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On theorigin of the 2.8 eV blue emission in p-type GaN:Mg: A
time-resolved photoluminescence investigation
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The decay dynamics of the 2.8 eV emission band in p-type GaN was investigated using time-
resolved photoluminescence spectroscopy. The luminescence intensity decays non-exponentially.
The decay dynamics were consistent with donor-acceptor pair recombination for a random
distribution of pair distances. Calculations using the Thomas-Hopfield model indicated that
recombination involves deep donors and shallow acceptors.

1 Introduction
In order to make GaN p-type, the material is doped with

Mg to a concentration of greater than 1 x 102° cm™3. At
this dopant concentration a strong blue luminescence ba
nd peaked at 2.8 eV is observed [1] [2] [3] [4]. Two
models have emerged to describe the blue band lumines-
cence, whose origin remains controversial. One model
attributes the photoluminescence to donor-acceptor pair
(DAP) recombination where the donor is s hallow and
the acceptor is deep [4] [5] [6]. Alternatively, it has
been proposed that DAP luminescence involves a deep
donor and a shallow acceptor [1] [7]. Excitation inten-
sity studies of the blue luminescence give strong support
for the latter model [7]. The deep donor has been tenta-
tively attributed to a nitrogen vacancy or nitrogen
vacancy complex [8] [9]. Time dependent photolumi-
nescence of this band has been initially studied. Non-
exponential time decay has been observed that is attrib-
uted to aDAP transition [10] [11]. In the present study,
transient photoluminescence spectroscopy was used to
determine the nature of the defects responsible for the
blue luminescence band in p-type GaN. From the time
decay measurements and using the model of Thomas
and Hopfield (T-H) for pair recombination, the acceptor
involved is shown to be effective-mass-like, giving sup-
port to the deep donor-shallow acceptor model for this
band.

2 Experimental Results and Discussion

For this study p-type GaN:Mg epitaxia layers were
grown by atmospheric pressure metal organic chemical
vapor deposition. Layers were 2um thick with 20 nm
thick GaN buffer layers. All the as-grown layers were

semi-insulating. A post-deposition annealing in a nitro-
gen ambient at 700°C for 30 minutes was used to acti-
vate the Mg acceptors. Low temperature
photoluminescence (PL) measurements (16 K) were
used to characterize the defects in these materials. A
CW He-Cd laser and a pulsed nitrogen laser (4 nsec
pulse, 20 Hz repetition and a photon energy of 3.69 eV)
were used for steady-state and time resolved PL mea-
surements, respectively. A Spex grating monochromator
with Hamamatsu photomultiplier tube was used, along
with a series of neutral density filters to attenuate the
excitation density. A closed cycle cryostat was
employed for obtaining sample temperature in the range
of 15K-300K.

A typical low temperature steady-state PL spectrum
of ap-type GaN:Mg sample is shown in Figure 1. Two
main PL bands are observed, the dominant emission
band centered at 2.8 €V and a weaker ultraviolet (UV)
band at 3.27 €V. The broad band centered at 2.8 eV has
been attributed to the contribution of DA pairs having
different distances. The emission energy E(r) is affected
by the Coulomb interaction between acceptors and
donors according to the following equation:
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where Egy, is the band gap, Ex and Ep are the bind-
ing energy of acceptor and donor, r is the separation
between the donor and acceptor and ¢ is the dielectric
constant. Recombination involving close pairs contrib-
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utes to the high energy emission, whereas the more dis-
tant pairs are responsible for the low energy emission.

Time-resolved spectra of the 2.8 eV blue emission
was measured. Figure 2 shows the time-resolved spec-
tra of this band for various time delays for excitation by
the nitrogen laser. For DAP [uminescence the recombi-
nation decay time of DAP luminescence will aso
depend on pair separation [12]. Asis seen, the band
shifts to lower energies as the time delay after the pulse
excitation is increased. Pairs with a small separation
will emit at high energy with short lifetime whereas the
more distant pairs emit at lower energy with a longer
decay time. The observed energy shift, as seen, isdueto
differences in the Coulomb interactions for close and
distant pairs. The large red shift of approximately 200
meV of the band with time delay is an indication of its
deep donor-acceptor transition nature [7].

