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ABSTRACT

The growth of Mg-doped GaN thin films by metalorganic chemical vapor deposition (MOCVD) using NH; and Cp;Mg asa source of nitrogen
and Mg, respectively, usually produces Mg-H complexes, which hinder the activation of Mg as shallow acceptor centers. Therefore, post-
growth treatments are commonly required to activate these acceptor centers. The presence of Mg dopants in GaN films induces various defect-
related emissions whose characteristics depend on the growth method. For this study, we prepared Mg-doped GaN thin films by plasma-
assisted MOCVD. A nitrogen-plasma, instead of NHs, served as a nitrogen source to minimize the formation of Mg—H complexes, thereby
eliminating the requirement for post-growth treatment. The emission characteristics were obtained by measuring the photoluminescence of
the as-grown room-temperature films. Yellow, green, blue, and ultraviolet emission bands are produced by Mg-doped samples with different
Mg concentrations produced by Cp; Mg flow rates of 2%, 5%, and 10% of the total flow rate. Low-Mg concentration leads to nitrogen and
gallium vacancies, which results in yellow photoluminescence. At higher Mg concentration, the yellow photoluminescence is suppressed and
the blue photoluminescence is enhanced because of the incorporation of vacancies by Mg atoms. The analysis of the photoluminescence
speatra leads to the proposed band diagrams for Mg-doped GaN with varying Mg concentration.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doiorg/10.1063/5.0004384

1. INTRODUCTION

Due to their superior optical properties, the group II-nitrides
have played a major role in optoelectronic device applications, such
as LEDs, laser diodes, solid-state lighting, and solar-blind ultraviolet
detectors.” ' Remarkable progress in the development of optoelec-
tronic devices has been made since the synthesis of p-type GaN.
Various dopants, such as Zn, Be, or Mg, have been used; however,
Mg is the most important dopant because it leads to reproducible
p-type GaN. Growing Mg-doped GaN by metalorganic chemi-
cal vapor deposition (MOCVD) produces a high-resistivity mate-
rial with low hole concentration that prevents it from being used

for high-efficiency LEDs or laser diodes that operate at low volt-
age. These characteristics are caused by Mg-H complexes that form
during the film’s growth through the decomposition of NHs and
Cp:Mg." " Therefore, additional treatments are required to activate
Mg as a shallow acceptor. Several post-growth treatments have been
tested, such as rapid thermal annealing, low-energy electron-beam
irradiation, and photo-enhanced activation.”

Various defect-related emissions are commonly present in GaN
films. In n-type unintentionally doped GaN or lightly doped GaN,
yellow luminescence (YL) usually appears as a broad band that
peaks at ~2.2 eV. The origin of the YL band has been a contro-
versy for some years; however, it is now widely accepted that it is
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related to gallium-vacancy-related defects (Vg,) or carbon-related
defects. -~ MOCVD-grown Mg-doped GaN occasionally produces
a green luminescence (GL) band that peaks around 2.4-2.5 eV.
This emission is related to Mg-dopant-associated defects caused
by nitrogen vacancies. ~ Finally, the most common emission bands
in Mg-doped GaN are a blue luminescence (BL) band that peaks
around 2.9 eV and an ultraviolet luminescence (UVL) band that
peaks around 3.2 eV. The BL band commonly appears in heav-
ily Mg-doped MOCVD-grown GaN. The BL band is attributed
to transitions from deep donors, formed by hydrogen defects, to
shallow Mgg, acceptors.”"' The deep-donor level involved with
the BL band is about 0.4 €V below the conduction band and is
sometimes attributed to the VyMgg, complex.” The UVL band
involves electronic transitions from the conduction band to Mg,
acceptors.

In MOCVD-grown GaN, the Mg-H complex produces defect-
related emission, so a method of fabricating GaN that avoids the for-
mation of the Mg-H complex would be preferred. Plasma-assisted
MOCVD may be such an alternative method for growing GaN and
its alloys. This growth technique uses the nitrogen plasma, instead
of NHs, as a source of nitrogen and can be used to grow III-
nitrides with minimal formation of Mg-H complexes. In addition,
the growth temperature is lower than that of thermal MOCVD." ™"
Thus, Mg-doped GaN grown by plasma-assisted MOCVD should
not require post-treatment to activate the Mg dopants.

