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Time-resolved photoluminescence has been employed to study the mechanisms of band-edge
emissions in Mg-doped p-type GaN. Two emission lines at about 290 and 550 meV below the band
gap ~Eg! have been observed. Their recombination lifetimes, dependencies on excitation intensity,
and decay kinetics have demonstrated that the line at 290 meV below Eg is due to the conduction
band-to-impurity transition involving shallow Mg impurities, while the line at 550 meV below Eg
is due to the conduction band-to-impurity transition involving doping related deep-level centers ~or
complexes!. © 1996 American Institute of Physics. @S0003-6951~96!00614-0#

The recent progress in GaN based devices including efficient blue light emitting diodes ~LEDs! has demonstrated
its potential. However, many aspects of the basic properties
of GaN and related semiconductors remain to be understood
and improved. As is well known, presently p-type GaN doping is achieved more readily with Mg impurities.1 Moreover,
Mg doping renders the as-grown GaN by metalorganic
chemical vapor deposition ~MOCVD! highly resistive. A
post-growth thermal annealing in a nitrogen ambient is required to activate the Mg dopants in order to obtain p-type
conduction, possibly due to the dissociation of H–Mg
complexes.2 Only recently, as-deposited p-type doping GaN
has been achieved by molecular beam epitaxy ~MBE! without post-growth treatment,3–5 which has tentatively been attributed to the absence of H in MBE growth. While recent
Hall measurements indicate that Mg acceptors in p-type GaN
have a thermal activation energy of about 160 meV,6 the
dominant emission line in current commercially available
blue LEDs based on Mg-doped GaN is around 430–450 nm
at room temperature, which is about 550 meV below the
band gap.
Previously we have employed time-resolved photoluminescence ~PL! to study the optical transitions of free A- and
B-excitons ~AX at ;3.483 eV and BX at ;3.489 eV!,
neutral-donor-bound excitons (I 2 at ;3.475 eV!, and
neutral-acceptor-bound excitons (I 1 at ;3.459 eV! and their
dynamic processes in GaN.7,8 Our results have demonstrated
that time-resolved PL is a powerful technique for elucidating
mechanisms of optical transitions. In this work we have applied the same technique to study the mechanisms of bandedge emissions in Mg-doped p-type GaN. Both MBE and
MOCVD grown samples have been investigated. We have
observed, independent of growth methods, two broad emission bands at about 290 and 550 meV below the band gap
~Eg! that dominate, respectively, at low ~T,150 K! and high
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temperatures ~T.150 K!. PL temporal behaviors have shown
that the band-to-impurity transitions, involving shallow Mg
acceptors at low temperatures (T,150 K! and Mg doping
induced deep centers ~or complexes! at higher temperatures
(T.150 K!, are the dominant recombination processes in
relatively heavily doped p-GaN under our experimental conditions.
The P-type GaN epitaxial layers ~thicknesses vary from
2 to 5 mm! used here were grown by MBE and MOCVD on
sapphire ~Al2O3) substrates with 50 nm AlN buffer layers.
For MOCVD grown layers, the Mg-doped as-grown material
was a high resistivity p-type. Post-growth thermal annealing
in flowing nitrogen at 76 Torr and 750 °C for about 20 min
was employed to activate the Mg impurities. Time-resolved
PL spectra were measured by using a picosecond laser spectroscopy system with an average output power of about 20
mW and a tunable photon energy up to 4.5 eV.7,8
Figure 1 presents typical continuous-wave ~cw! PL spectra of p-type GaN layers at three representative temperatures.
The arrows indicate peak positions at different temperatures.
At 10 K one dominant emission band at about 3.21 eV is
seen, which is almost absent at T.150 K. The I 1 line at
about 3.46 eV is also clearly observable at low temperatures.
There is also an additional weak emission band at a lower
energy position ~;2.95 eV!, which dominates at higher temperatures, T.150 K. Recall that the band gap variation with
temperature is only about 20 meV in the region 10 K,T
,150 K. The spectral peak positions of the observed emission bands have also been measured under different excitation intensities. The peak positions shifted toward higher
emission energies as the excitation intensity was increased.
Finally, the peak position of the lower energy emission line
also shifts toward lower energies as the doping concentration
increases ~not shown!. At room temperature, the peak position of this lower energy emission band can be varied from
430 to 490 nm. As an example, the room-temperature emission spectra obtained at two different excitation intensities
are shown in the inset of Fig. 1 with H I exc and L I exc denoting, respectively, the high and low excitation intensities,
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FIG. 1. Continuous wave photoluminescence ~PL! spectra measured at three
representative temperatures for Mg-doped p-GaN samples, which show a
dominant emission line at about 3.21 eV at low temperatures. Another lower
energy emission line at about 2.95 eV ~T510 K! dominates at higher temperatures ~T.150 K!. The inset shows the room-temperature PL spectra
associated with the lower energy emission band obtained for higher excitation ~H I exc) and lower excitation intensities ~L I exc), showing that the
spectral peak position shifts toward higher energies as the excitation intensity increases.