Photoluminescence decay dynamics of the 2.8 eV
band have also been studied. Figure 3 shows time decay
of this band. The decay was measured over three orders
of magnitude from one hundred nanoseconds to 200
microseconds. A nominal decay time of one microsec-
ond was observed that is consistent with the life time
previously measured for the blue luminescence band [4]
[10] [11]. Instead of a single decay time, the measured
time decay is non-exponential. The observed decay
dynamics can be explained in terms of the donor-accep-
tor pair recombination where the PL time decay depends
on the detailed spatial distribution of donor and acceptor
pairs.

The observed time dependence of intensity can be
described by the DAP recombination model of Thomas
and Hopfield (T-H) [12] [13] for a random distribution
of pairs. According to this model, the time dependence
of the emission intensity I(t) is given by:

1) = {4ﬁNj|:W(r) exp[— W(r)t}“zdr}x{exp[élﬁl\f]i{exp[— W(r)r]— 1}:‘%{& )
o 0

where N is the concentration of the majority constit-
uent (either the donor or the acceptor), and W(r) is the
recombination rate for a donor-acceptor pair given by:
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where W, is the transition probability in the limit

of #—0 and a, isthe Bohr radius of the weakly bound
carrier. The theoretical model of the T-H model (Equa-
tion (2)) contains three independent parameters, namely,
Wiax: N and the Bohr radius &,

To fit the intensity data in Figure 3 using the T-H
model, Wi, and N were used as fitting parameters. The
Bohr radius was cal culated using effective-mass approx-
imation (EMA) sinceit has been shown that Mg behaves
asatypical shallow acceptor [1] [7]:
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where my, is the effective mass of the hole in the
valence band (my, = 0.75 mg) and E, is the ionization
energy. E5 =0.2 eV for an EMA acceptor in GaN [14].
The Bohr radius of the shallow Mg acceptor is calcu-
lated to be 5 A using the ionization energy of 0.2 eV.
The best fit to the time decay data using Equation (2)
and Equation (3) and the calculated value of the accep-
tor Bohr radius is shown in Figure 3 by the solid line.
Excellent agreement between the calculated curve and
the data is observed for times ranging from 100ns to
10us. The best fit was obtained for a majority constitu-

ent concentration N of (5£1) x10%° cm® and Whax = (3

+1) x10” sec. ™t Wiy is the capture rate for the DAP
transition in the limit r — 0. It should be noted that the
mesasured value of Wy, is of the same order of magni-
tude for DA recombination previously obtained for deep
defectsin GaN [13] [15]. The value of magjority carrier
obtained from the fit is consistent with the calculated

acceptor concentration of 1x10'° cm obtained from
Hall effect measurement of the hole concentration and
assuming a compensation ratio of 0.1.

3 Conclusion

Based on the time dependent decay measurements and
analysis using the T-H model it is concluded that the
blue luminescence results from DA recombination. The
large red shift of the 2.8 eV band with time delay is con-
sistent with recombination involving a deep donor and a
shallow effective mass acceptor. This is in agreement
with the PL model proposed in previous studies for the
blue luminescence band at 2.8 eV [1] [7].
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Figure 1. The steady-state PL spectrum of the 2.8 eV band in p-
type GaN:Mg measured at low temperature (16K)

05

lw’ Sec.

04

03

PL Intensity (ah. unif)

02

PL Intensity (arb. unit)

0.1 10° Sec.

2 3
Photon Energy (eV)

Figure 2. Time-resolved PL spectraof the2.8 eV emission band
messured at low temperature for different time delays. The
peak position at various delay timesisindicated with an arrow.
A shift to lower energies and narrowing of the band can be seen
asthetime delay isincreased.
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Figure 3. Photoluminescence intensity time decay for the 2.8
€V blue emission band plotted on a logarithmic scale. The
calculated time decay from the T-H model for acceptor Bohr
radius of 5 A isshown asindicated by the solid line. Thefitting

parameters are N=(5+1)x10'° cm?3, a,=5 A and
Wi, =(3£1)x107 sec™,
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