The nitrogen plasma is generated primarily by electron
cyclotron resonance (ECR) microwave sources and radio frequency
sources. All such sources produce a nitrogen species consisting of
a mixture of neutral molecular, charged molecular, ionic, and neu-
tral atomic nitrogen species, together with free electrons. How-
ever, each source produces different proportions of nitrogen species,
which influences the growth mechanism. An understanding of the
nitrogen species generated by the plasma source is thus essen-
tial to produce high-quality GaN films. For this purpose, different
radio frequency and ECR plasma sources have received intensive
studies.”

The goal of developing a nitrogen plasma source is to gener-
ate reactive nitrogen species with a higher concentration of neutral
nitrogen species than highly energetic ionic nitrogen species. The
latter species is avoided because it may damage the film surface.”
This type of reactive nitrogen species that reacts with gallium deter-
mines the growth mechanism, which, in turn, affects the properties
of the films grown. For example, the highly energetic ionic nitrogen
species gives rise to Ga vacancies (Vga), which are responsible for
the formation of a deep acceptor level. In contrast, the growing GaN
film under a Ga-rich atmosphere produces a high concentration of
N vacancies (Vi ), which are responsible for the formation of shallow
donor levels.”

In this paper, we report the room-temperature photolumines-
cence characteristics of plasma-assisted MOCVD-grown Mg-doped
GaN films. Instead of using NHs as a nitrogen source, as com-
monly done in thermal MOCVD, plasma-assisted MOCVD growth
uses reactive nitrogen species produced by the ECR plasma from
pure nitrogen gas. The use of reactive nitrogen species should mini-
mize the formation of Mg-H defect complexes during growth, which
would eliminate the requirement for post-growth treatment to acti-
vate Mg as a shallow acceptor. Optimized growth conditions were
used to produce high-quality GaN films, and we observed pho-

toluminescence in various bands, depending on the Mg concen-
tration. The characteristics of the observed photoluminescence are
correlated with the growth mechanism.

Il. EXPERIMENT

Mg-doped GaN films were grown on (0001) sapphire sub-
strates by plasma-assisted MOCVD. Trimethylgallium and bis-
cyclopentadienyl magnesium (Cp:Mg) were used as Ga and Mg
sources, respectively, and the reactive nitrogen plasma served as
a nitrogen source. The nitrogen plasma was produced by a low-
power downstream plasma generator installed inside the reactor.
The growth method and mechanism were similar to that described
by Arifin et al.” Three samples of Mg-doped GaN films were grown
with flow rates of CpMg of 2%, 5%, and 10% of the total flow rate,
while the flow rates of trimethylgallium and N gas were maintained
at 0.08 SCCM and 90 SCCM, respectively. The growth processes
lasted 2 h, with the result being ~0.5-pum-thick Mg-doped GaN films.
Hydrogen plasma treatment was not used during growth to avoid the
formation of Mg-H bonds.

Photoluminescence (PL) measurements were made at room
temperature by using a Kimmon He-Cd laser at 325 nm as an exci-
tation source. The PL emission was detected by using a photomulti-
plier and analyzed by using a SPEX-1000 monochromator. A notch
filter of 325 nm was used to prevent any laser light from entering the
photomultiplier detector. The PL measurement setup used the lock-
in technique to improve the signal-to-noise ratio. The structural
properties of the grown layers were characterized by x-ray diffrac-
tometry (XRD) using the Cu Ka line (1.546 A), and the electrical
properties were measured by using the Hall-van der Pauw method.

IIl. RESULTS AND DISCUSSION

Figure 1 shows the XRD spectra of Mg-doped GaN thin films
grown at 650 “C with Cp, Mg flow rates of 2%, 5%, and 10%. All films
exhibit a single-crystal structure with a strong orientation along the
¢ axis of the hexagonal structure. No other diffraction peaks with
comparable intensities appear. The 20 diffraction angles are 34.60°
and 73.05°, which correspond to the (0002) and (0004) planes of
GaN, respectively. This indicates that the film is epitaxially crystal-
lized despite a large lattice mismatch between GaN and the sapphire
substrate. The presence of the GaN buffer layer is believed to reduce
the lattice-mismatch effect.