which differ by a factor of about 3. A blueshift in the peak
position with increasing excitation intensity can be seen
clearly. This lower energy emission band has been observed
previously in MOCVD grown and post-growth thermal annealed p-GaN films2 and is being utilized for violet-blue
emission in p-n junction GaN LEDs.9,10
In order to explore the physical origin of the observed
emission lines, their dynamical behaviors have been studied.
Figure 2~a! shows an example of the PL temporal response
of the 3.21 eV band measured at 10 K. At low temperatures,
PL decay is nonexponential, but can be approximated by two
exponential decay as illustrated by the solid fitting curve in
Fig. 2~a!. At 10 K, the typical lifetime of the fast component
which contributes 87% of the PL signal is about 0.6 ns and
the slow component is about 5.0 ns. The temperature dependence of the recombination lifetime of the fast ~major! PL
component of the 3.21 eV line is shown in the inset of Fig.
2~a!. In the temperature region T,150 K where the 3.21 eV
emission band dominates, the recombination lifetime decreases progressively from 0.6 to 0.3 ns as temperature increases from 10 to 140 K. This behavior can be accounted
for by an increased nonradiative recombination rate at higher
temperatures. This is consistent with the observation of the
thermal quenching of the 3.21 eV emission line and the subsequent increase in the emission intensity of the lower energy band at 2.95 eV with temperature as seen in Fig. 1.
However, the lifetime of 0.6 ns obtained at 10 K should
represent the radiative recombination lifetime of the 3.21 eV
emission band.
In the higher temperature region ~T.150 K!, where the
lower energy emission band ~;2.95 eV at T,150 K! domi1884

FIG. 2. ~a! Temporal responses of the 3.21 eV emission band measured at
T510 K and ~b! 2.95 eV emission band measured at room temperature. The
solid curves are the least-squares fit of data with two exponential decay,
I(t)5I 1 exp(2t/t1)1I2 exp(2t/t2). The fast decay component contributes
87% and 97% of the PL signal at 10 and 300 K, respectively. The insets of
~a! and ~b! show the temperature dependencies of the recombination lifetimes for higher energy emission line ~the fast decay component! and the
lower energy emission band ~around 2.6 eV at T5300 K!, respectively.

