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Abstract. We study photoluminescence (PL) and photoluminescence excitation (PLE) spectra
of Mg-doped n-GaN grown by hydride vapour-phase epitaxy. Defect-related red and blue
emission bands around 1.85 eV and 2.90 eV, respectively, are observed in addition to the
yellow emission band. The red and the blue emission bands are attributed to the recombinations
involving the same Mg-related defects according to the result of the thermal annealing
experiment. The PLE spectra of the red, the yellow, and the blue emission bands show that all
of these emission bands can be interpreted in terms of a configuration coordinate (CC) diagram.
The blue emission at 2.90 eV is attributed to the transition from the conduction band to the
Mg-related deep acceptors. The CC diagram shows that the yellow luminescence is due to the
transition from a deep donor state to a shallow acceptor state. A possible origin of the deep
donor level is also discussed.

1. Introduction

The group III nitrides (GaN, AlN, InN) have a wide direct bandgap (e.g., 3.503 eV for GaN
at low temperature [1]) and have been recognized as important materials for application
in short-wavelength light-emitting devices. The first blue cw laser of III nitrides operating
at room temperature has been demonstrated recently [2]. In spite of the progress in the
field of optoelectronic devices, substantial areas of physical properties still need further
investigation. One of these is the origin of the yellow luminescence in GaN. Several
models have been proposed to explain the origin of the yellow band. The model proposed
by Glaseret al attributes the yellow luminescence to the transition from a deep donor state
to an effective mass-like acceptor state [3]. Another model proposed by Ogino and Aoki
[4] and Hofmannet al [5], asserts that the yellow luminescences are caused by the process
of recombination of the shallow donors and the deep acceptors. Other models proposed
to explain the properties of deep defects in GaN are still under debate. Anyway, as the
existence of defect-related emission band reduces the efficiency of the blue emission from
GaN, it is important to elucidate the mechanism of defect-related emission and to find a
way to suppress it.

In this work we present photoluminescence (PL) and photoluminescence excitation
(PLE) spectra of Mg-doped n-GaN as a function of temperature. In the PL measurements,
defect-related red, yellow, and blue emission bands are observed. The temperature dep-
endences of the excitation spectra for the red, the yellow, and the blue emission bands are
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studied to investigate the emission mechanism in terms of a configuration coordinate (CC)
model. The mechanisms of these defect-related emissions will be discussed.

2. Experiment

The GaN films employed in this study were grown on (0001) planes of a sapphire substrate
by hydride vapour-phase epitaxy (HVPE) method. Samples were unintentionally doped
with residual Mg in the HVPE reactor. The typical film thickness was about 10µm
and the electron concentration at room temperature was around 1018 cm−3. The samples
were mounted in a cryostat and the sample temperature was measured using a Si diode
temperature sensor. The PL spectra were obtained using a 325 nm He–Cd laser. For the PLE
experiments, a 280 W tungsten–halogen lamp combined with a Spex 27 cm monochromator
was used as an excitation light source. The luminescence was analysed by a Spex 75 cm
monochromator provided with a 1200 grooves mm−1 grating. The dispersed emission was
detected with a Hamamatsu R943-02 photomultiplier.

Figure 1. The photoluminescence of Mg-doped n-GaN as a function of temperature. Note that
the blue emission band at about 2.90 eV appears above 160 K.

3. Results and discussion

Figure 1 shows the temperature dependence of the PL spectra observed in Mg-doped n-
GaN. The PL peak at 3.47 eV is commonly observed for undoped GaN and is due to the
decay of an exciton bound to a neutral donor (I2) [6]. The peaks in the range 3.0–3.3 eV
are known to be due to the donor-to-acceptor pair (DAP) recombination and its phonon
replicas [7]. The energy position of the Mg shallow acceptor level, determined from the
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Figure 2. The temperature dependence of the PLE spectrum for the blue emission band at
2.90 eV. The inverted triangles indicate the bandgap energy. Note that the excitation peak is
located at the bandgap energy.

DAP recombination peak energy using the reported value of 0.04 eV for the shallow donor
energy level [8], is located at about 0.20 eV above the valence band maximum, showing a
fairly good consistency with the reported Mg-related acceptor level [9]. In addition to these
well-known peaks, we can also observe a broad yellow emission band at around 2.2 eV and
a red emission band in the 1.8–1.9 eV range in the PL spectra of our Mg-doped samples.
This red and yellow emission spectrum is similar to that of a Mg-implanted sample [10].
As the temperature increases above 160 K, a new peak appears at around 2.90 eV, and
the DAP and its phonon replicas become quenched. The behaviour of our PL spectra with
temperature is similar to that observed for Mg-doped [11] or Be-doped [12] p-GaN.