Figure 2 shows the room-temperature PL spectra of the as-
grown GaN samples doped with Cp:Mg flow rates of 2% (MG2),
5% (MG5), and 10% (MG10). The samples have hole concentrations
0f2.97 x 10Y em™, 935 x 107 cm™, and 1.14 x 10" em ™, respec-
tively, as measured by using the Hall-van der Pauw method. With
no post-growth treatment, all samples emit PL features at various
energies. Samples MG2 and MG5 exhibit the strongest PL line above
3.4 eV (not shown). Both samples emit a UVL peak: sample MG2
at 3.23 eV and sample MG5 at 3.27 V. The shift in the UVL peak
of around 0.04 eV is attributed to the increase in Mg concentra-
tion and is consistent with the observations of Ogino et al.” The
MGS5 sample emits BL over a broad band that peaks at 2.8 eV and
2.91 eV and a YL band that peaks at 2.2 eV. The MGS5 sample also
emits a GL band that peaks near 2.5 eV, which is consistent with
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FIG. 1. XRD spectra of Mg-doped GaN thin films grown at 650 °C with Cpz Mg flow
rates of 2%, 5%, and 10%. The diffraction peaks are assigned to the hexagonal
phase and correspond to the (0002) and (0004) planes of wurtzite GaN (JCPDS
card, Mo. 89-7522).

the previous research. 31 Interestingly, when the Cp,Mg flow is
increased to 10% (sample MG10), the YL and GL bands disappear
and the PL spectrum becomes dominated by a broader BL band,
with a strongly diminished UVL band peaking at 3.23 eV still appar-
ent. These results reveal that increasing the concentration of the Mg
dopant strengthens the BL band and suppresses the YL band.

PL intensity (a.u.)

Y R
Photon energy (eV)

FIG. 2. PL spectra of plasma-assisted MOCVD-grown Mg-doped GaN with CpaMg
flow rates of 2% (MG2), 5% (MGS), and 10% (MG10) of the total flow rate.
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‘We now analyze the PL spectra of samples MG5 and MG10
to resolve the YL, GL, and BL bands. The spectral peaks and pro-
files of the YL, GL, and BL bands as well as the PL intensity I*YE)
are fit with the following formula derived from the one-dimensional
configuration-coordinate model:’

Ef -E
Iy = BY expl 28 | = -1 |. 1
(E) exp E —Eom (1

The band is characterized by a maximum PL intensity L., the
Huang-Rhys factor is denoted by S., and the band peak energy is
denoted by Emax. The denominator under the radical is the Stokes
shift, with E; = Eo + 0.5h(), where E; is the zero-phonon line and
fi€) is the energy of the effective phonon mode corresponding to the
excited state.” Figures 3 and 4 show the fitted curves. The differ-
ence between the PL spectra and the curve fit given by Eq. (1) is
mainly attributed to the low-temperature assumption involved in
the derivation of Eq. (1) " (recall that these spectra were mea-
sured at room temperature). Equation (1) is thus useful to resolve
the peaks and their correspondjng parameters, but the zero-phonon
line is essentially indistinguishable in the room-temperature spec-
tra. Table | gives the parameter values obtained from fitting to the
YL, GL, and BL bands.

Figure 3 shows the normalized PL spectrum of the MG5 sample
at around the YL and GL bands and their curve fits. The intensity
of the YL peak at 2.24 eV exceeds that of the GL band. A further
increase in Mg concentration (i.e., to that of sample MG10) reduces
the intensity of the YL band, whereas the BL band becomes promi-
nent. Although the intensity of the YL band at a low temperature is
usually not prom inent,'~ we detecta notably strong intensity of the
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FIG. 3. Mormalized PL spectra showing YL and GL bands of the MG5 sample.
The inset shows an expanded view of the spectrum near the peak of band GL1.
The dashed-dotted, dashed, and dotted lines are fits of Eq. (1) to the YL1, GL1,
and GL2 bands, respectively. The crosses (x) show the sum of the calculated
intensities of the YL1, GL1, and GL2 bands.
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FIG. 4. Normalized PL spectra showing BL bands of the MG10 sample. The
dashed-dotted and dashed lines are fits of Eq. (1) to the BL1 and BL2 bands,
respectively. The crosses () show the sum of the calculated BL1and BL2 bands.

YL peak. This result for lightly Mg-doped GaN thin filmsis similar to
that of the work of Ramaiah et al. " As the temperature increases to
300 K, the intensity of the YL band continues to increase above that
of the BL band. In the case of Mg-doped ¢-GaN films, YL emission
is also observed at 300 K.

