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Recently, the successful growth of a high quality p-type
GaN epilayer has generated interest in their applica-
tions to optoelectronic devices operating from the visi-
ble to the ultraviolet spectral region at room temperature
[1–5]. The uniform carrier density and the high mobil-
ity in the GaN epilayer are very important for improv-
ing device efficiency [6, 7]. However, when p-type GaN
epilayers are highly doped with Mg, since the deep trap
level due to the Mg atoms passivates the carriers [8], it
is difficult to achieve a high hole concentration above
4 × 1017 cm−3 due to self-compensation [8]. Thus, neu-
tron transmutation doping method is a good technique
for obtaining a high carrier density in GaN epilayers
because it can dope the impurities uniformly, control
the impurity concentration accurately, and activate the
carriers with a relatively low-temperature thermal treat-
ment [9, 10]. When neutrons irradiate a semiconduc-
tor, defect levels, such as interstitials or antisites, are
formed in the semiconductor and those defect levels
induce a high resistivity or a type conversion [11–13]
due to the existence of non-radiative centers and anti-
sites. However, these inherent problems with neutron-
transmutation-doped (NTD) semiconductors can gen-
erally be overcome through thermal processes.

This letter reports optical data for NTD and annealed
Si-doped GaN epitaxial layers grown on sapphire
substrates by using plasma-assisted molecular-beam
epitaxy (PAMBE). Photoluminescence (PL) measure-
ments were performed to investigate the behavior of the
defect levels formed in neutron-transmutation-doped
Si-doped GaN after annealing, and Van der Pauw
Hall-effect measurements were performed to determine
the carrier density and the mobility of the samples.
Secondary-ion mass spectroscopy (SIMS) measure-
ments were carried out in order to investigate the com-
position of the NTD and annealed GaN epilayer.

The Si30 isotope-doped (n ∼= 1 × 1017 cm−3) GaN
epilayers used in this study were grown on sapphire sub-
strates using a PAMBE system. An inductively coupled
radio-frequency plasma source provided the reactive
nitrogen from nitrogen gas with a purity of 99.9999%
while Ga and Mg with purities of 99.9999% were evap-
orted using conventional effusion cells. Prior to the
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GaN film growth, the surfaces of chemically cleaned
substrates were exposed to an activated nitrogen beam
for 10 min in order to cover them completely with
nitridated layers. The deposition 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 temper-
ature of 750 ◦C, and its growth rate was approximately
0.28 µm/hr. The typical thickness of the GaN active
layer was 600 nm.

To determine the fluences of the thermal neutrons, we
inserted an Au-Al wire into the chamber together with
the GaN epilayers. A Ge-Li radiation detector (EG & G
ORTEC, GMX-25190P) was used to identify the NTD
behavior. The fluences of the thermal neutrons relating
to the doping of impurities into the GaN epilayer were
1.09 × 1019 and 1.97 × 1020 cm−2. The NTD GaN epi-
layers were annealed at 1000 ◦C for between 1 and 6
hrs in a nitrogen atmosphere. To determine the car-
rier concentration, the mobility, and the resistivity, we
performed a four-point probe and van der Pauw Hall
effect measurements. Van der Pauw Hall-effect mea-
surements were carried out at room temperature in a
magnetic field of 0.5 T using a Keithley 181 nano-
voltmeter. Ohmic contacts to the samples for the Hall
effect measurements were made by diffusing a small
amount of indium 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 temper-
ature was controlled at 11 K using a He displex system.

Figs 1 and 2 show PL intensities at 12 K for (a) as
grown Si-doped GaN epilayer and the NTD (fluences =
1.09 × 1019 and 1.97 × 1020 cm−2) Si-doped GaN epi-
layers annealed at 1000 ◦C for (b) 1 hr, (c) 2 hrs, (d)
3 hrs, (e) 4 hrs, (f) 5 hrs, and (g) 6 hrs. The PL spec-
tra at 12 K for the as-grown Si-doped GaN epilayers
show only the luminesence peak corresponding to the
donor-acceptor pair (DAP) transition [14]. The DAP
transition peak disappears after NTD treatment. When
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Figure 1 Photoluminescence intensity at 12 K for (a) the as grown Si-
doped GaN epilayers the NTD (fluences = 1.09 × 1019 cm−2) Si-doped
GaN epilayers annealed at 1000 ◦C for (b) 1 hr, (c) 2 hrs, (d) 3 hrs, (e) 4
hrs, (f) 5 hrs, and (g) 6 hrs.

Figure 2 Photoluminescence intensity at 12 K for (a) the as grown Si-
doped GaN epilayers and the NTD (fluences = 1.09 × 1019 cm−2) Si-
doped GaN epilayers annealed at 1000 ◦C for (b) 1 hr, (c) 2 hrs, (d) 3
hrs, (e) 4 hrs, (f) 5 hrs, and (g) 6 hrs.

neutrons enter into a Si-doped GaN epilayer, they in-
teract with either impurities or carriers bound in the
complex level inside the GaN epilayer [15]. When the
NTD samples are annealed at 1000 ◦C, a new peak at
2.97 eV appears. When the NTD Si-doped GaN epilay-
ers are annealed at 1000 ◦C for 3 hrs, a peak at 3.44 eV,
which is attributed to neutral acceptor-bound excitons
(A0, X) [16], appears together with the DAP transi-
tion peak. The peak intensity of the (A0, X) increases
with increasing annealing time. The peak at 2.97 eV
is attributed to neutron-transmuted acceptors, and this
behavior is related to GaN atoms being transmutated

to GeN atoms during neutron irradiation [17]. Since N
vacancies are easily created as the annealing time or
temperature increases, Ga or Ge atoms move into the
N vacancies rather than the Ga sites.