Smith et al [11] have already suggested that the 2.90 eV blue emission band is due
to the transition from the conduction band to the doping-related deep-level centres (or
complexes) on the basis of the temperature dependence of their PL spectra and the PL
decay time. Figure 2 shows the PLE spectra of the blue emission band as a function
of temperature. It is clear from the temperature dependence that the excitation peak is
pinned at the bandgap energy. We also note in figure 1 that the blue emission band clearly
appears above 160 K, when the DAP and its phonon replicas become quenched. These
results mean that the 2.90 eV peak is related to the conduction band. Our PLE results
indicate that the blue emission band is due to the recombination via the conduction band
and Mg-related deep-level centres (or complexes), consistently with the interpretation made
by Smithet al [11].

Thermal annealings in vacuum at 700◦C for 30 minutes have reduced the intensity
of all of the defect-related emissions, but the ratio of the intensity of the red emission to
that of the blue emission has not changed. This fact suggests that the red and the blue
emission bands may have the same origin, i.e., the defect induced by the Mg doping. To
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Figure 3. The deconvolution of the 10 K PL spectrum of Mg-doped n-GaN using the Gaussian
line-shape functional form. Note that the peak energies are pinned at 1.85 eV and 2.22 eV for
the red and the yellow emission bands, respectively, as temperature increases.

Figure 4. The variation of the halfwidth as a function of the square root of the temperature. The
solid lines represent the fit of the formW(T ) = W(0)[coth(h̄we/2kT )]1/2. The best-fit results
areW(0) = 426 and 331 meV, and ¯hwe = 56 and 52 meV for the red and the yellow emission
band, respectively.

discern the emission involving a complex from that involving isolated defects, we studied
any possible variations of the peak energy and peak intensity of these emission bands with
the temperature. For this purpose, as shown in figure 3, the overlapped PL spectrum in the
range 1.4–2.4 eV (the red+ yellow emission bands) was deconvoluted using the Gaussian
line-shape functional form. The peak energies were determined to be 1.85 eV for the red and
2.22 eV for the yellow band. Both peak energies remain constant as temperature increases
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(see the inset of figure 3). This means that deep levels must be related to both emissions.
The halfwidthsW(T ) for the red and the yellow emission bands are shown in figure 4 as a
function of the square root of the temperature. IfW(T ) can be described by a simple CC
model, it follows the relation

W(T ) = W(0)
[

coth

(
h̄we

2kT

)]1/2

(1)

whereW(0) is the halfwidth of the emission band at 0 K, and ¯hwe is the energy of the
effective vibrational mode of the excited state [4]. When the above equation is fitted to
the measured values, the best fitted values areW(0) = 426 and 331 meV, and ¯hwe = 56
and 52 meV for the red and the yellow emission bands, respectively. The fact that the two
emission bands have nearly the same vibrational energy of the excited state may imply that
the same excited state (i.e., the same deep donor state) is involved in both emissions.

Figure 5 shows the PLE spectra of (a) the 1.85 eV (red) and (b) the 2.22 eV (yellow)
luminescence peaks at various temperatures. We can notice that the red emission band,
which is associated with the Mg-related deep acceptor level, has a strong excitation peak
at 2.89 eV and a weak one at the bandgap energy. This means that the red emission band
can be strongly excited by the 2.89 eV photons but only weakly by the photons of bandgap
energy. From a close examination of the excitation spectra, we can see that the excitation
efficiency of the red emission by the photons of bandgap energy increases as temperature
is increased. This means, in turn, the existence of a potential barrier to the electron transfer
from the conduction band (or shallow donors) to the deep donors which give rise to the
red emission band. We thus attribute the red emission to the electron transition from the
deep donors to the Mg-related deep acceptors. In this scheme, the direct excitation of
2.89 eV should be the transition from the Mg-induced defects to the deep donors (see the
CC diagram in figure 6).

In figure 5(b) one can observe that the yellow emission band at 2.22 eV can be excited
strongly by the 3.47 eV photons and weakly by the 2.89 eV photons. The overall features
of our excitation spectrum are similar to those found in previous work, in which it was
argued that the existence of the strong excitation peak related to the acceptor-bound exciton
suggests a recombination starting from the shallow donors [5]. In our temperature-dependent
PLE spectra, however, we can notice that the strong excitation peak at about 3.47 eV has
a small shoulder on the high-energy side at low temperature and on the low-energy side at
high temperature (see the arrows in figure 5(b)). The energy position of these shoulders
follows exactly the temperature-dependent bandgap energy. Thus this excitation peak is
actually composed of two components, the strong excitation pinned at 3.47 eV and the
weak excitation of the bandgap energy. We observed that both the 2.89 eV and the bandgap
energy excitations result in both the red and the yellow emissions, and the energies of the
vibrational mode of the excited state are almost the same in the two emission bands. Thus
we believe that the same deep donor, i.e., the same excited state, which has a potential
barrier to the electron transfer from the conduction band (or shallow donor), must give rise
to both emissions.