Figure 4 shows a normalized PL spectrum of the BL bands
of the MG10 sample and the assodated fits. The fitted PL inten-
sity of the BL band has two peaks: a stronger peak at 2.80 eV and
a weaker peak at 2.94 V. The transition energies of the GL and
BL bands are 2.52 eV, 2.80 eV, and 2.94 eV and are strongly con-
sistent with the results of previous research.” For example, Jeong
et al. reported the PL spectra of Mg-doped GaN thin films grown
by MOCVD and annealed in a Nz atmosphere at 900°C for 30 s
to activate the hydrogen-passivated Mg acceptors. The spectra are
dominated by the BL band with a peak of 2.8 eV, which, when fit with
multiple Gaussians, gives peaks at 2.548 eV, 2.760 ¢V, and 2.898 eV.
These energies are interpreted as the transitinenergies between
deep donors and shallow Mg acceptors located at 0.22 eV above the
valence band.

Based on the fitted parameter Emax for the YL, GL, and BL
bands, we deduce the energy levels within the electronic bandgap to
reproduce the various transition levels; Fig. 5 shows the result. The
dashed double-ended arrows show the energy differences between

TABLE |. Parameter values from fitting Eq. (1) to YL, GL, and BL bands.

Band I Se E] (eV) Emnax (€V)
YL1 0.94 369 262 2.224
GL1 0.403 204 3.67 2.439
GL2 0.53 47.8 272 2.524
BL1 0.93 9.8 295 2.805
BL2 0.2 3.6 3.08 2.940

Conduction Band

Donor level: ?5 l : 3 ‘a4 ]
——e— 2 ——t— |
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>
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FIG. 5. Proposed donor and acceptor energy levels and the recombination
processes involved in plasma-assisted MOCVD-grown Mg-doped GaN.

the acceptor and the donor levels and the respective band edge,
and the single-ended arrows show the transition energy. We use a
bandgap energy of 349 eV obtained from transmission spectroscopy
measurements of undoped GaN and the commonly accepted Mg
shallow acceptor level of 0.22 eV above the valence band. " For
otherwise-undoped GaN with a low concentration of the Mg dopant,
YL is always present and is commonly associated with point defects
of isolated nitrogen and gallium vacandies. © Two models have been
proposed to explain the YL within the framework of the donor-
acceptor pair-recombination mechanism, which involves transitions
between a shallow donor and a deep acceptor " or between a deep
donor and a shallow acceptor. Determining which mechanism
produces YL requires an understanding of the growth process. The
growth of GaN using plasma-assisted MOCVD uses a highly ener-
getic nitrogen plasma. In our case, the nitrogen plasma is dominated
by the excited states of neutral N>" molecules, with no ionic nitrogen
or atomic nitrogen observed.” Bombardment by highly energetic
neutral N, gives rise to Ga vacancies, which are responsible for the
deep acceptor level,” which is predicted to be around 1.0 eV above
the valence band, although it varies from sample to sample.”

The growth of GaN via plasma-assisted MOCVD also uses a
very high V/III ratio of around 1100. A consequence of this is a
higher fraction of nitrogen, which causes nitrogen vacandes. These
nitrogen vacancies are associated with the shallow donor level that
makes undoped GaN an n-type material. In our routine procedure
for growing undoped GaN, n-type GaN is always obtained. The shal-
low donor level is due to the incorporation of carbon and oxygen
atoms in the gallium and nitrogen vacancies, as predicted by the ab
initio local-density-functional method."' Thus, YL in GaN is more
likely due to the transition between the shallow donor level and the
deep acceptor level. By subtracting the YL peak energy (2.2 eV) and
the deep acceptor energy of 1.0 eV (with respect to the valence band)
fronfflhe bandgap of 3.49 eV, we obtain the shallow donor level at
0.29 eV below the conduction band.
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The Mg dopant substitutes into th@W®a vacancy (Mgg, ), thereby
forming the Mg shallow acceptor level at 0.22 eV above the valence
band. The process involves diffusion of Mg to Ga vacancy sites to
give substitutional Mg at Ga sites.”” The existence of the shallow
acceptor level is responsible for the UVL (3.27 eV}, which is pro-
duced by the transition from the conduction band to the shallow
acceptor level. However, the substitution of Mg into Ga vacancies
(Va) means that increasing the Mg concentration should decrease
the Ga vacancy concentration and, consequently, decrease the YL
The results of PL measurements confirm that the YL intensity
decreases with increasing Mg concentration.