The resistivity, the carrier concentration, the mobil-
ity, and the carrier type at 300 K for as-grown Si-doped
GaN epilayers and Si-doped GaN epilayers after NTD
at fluences = 1.09 × 1019 and 1.97 × 1020 cm−2 and
annealing at 1000 ◦C are summarized in Table I. The
carrier densities of the NTD and annealed Si-doped
GaN epilayers determined from the Hall-effect mea-
surements are much smaller than the magnitudes of the
total irradiated fluxes, and this behavior originates from
low transmutation efficiency. Furthermore, n-type GaN
epilayers are transformed to p-type GaN epilayers due
to NTD and annealing treatment, which is confirmed
by the PL measurements. The resistivity of the NTD
and annealed GaN epilayer is much larger than that of
the undoped GaN epilayers, and is due to the transfor-
mation from an n-type to a p-type layer.

Fig. 3 shows SIMS profiles of N+ Ga, Ge, and P for
the NTD and annealed Si-doped GaN epilayer. The an-
nealing temperature and time are 1000 ◦C and 5 hrs,
respectively. Ga71 and Si30 are transformed into Ge72

and P31 due to neutron doping, as shown in Fig. 3.
While the atomic concentration of Ge72 is very uni-
form regardless of the depth, that of the P31 drops by
five decades with increasing depth and then rises. This
behavior originates from the transformation sensitivity
of the P31 dependency on the depth. Since the Ga71

atoms are transformed into Ge72 during the NTD pro-
cess, together with the formation of N vacancies, the
sum of the N and Ga atomic density is much lower than
the correct value of GaN. The carrier concentration of
the annealed and NTD Si doped GaN epilayers, as de-
termined from the Hall-effect measurements, is larger
than the concentration of the P obtained from the SIMS

Figure 3 Secondary-ion mass spectroscopy profiles of N+Ga, Ge, and
P for the NTD and annealed Si-doped GaN epilayers. The annealing
temperature and time are 1000 ◦C and 5 hrs, respectively.
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T ABL E I Resistivity, carrier concentration, mobility, and carrier type at 300 K for as-grown Si-doped GaN epilayers and Si-doped GaN epilayers
after neutron transmutation doping (fluences = 1.09 × 1019 and 1.97 × 1020 cm−2) and annealing at 1000 ◦C

Annealing Annealing Total Carrier
temperature time irradiated flux Resistivity concentration Mobility Carrier
(◦C) (h) (cm−2) (� cm) (cm−3) (cm2/Vs) type

As-grown 2.5 × 103 7.21 × 1017 810 n
1000 3 1.09 × 1019 1.1 × 105 4.17 × 1016 19 p
1000 4 1.09 × 1019 1.1 × 104 9.76 × 1016 11 p
1000 4 1.97 × 1020 8.7 × 103 3.57 × 1017 7 p
1000 5 1.97 × 1020 5.1 × 102 8.89 × 1017 4 p

profile. This result indicates that Ge atoms are majority
carriers in the sample acting as p-type dopants.

When thermal and fast neutrons are injected into GaN
epilayers, the NTD semiconductors form defect levels
due to several phenomena, such as collision displace-
ment of the core neutron, γ -recoil, and β-recoil [18].
Thus, when Si atoms are doped into GaN epilayers,
some Si30 atoms transmute to P31 atoms, which occupy
Ga sites with the remaining Si atoms also occupying
Ga sites. The extra electrons act as donors as a result of
the existence of the P at the Ga site, and the collision
displacement created in the lattice due to fast neutrons
changes the atomic position to antisites or interstitial
sites. When an interstitial site moves to a substitutional
site, the transformation from Ga71 to Ge72 during this
process occurs at the Ga site, and the movement prob-
ability of the Ge72 for the Si-doped GaN epilayer is
smaller than that for the undoped GaN epilayer. The
defaults created are thought to be N vacancies due to Si
doping and thermal treatment donors. Since the major-
ity carriers of the neutron-transmuted Ge (due to ther-
mal treatment) act as acceptors, the annealed and NTD
GaN epilayers become p-type semiconductors. When
the P and the Ge atoms are significantly activated by
increasing the thermal treatment time, the GaN epilayer
shows a high resistivity during its compensation. When
the compensation process of the GaN epilayer causes a
p-type GaN epilayer to be formed slowly, the resistiv-
ity of the GaN epilayer decreases, and the GaN epilayer
activates electrically.

In summary, the results of the PL measurements on
annealed and NTD GaN epilayers showed that the peak
intensity related to NTD acceptors increased with in-
creasing thermal treatment time. Hall-effect measure-
ments on the samples showed that n-type Si-doped GaN
epilayers were converted into p-type epilayers after
NTD and annealing. SIMS depth profiles demonstrated
that Ge and P atoms acted as p-type dopants. These re-
sults indicate that n-type Si-doped GaN epilayers are
effectively converted into p-type GaN epilayers after
NTD and annealing treatment.
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