If the same deep donor is involved in both the red and the yellow emission bands, the
yellow emission is then expected to involve the Mg shallow acceptor. Since the excited
electrons are likely to come back to the impurity that they originated from, the excitation
intensity of the 3.47 eV peak in the PLE spectra of the yellow emission should be much
stronger than that of the 2.89 eV peak, as can be seen in figure 5(b). We can say the
same thing for the excitation of the red emission. In our scheme, the red and the blue
emission bands involve the same deep acceptor. But the electron transition starts from
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Figure 5. Photoluminescence excitation spectra of the (a) 1.85 eV and (b) 2.22 eV luminescence
peaks as functions of temperature. Note that the excitation peak at around 3.47 eV in the PLE
spectra of the yellow emission band is composed of two components, a strong excitation pinned
at 3.47 eV and a weak excitation of the bandgap energy. The arrows indicate the bandgap
energy excitations.

different configurations: the red emission from the deep donor state but the blue emission
from the conduction band. The red and the yellow emission bands involve the same deep
donor but different acceptors, i.e., the deep and the shallow acceptors, respectively. These
recombination mechanisms can be explained consistently by the CC diagram in figure 6.

In the literature, two basically different recombination models have been proposed to
explain the origin of the omnipresent 2.22 eV yellow PL band. In one model, the electron
transition occurs from the deep intrinsic donors to the shallow acceptors [3]. In the other,
the electron transition from a shallow donor state to a deep acceptor state was proposed
[4, 5, 13, 14], even though different defects are assumed to be involved in the yellow
luminescence. Our model for the yellow emission band is consistent with the arguments
made by Glaseret al [3]. Even though the model involving the electron transition from
the shallow donor state to the deep acceptor state is prevailing in the literature, this model
cannot explain the intensity increase of the bandgap energy excitation with temperature.
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Figure 6. The configuration coordinate diagram employed to explain the mechanism of
the yellow and red emission bands for Mg-doped GaN. This diagram is obtained using the
experimentally measured PL and PLE results. Assuming the same curvature for the deep donor
and the shallow acceptor, we found the activation energy of the deep donor to be about 0.45 eV.
Also, the band model drawn on the right of the figure shows the depths of the defect states
which are responsible for the observed emission bands.

This means that the shallow donors are not directly related to the yellow luminescence.
We believe that an intrinsic defect is the origin of the deep donor which gives the

red and the yellow emission bands, as previous studies proposed that the intrinsic defect
is responsible for the yellow band [3, 5, 14]. The first candidate for the intrinsic deep
donor might be the nitrogen antisite at Ga sites (NGa), since the anion antisites usually
give a deep donor level in III–V semiconductors. It is speculated that this NGa-related
deep donor explains the reduction of the yellow emission band in Mg-doped GaN samples
[13] and the increase in Se-doped GaN samples [14]. By occupying the Ga(N) sites, the
Mg (Se) incorporated reduces (increases) the number of NGa antisites and also the yellow
luminescences accordingly [13, 14]. However, it should be noted that the formation energy
of NGa is larger than that of nitrogen vacancy (VN) by about 6 eV when the Fermi energy
is near the conduction band minimum [15]. Thus a complex defect containing VN as one
of its constituents would also be a good candidate for a deep donor giving a large lattice
distortion.

Our CC diagram, based on the existence of these intrinsic deep donors, Mg shallow
acceptors, and Mg-related deep acceptors, can explain all the defect-related sub-bandgap
PL bands showing strong electron–lattice coupling. The existence of a thermal barrier
between the shallow and the deep donor in our CC model can also explain the observed
persistent photoconductivity in GaN [14]. After an electron is excited from the deep donor
to the conduction band and/or the shallow donor state, the deep donor undergoes a large
lattice relaxation which creates an energy barrier to prevent the photoexcited electron from
returning to the original state. We also calculated the activation energy of the deep donor
state in our CC model. We assume the same curvature for the configuration curves of
the ground state and the excited state which are involved in the yellow emission. In the
broad band formed by the overlapping of many phonon sidebands, the peak position of the
zero-phonon band of energyE0 is given by

E0 = (Eem+ Eab)

2
(2)
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whereEem andEab are the emission and the excitation peak energies, respectively. Taking
the experimentally observed values of 2.22 eV and 3.47 eV forEem andEab, respectively,
the activation energy of the deep donor is estimated to be about 0.45 eV. This value coincides
with that observed for n-GaN by deep-level transient spectroscopy [16].

4. Conclusion

In conclusion, the measurements of the temperature-dependent PL of Mg-doped n-GaN
grown by HVPE showed three emission bands: the red one centred at 1.85 eV, the yellow
at 2.22 eV, and the blue at 2.90 eV. The results of thermal annealing experiments at 700◦C
in vacuum suggest that the red and the blue emission bands are related to the same defect,
probably the Mg-induced deep acceptor. The temperature dependence of the PLE spectra
revealed some clues about the recombination mechanism relevant to these emission bands.
Using a model CC diagram, we showed that all of the emission bands could be explained
consistently. A possible origin of the deep donor, responsible for the red and the yellow
emission bands, was also discussed.
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