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Deep ultraviolet photoluminescence spectroscopy was employed to study the impurity transitions in
Mg-doped AlGaN alloys. A group of deep level impurity transitions was observed in Mg-doped
AlxGa1−xN alloys, which was identified to have the same origin as the previously reported blue line
at 2.8 eV in Mg-doped GaN and was assigned to the recombination of electrons bound to the
nitrogen vacancy with three positive charges �VN

3+� and neutral Mg acceptors. Based on the
measured activation energies of the Mg acceptors in AlGaN and the observed impurity emission
peaks, the VN

3+ energy levels in AlxGa1−xN have been deduced for the entire alloy range. It is
demonstrated that the presence of high density of VN

3+ deep donors translates to the reduced p-type
conductivity in AlGaN alloys due to their ability for capturing free holes. © 2009 American Institute
of Physics. �DOI: 10.1063/1.3094754�

AlGaN alloys have attracted much attention due to their
promising applications in areas of chip-scale ultraviolet
�UV� and deep UV optoelectronic devices in the spectral
range down to 200 nm. The operation of AlGaN based deep
UV light emitting diodes �LEDs� with milliwatts optical
power output at around 280 nm has been successfully
demonstrated.1–4 The availability of AlGaN semiconductor
based UV emitters opens up important applications in areas
of biochemical agent detection, general lighting, as well as
new opportunities for medical and health research. It is the
recent advances in material growth, conductivity control, and
device processing of Al-rich AlGaN alloys that made it pos-
sible to fabricate operational AlGaN based deep UV LEDs.
Recently AlN based LEDs and detectors have also been
demonstrated.5,6 Although tremendous progress has been
made in the development of AlGaN alloys and their applica-
tions in deep UV devices, achieving p-type conductivity in
Al-rich AlGaN alloys is still highly challenging. Very few
studies have been reported on p-type doping of AlGaN alloys
or bulk materials.7–15 The main reasons of difficulty to
achieve p-type conductivity are the large activation energy of
the magnesium �Mg� acceptors and strong compensation ef-
fects due to the presence of intrinsic defects. Activation en-
ergy of Mg acceptors in GaN is about 160 meV, and it in-
creases with increasing Al content in AlGaN alloys. For AlN,
the reported Mg activation energies are in the range
0.5–0.6 eV.5,16,17 The compensating defects in Mg-doped
AlGaN alloys are believed to be nitrogen vacancies.18,19

In this letter, we report on the growth and photolumines-
cence �PL� studies of impurity transitions in Mg-doped
AlxGa1−xN alloys for x ranging from 0 to 1. Mg-doped
AlxGa1−xN alloys were grown on c-plane �0001� sapphire
substrates by metal-organic chemical vapor deposition
�MOCVD�. Samples with different Al content �x� were
grown with x ranging from 0 �GaN� to 1 �AlN�. Trimethyl-
gallium and trimethylaluminum were used as gallium and
aluminum sources, respectively. Blue ammonia was used

as the nitrogen source. For magnesium doping, bis-
cyclopentadienyl-magnessium was transported into the reac-
tor. Secondary ion mass spectroscopy �SIMS� measurements
were performed for selective samples to confirm the targeted
Mg concentrations in the samples. Deep UV PL spectroscopy
was employed to study the optical transitions in the Mg-
doped AlGaN alloys. The PL system consists of a frequency
quadrupled 100 fs Ti:sapphire laser with an excitation wave-
length of 197 nm �with an average power of about 3 mW
and a repetition rate of 76 MHz�, a monochromator �1.3 m�
with a detection capability ranging from 185 to 800 nm and
a streak camera with a time resolution of 2 ps.