nates, the fast decay component contributes nearly 97% of
the PL signal and consequently the decay kinetics of PL is
nearly single exponential. This is illustrated in Fig. 2~b!, in
which a PL temporal response measured at the corresponding spectral peak position is shown for 300 K. Also shown in
the inset of Fig. 2~b! is the temperature dependence of the
recombination lifetime of the lower energy emission band,
which indicates that its lifetime increases slightly with temperature. This is due to the carrier transformation from the
3.21 eV recombination channel as discussed above.
The observed subnanosecond PL recombination lifetimes suggest that the band-edge emissions in Mg-doped
p-GaN result predominantly from the conduction band-toimpurity recombination, involving substitutional shallow Mg
acceptors at low temperatures ~T,150 K! and deep-level
centers at high temperatures ~T.150 K!. In such a context,
the quenching of the 3.21 eV emission line is due to the
processes of either thermal ionization of shallow neutral Mg
acceptors or hole transfer from the shallow to the deep impurities or complexes as temperature increases.
A previous work on band-to-impurity transitions involving a donor and the valence band has shown that this type of
transition in n-type GaN samples of a similar impurity concentration has a typical recombination lifetime between 0.3–
0.7 ns depending on the impurity binding energy,11 which
further corroborate our assignment here. On the other hand,
the properties of donor-to-acceptor pair ~DAP! transitions in
GaN have also been investigated rather thoroughly in a previous work,12 which showed that the DAP transitions in GaN
have recombination lifetimes on the order of a few microseconds. This is also fairly typical in well understood semiconductors such as CdS.13 These seem to suggest again that the
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transitions observed are not of a DAP nature. Furthermore,
the emission peak positions shift toward higher energies as
the excitation intensity increases, as illustrated in the inset of
Fig. 1. We have observed a similar blueshift for the 3.21
emission band at low temperatures. However, the blueshift is
much more pronounced for the lower energy band at higher
temperatures, suggesting a deep-level impurity band formation, most likely caused by heavy doping. Thus an increase
in excitation intensity not only increases the quasi-Fermi
level for the electrons in the conduction band, but also
sweeps the quasi-Fermi level for holes within the impurity
band to a higher position. If the transitions were DAP-like,
the electrons would leak out of the conduction band through
the donors and the quasi-Fermi level for electrons would not
affect the emission spectrum significantly.14 As another
point, we note that the line shapes seen here are quite similar
for different delay times due to the broadness of the emission
band and the shortness of recombination lifetimes. This is
depicted in Fig. 3, where we have plotted the time-resolved
emission spectra for the 3.21 eV band at T510 K. The emission spectral line shape of a DAP transition is expected to be
delay time dependent with a much larger time scale for delay
times. Finally, based on a theoretical model developed by
Avouris and Morgan,15 the decay kinetics of both the bandto-impurity and DAP recombination are not necessarily exponential. The asymptotic decay at longer times was predicted to follow t 21 for the DAP recombination. The decay
of the band-to-impurity recombination at longer times should
follow t a with a being larger than 1, because the product of
the time variations of the free carriers and the DAP recombination gives the decay of the band-to-impurity recombination. In the inset of Fig. 3, we have plotted the 10 K PL
temporal response obtained at the spectral peak position in a
double logarithmic scale, which clearly shows that the decay
at longer delay times following a power law with an exponent close to 1.4, which further suggests that the dominant
emission lines are of a band-to-impurity nature.
Our results suggest an optical ionization energy of about
290 meV for the shallow Mg acceptors and 550 meV for
doping induced deep centers ~or complexes!. The discrepancy between the thermal ionization energy ~160 meV! and
the optical ionization energy ~290 meV! of the shallow Mg
acceptors may be accounted for by a lattice relaxation associated with doped impurities in GaN, and effect that is rather
common in other wide band gap semiconductors. The observed subnanosecond radiative recombination lifetimes of
the band-to-impurity recombination can also explain the high
photoluminescence quantum yield associated with the emission lines seen in p-type GaN samples.
In conclusion, time-resolved PL spectroscopy has been
employed to study the mechanisms of band-edge emissions
in Mg-doped p-type GaN grown both by MOCVD and MBE.
Two emission lines at about 290 and 550 meV below Eg
have been observed. Their recombination lifetimes, dependencies on excitation intensity, and decay kinetics have demonstrated that the line at 290 meV below the band gap is due
to the conduction band-to-impurity transition involving shallow Mg impurities, while the line at 550 meV below the
band gap is due to the conduction band-to-impurity transition
Appl. Phys. Lett., Vol. 68, No. 14, 1 April 1996

FIG. 3. Time-resolved emission spectra of the 3.21 eV emission band measured at T510 K. The delay time t is measured with respect to the peak
positions of the temporal responses such as those shown in Fig. 2. The inset
shows a logarithmic plot of the low-temperature (T510 K! PL temporal
response measured at the spectral peak position 3.21 eV, which shows that
the PL decay at longer times is described by a power law, I(t);I 0 t 2 a t
(t@t 0 with t 0 '0.5 ns) with a close to 1.4.

involving doping related deep-level impurities ~or complexes!.
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