 1019 cm−2. The activated carriers for the
undoped NTD GaN epilayers decrease with increasing
fluence. The PL spectrum for the undoped GaN epi-
layer with a doping fluence of 4.45 × 1017 cm−2 and
annealed at 900 ◦C shows a free exciton (X) at 3.485 eV
while those for the undoped NTD GaN epilayers with
doping fluences of 5.46 × 1018 and 1.09 × 1019 cm−2

do not show the X peak. A peak at 3.441 eV related to
excitons bound to neutral donors (Do, X) and a peak
at 3.407 eV attributed to Ge-related transitions are ob-
served in the PL spectrum for the undoped NTD GaN
epilayer with a doping fluence of 4.45 × 1017 cm−2

and annealed at 900 ◦C; those peaks are not observed
in the PL spectra for the samples with doping fluences
of 5.29 × 1018 and 1.09 × 1019 cm−2.

Fig. 3 shows PL spectra at 12 K for undoped NTD
GaN epilayers annealed for 30 min at 950 ◦C for
fluences of (a) 4.15 × 1017, (b) 5.46 × 1018 and (c)
1.09 × 1019 cm−2. The PL peak intensity due to the
activation energy increases dramatically with decreas-
ing doping fluence, as shown in Fig. 3. The remark-
able appearance of the exciton peak related to the Ge
atoms, Fig. 3a and b, originates from the neutron trans-
mutation from [Ga71 (n, γ )72] to [Ge72 + β]. How-
ever, the PL spectrum for the undoped NTD GaN
epilayer with a doping fluence of 4.45 × 1017 cm−2

Figure 2 Photoluminescence spectra at 12 K for undoped NTD GaN
epilayers annealed at 900 ◦C for various fluences of (a) 4.15 × 1017, (b)
5.29 × 1018, and (c) 1.09 × 1019 cm−2.

Figure 3 Photoluminescence spectra at 12 K for undoped NTD GaN
epilayers annealed at 950 ◦C for various fluences of (a) 4.15 × 1017, (b)
5.29 × 1018, and (c) 1.09 × 1019 cm−2.
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Figure 4 Photoluminescence spectra at 12 K for undoped NTD GaN
epilayers annealed at 1000 ◦C for various fluences of (a) 4.15 × 1017,
(b) 5.29 × 1019, and (c) 1.09 × 1019 cm−2.

and annealed at 900 ◦C shows only the yellow band,
Fig. 3c.

Fig. 4 shows PL spectra at 12 K for undoped NTD
GaN epilayers annealed for 30 min at 1000 ◦C for
fluences of (a) 4.15 × 1017, (b) 5.29 × 1018, and (c)
1.09 × 1019 cm−2. The PL peak related to the Ge atom
appears more clearly for the undoped NTD GaN epi-
layers annealed at 1000 ◦C than it does for the undoped
NTD GaN epilayers annealed at 900 and 950 ◦C. The
PL intensities of the yellow bands for undoped NTD
GaN epilayers annealed at 1000 ◦C with doping flu-
ences of 5.46 × 1018 and 1.09 × 1019 cm−2 are larger
than PL intensity of the yellow band of the undoped
NTD GaN epilayer annealed at 950 ◦C.

The carrier concentrations, mobilities, and resistiv-
ities of the undoped NTD GaN epilayers annealed
at 1000 and 1050 ◦C with doping fluences of 4.15 ×
1017, 5.29 × 1018, and 1.09 × 1019 cm−2 are summa-
rized in Table I. The carrier concentration, the mo-
bility, and the resistivity of the undoped NTD GaN
epilayers annealed at 1000 ◦C increase with increas-
ing doping fluence and with increasing annealing
temperature.

TABLE I Carrier concentration, mobility, and resistivity, determined
from Hall effect measurements at 300 K of the undoped NTD GaN
epilayers annealed at 1000 and 1050 ◦C for various fluence magnitudes

Annealing Irradiating Carrier
temperature fluence concentration Mobility Resistivity
(◦C) (cm−2) (cm−3) (cm2/V·s) (�·cm)

1000 4.15 × 1017 8.09 × 1015 69 35
1000 5.29 × 1018 4.24 × 1016 386 59
1000 1.09 × 1019 1.89 × 1017 389 78
1050 1.09 × 1019 5.35 × 1017 427 96

In summary, the results of the PL measurements on
NTD GaN epilayers showed that the PL intensity re-
lated to the Ge atoms increased with increasing anneal-
ing temperature. The mobility of the undoped NTD
GaN epilayers also increased with increasing anneal-
ing temperature. These results indicate that the crystal
quality of the NTD GaN is considerably improved after
annealing.
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