Figure 1 shows the low temperature �10 K� PL spectra
of Mg-doped AlxGa1−xN alloys of varying x �0, 0.3, 0.55,
0.7, 0.8, and 1.0�. In all samples, a group of impurity transi-
tions, which are highlighted by the bold arrows, is dominant
over that of the band edge. The spectral peak positions of this
group of impurity transitions are blueshifted from 2.81 eV in
GaN to 4.7 eV in AlN. For Mg-doped AlN, a weak I1 �exci-
ton bound to neutral Mg� emission peak at 6.02 eV and an
additional impurity peak at 5.55 eV are evident. The emis-
sion peak at 5.55 eV is attributed to the transition of elec-
trons in the conduction band �or bound to shallow donors� to
neutral Mg acceptors.17 This assignment provides an energy
level of Mg acceptors in AlN of about 0.5 eV, which is con-
sistent with previously reported results.16,17 The emission
peaks at about 4.96 and 5.31 eV in AlxGa1−xN with x=0.7
and 0.8 are of the same origin as the 5.55 eV line in AlN.

The PL spectral peak position �Eemi� of the highlighted
group of impurity transitions in AlxGa1−xN, as illustrated in
inset of Fig. 1, increases almost linearly with increasing the
Al content �x�. Although an increase in Eemi is expected from
the energy bandgap increase with x, the linear variation in-
dicates that these impurity transitions are of the same physi-
cal origin. Although there is a debate concerning the origin
of the 2.8 eV emission peak in Mg-doped GaN, various in-
vestigations support the model of a donor acceptor pair
�DAP� transition involving a deep donor and Mg
acceptor.20–25 The inset of Fig. 2 shows the representativea�Electronic mail: mlnakarmi@brooklyn.cuny.edu.
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SIMS profiles of Mg levels in AlxGa1−xN �x=0.7 and 1�. The
Mg levels in these samples are in the order of 1020 cm−3.
Figure 2 shows the representative temporal response, which
was measured for the emission peak at 4.7 eV measured in
AlN at 10 K. The long decay lifetime ���1 �s� is consistent
with the reported temporal response measurements in GaN.23

The measured long decay lifetime of these transitions sup-
ports the assignment of a DAP type of transition involving a
deep donor and neutral Mg acceptor, consistent with the
physical origin of the 2.8 eV blue line in Mg-doped GaN
�Refs. 20–25� and the 4.7 eV line in Mg-doped AlN.16,17

The formation energies �Ef� of various native defects in
GaN and AlN have been previously calculated.18,19 In
“p-type” materials �having Fermi energy �EF� near the va-
lence band�, the nitrogen vacancies �VN� were predicated to

have low formation energies in GaN and AlN. Moreover, the
nitrogen vacancy with triple positive charges �VN

3+� has
smaller formation energy than those with a single positive
charge �VN

1+�, while VN
2+ is unstable. Thus, the theoretical

calculations suggested that the generation of VN
3+ is more

favorable during the growth of Mg-doped AlGaN alloys. The
energy level of VN

1+ is shallower than VN
3+, and the ob-

served emission lines are not consistent with the presumed
transitions involving VN

1+ and Mg acceptors. Further, the
observed impurity transitions are completely different from
the impurity transitions in n-type AlGaN alloys.26,27 Thus we
assign the observed impurity emissions are related to the
transitions of electrons bound to VN

3+ to Mg acceptors.
To provide a more comprehensive picture of the nitrogen

vacancy levels in AlGaN alloys, we have plotted the alloy
composition dependence of the conduction band edge �Ec�
and valence band edge �Ev�, Mg level, and VN

3+ level in
AlxGa1−xN alloys, as shown in Fig. 3. In obtaining Fig. 3,
we have used the AlxGa1−xN bandgap variation, Eg�x�
= �1−x�Eg�GaN�+xEg�AlN�−bx�1−x� with the bowing pa-
rameter b=1 eV. The energy gaps of GaN and AlN were
taken as 3.50 and 6.11 eV at 10 K and the band offset of the
AlGaN alloy system was taken as 70% �30%� for the con-
duction �valence� band. The valence band maximum of GaN
was chosen as E=0. The Mg acceptor levels in AlxGa1−xN
alloys for various x are taken from the published reports
including our previous works and summarized in Table
I.4,9,11,16,17 Based on these results, the variation of the Mg
energy level with x has been traced. From the Mg acceptor
energy levels EA�x� and the observed impurity emission
peaks Eemi�x�, the energy levels of VN