The YL band thus decreases as the Mg concentration increases,
whereas new broad and dominant emission appears in the blue
region, with peaks at 2.8 eV and 2.94 eV. The blue emissions are
associated with donor-acceptor pair transitions and are also affected
by Mg doping of GaN. At higher Mg concentration (i.e., sample
MG10), insufficient Ga vacancies are available so that Mg must
diffuse to Vi, sites and are thereby converted to Mgg,. Alterna-
tively, given their relatively low formation energy, the Mg; adatoms
may combine with other suitable defects to form defect complexes
such as Mga: + Mgi. This defect complex promotes the forma-
tion of a deep donor state in the bandgap:" as per the hybrid
HSEO6-functional-based calculation, the donor levelfldue to the
Mg, + Mg and Mg; defects are 3.14 eV and 3.07 eV above the
valence band." For the present case, the BL band transition ener-
gies 2.94 eV and 2.80 eV, which, given the Mg shallow acceptor
level at 0.22 ¢ wve the valence band, places the donor levenlt
3.16 eV and 3.02 eV above the valence band or at 0.33 eV and
0.47 eV below the conduction band, respectively. These results are
strongly consistent with those obtained by Nayak et al." Thus, the
BL peaks at 2.94 eV and Z.SCnl are due to transitions between
deep donor levels at 033 eV and 0.47 eV beloffthe conduction
band, respectively, and shallow acceptor levels at 0.22 eV above
the valence band. Consequently, an increase in Mg concentration
suppresses YL because of the lack of Mg incorporation into Ga
vacancies.

Two possible transitions may explain the energy of the GL band
that peaks at 2.52 eV: a transition from the conduction band to
a deep acceptor level of around 0.9-1.0 eV and a transition from
a deep donor level to a shallow acceptor level.' However, given
that the GL band is present in moderately doped GaN (ie., MG5)
whereas no GL band appears in either low-doped GaN (i.e., MG2)
or highly doped GaN (i.e., MG10), the GL band should not be
related to the deep acceptor level. Otherwise, the YL band and the
GL band should both be emitted by lightly doped GaN (i.e., MG2).
Because the formation of Mgg, involves the diffusion of Mg, to
Ga vacancies, the concentration of Mg depends simultaneously on
the concentration of Vg, and Mg dopants. At low Mg concentra-
tion, V. concentration is high and most Mg dopants diffuse to
Vea sites to form Mgg,. At moderate Mg concentration, a frac-
tion of Mg cannot find a Vg, site and produces Mg; defects, which
may produce the deep donor level, which is similar to the mecha-
nism reported by Nayak et al." except that the donor-level energy
depends on the concentration of Mg;. By subtracting the transi-
tion energy of the GL band (2.52 eV) and the Mg acceptor level
of 0.22 eV (with respect to the valence band) from the bandgap
energy, we obtain a donor level 0.75 eV below the conduction
band.

To further investigate the proposed model of donor and accep-
tor energy levels and the recombination processes in Mg-doped
GaN grown by plasma-assisted MOCVD, we study the correlation
between Mg incorporation into the GaN matrix during the growth
process and the defects formed therein. Mg incorporation into the
GaN matrix causes doping-induced strain that can be detected by
monitoring the angle and width of the peaks in the XRD spectra.
Toward this end, Fig ¢ plots the XRD peaks around 20 = 34.6° to
determine the full width at half maximum (FWHM) as a function
of Cp:Mg flow rate. The FWHM of the XRD peak correlates with
lattice strain or crystallite size. The average crystallite size D can be
estimated by using the following Debye-Scherer formula:

_ 0.94 , (2)
fcosd

where A is the x-ray wavelength (1.546 A), B is the FWHM, and 8 is
the Bragg diffraction angle. The calculated average crystallite size is
presented in Table [1,and the respective bandgaps of Mg-doped GaN
were obtained from UV-vis spectroscopy (data not shown). Since the
average crystallite size is much greater than the Bohr radius of the
GaN exciton (2.8 nm), ' therefore, the crystallite size does not much
influence on the bandgap. However, the bandgap is influenced by
the doping density.

At room temperature, we assume that the hole concentration
is the same as the doping density. Increasing the doping density
decreases the bandgap because of an increased overlap of the wave
functions of electrons bound to the impurity atoms. The change in
bandgap energy as a function of doping density is given by

3¢’ N
AE(N) = “l6me, V eks T’ @)

—Cp,Mg: 2%
—Cp:Mg: 5%
—CpyMg: 10%

Normalized Intensity (a.u)

— T T
34.2 34.4 34.6 34.8 35
26(°)

FIG. 6. Normalized XRD spectra of Mg-doped GaN with various Cpz Mg flow rates
(2%, 5%, and 10% of the total flow rate for samples MG2, MG5, and MG10, respec-
tively). The diffraction peaks of samples MG5 and MG10 are shifted to a higher
angle, indicating an increase in the lattice constant.
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TABLE II. Estimated crystalite size and bandgap of GaN thin films grown at various Cp; Mg flow rates (given as percent of

total flow rate).

Cp:Mg Hole FWHM Crystallite Bandgap® Bandgap”
flow rate (%) concentration (cm ) (deg) size (nm) (eV) (eV)

2 (MG2) 2.97 x 107 0.225 37.1 3.42 3.47

5 (MG5) 9.35 x 10" 0.24 34.8 3.40 3.45
10 (MG10) 114 = 10" 0.22 37.9 3.36 3.37

*Calculated from UV -vis spectroscopy.
" Calculated by using Eq. (7).

where N is the doping density, e is the fundamental charge, &, is
the dielectric constant of the semiconductor, kg is the Boltzmann
constant, and T is the absolute temperature. For the hole concentra-
tions given in Table I, the calculated values for .&_E'g are —19 meV,
—34 meV,and 118 meV. Given that the bandgap of undoped GaN
is 3.49 eV, the estimated bandgaps are 3.47 eV, 3.45 eV, and 3.37 eV
for samples MG2, MG5, and MG10, respectively.

The growth of Mg-doped GaN by plasma-assisted MOCVD
is commonly done with a high V/III ratio. At low doping concen-
tration (sample MG2), the growth process leads to deep acceptor,
shallow acceptor, and shallow donor levels due to the formation of
Va» Mgaa, and Vi, respectively. Because magnesium has an atomic
radius slightly greater than that of gallium and much greater than
that of nitrogen, the tensile and compressive strains due to the pres-
ence of Vi, Vi, and Mgg, should compensate each other, result-
ing in strain relaxation, which is confirmed by the relatively small
FWHM of the XRD peak. Moreover, the presence of Mgca causes
the bandgap to shrink to 3.42 eV. At the greater Mg concentration of
sample MG5, insufficient Ga vacancies are available, so Mg diffuses
to Vg, sites and converts to Mgg,, with some Mg remaining. The
remaining Mg; induces compressive strain that increases the lattice
constant, which is detected by the shift of the XRD peaks to a larger
angle 26. Concurrently, the increased Mg concentration results in a
further decrease in the bandgap to 3.40 eV. Further increasing the
Mg concentration to that of sample MG10 results in the formation
of Mg; and Mgg. + Mg; defects, which should decrease the bandgap
and further increase the compressive strain, thereby increasing the
FWHM of the XRD peak. However, although the bandgap shrinks
as expected, the FWHM of the XRD peak decreases to that of sample
MG2. The decrease in the FWHM upon increasing the doping con-
centration from MG5 to MGI10 indicates that the strain in sample
MG10 has relaxed to the same level as that in sample MG2, which
has a low dopant concentration. Because the Mg concentration is,
indeed, greater in sample MG10 than in sample MG2, the relax-
ation of strain may be tentatively attributed to an increase in bend-
ing dislocations and tensile strain, as observed by Soman et al. and
Prinz et al.""

IV. CONCLUSION

We report the growth of Mg-doped GaN films by plasma-
assisted MOCVD with three different Cp:Mg concentrations. At low
Mg concentration, the samples emit yellow and ultraviolet photo-
luminescence bands with intensities that decrease with increasing

Mg concentration. The yellow photoluminescence is attributed to
the transition between shallow donor levels and deep acceptor levels,
which are produced by nitrogen and gallium vacandies, respectively.
The ultraviolet luminescence is attributed to transitions between the
conduction band and shallow acceptor levels created by Mgg, point
defects. Increasing the Mg concentration reduces the availability of
Ga vacancies, which increases the concentration of Mg; and Mgg,
+ Mg; defects in the GaN films. These defects are believed to pro-
duce the deep donor levels that are responsible for the green and
blue luminescence bands.
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