3+ in AlxGa1−xN alloys
as a function of x can be written as

EVN
3+�x� = Eg�x� − Eemi�x� − EA�x� + EV. �1�

The Coulomb interaction term between ionized donors and
acceptors has been neglected in the calculation. Here,
Ev=−0.3�Eg�x�. The three arrows drawn from the VN

3+ level
to the neutral Mg acceptor level represent the impurity emis-
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FIG. 1. Low temperature �10 K� PL spectra of Mg-doped AlxGa1−xN alloys
with varying Al contents �x� from 0 to 1. A group of impurity transitions,
which are highlighted by the bold arrows, is dominant over that of the band
edge. Inset shows the PL emission peak position �Eimp� of the group of deep
impurity transitions in AlxGa1−xN alloys �highlighted by the bold arrows in
Fig. 1� as a function of the Al content �x�.
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FIG. 2. Lifetime of 4.7 eV peak in AlN. Long decay lifetime ��1 �s�
indicating a DAP type transition. Inset shows the SIMS profile of Mg levels
in Al0.7Ga0.3N and AlN. Mg level is in the order of 1020 cm−3.
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FIG. 3. The nitrogen vacancy �VN
3+� and Mg acceptor energy levels in

AlxGa1−xN alloys as functions of x. The conduction and valence band offsets
of the AlGaN alloys system are taken to be 70% and 30%, respectively. The
valence band maximum of GaN is taken as E=0.
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sion energy peak positions in GaN, AlGaN, and AlN. From
Fig. 3, we obtain energy levels of VN

3+ of about 0.53 eV in
GaN and 0.88 eV in AlN. Calculated energy level of VN

3+ is
in the range of 0.4–0.59 eV in GaN and that of 0.9–1.1 eV
in AlN.19,28 Hence the energy levels of VN

3+ obtained here
experimentally for GaN and AlN agree reasonably well with
the previous calculations.

By minimizing the impurity transitions associated with
VN

3+, we have been able to improve the quality and conduc-
tivity of Mg doped Al-rich AlGaN alloys. This was done by
changing the growth conditions especially by increasing
V/III ratio as demonstrated by the results presented in Fig. 4
for two Mg-doped AlxGa1−xN alloys �x�0.7� samples. Fig-
ure 4�a� shows the room temperature PL spectrum of a
sample that has the dominant VN

3+ related emission peak at
about 4.2 eV. The sample is highly insulating. By increasing
the V/III ratio from 2000 to 5000, we were able to signifi-
cantly suppress the emission intensity of the VN

3+ related
transition and concomitantly achieved an enhancement in
p-type conductivity for the sample shown in Fig. 4�b�. We
observed the reduced emission intensity of the VN

3+ related
transition always translates into improved p-type conductiv-
ity in Mg-doped AlGaN alloys. This clearly shows that the
observed impurity transitions are related to the hole compen-
sating centers.

In summary, deep UV PL spectroscopy was employed to
study the impurity transitions in Mg-doped AlxGa1−xN alloys
�0�x�1� grown on sapphire substrates by MOCVD. A
group of impurity transitions of similar nature was observed.

The transitions were assigned to the recombination of elec-
trons bound to triply charged nitrogen vacancies �VN

3+� and
the neutral Mg acceptors. The variation of the energy level of
the nitrogen vacancies with three positive charges �VN

3+� in
AlxGa1−xN alloys with the Al content �x� has been deduced
from the energy levels of Mg acceptors and the observed PL
impurity emission peaks. The deduced energy levels are con-
sistent with the previous calculations.
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