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ABSTRACT

Behavior of the photoluminescence band at about 2.8 eV in heavily Mg doped GaN has
been studied at different temperatures and excitation intensities. The 2.8 eV band is attributed to
donor–acceptor transitions involving a Mg acceptor. The large blue shift of the band with
increasing excitation intensity is explained by variation in the contribution of close and distant
pairs to the luminescence. The red shift of the band with increasing temperature under high
excitation intensity conditions results from thermal release of carriers from close pairs. The
thermal activation energy of the deep donor, about 0.4 eV, is determined from the quenching of
the 2.8 eV luminescence band at high temperatures.

INTRODUCTION

High concentrations of magnesium acceptors are required to obtain conductive p-type
GaN because of its large activation energy. In heavily Mg doped GaN a broad
photoluminescence (PL) band around 2.6-2.95 eV (referred hereafter as the 2.8 eV band)
dominates the PL spectrum 1-11. The nature of the defect responsible for this band and even the
type of optical transitions involved remain unclear. The most widely accepted model is that the
PL is due to an optical transition from the conduction band to a deep defect with a level at about
0.5-0.55 eV above the valence band 2-6. Recently, it was proposed that the 2.8 eV PL band
involves an optical transition from a deep donor to the shallow Mg acceptor 7. Up to now there is
no definite evidence supporting one particular model. The main distinguishing feature of the 2.8
eV band, a large blue shift with increasing excitation intensity, may be explained by several
models 5-8. In the donor-acceptor pair (DAP) model, the shift is attributed to saturation of
emission from distant DAP due to their longer lifetime 7,8. Alternatively, formation of impurity
bands 5,6 or potential fluctuations 6 have been considered as possible reasons for the observed
shift.

Indeed, large potential fluctuations due to randomly distributed charged impurities are
expected in heavily doped semiconductors 12. Free carriers in compensated material are localized
in potential wells and optical transitions have many similar features to that of the DAP type
transitions 13. The similarities in behavior of the DAP emission and the band-assisted transitions
in heavily doped semiconductor with potential wells complicate assignment of PL bands.

In this work we investigated the 2.8 eV PL band in heavily doped GaN at different
temperatures and excitation intensities. The results of the study support the deep donor-acceptor
pair assignment of this PL. The large measured shifts of the 2.8 eV band with variation of
temperature or excitation intensity originate from varying contribution of emission from close
and distant pairs.
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EXPERIMENTAL RESULTS

The Mg-doped GaN epilayers were grown on c-plane sapphire by metal-organic vapor
phase epitaxy.  The samples are either semi-insulating or p-type with resistivity as low as 3 Ω⋅cm
at room temperature. PL was excited by cw He-Cd laser (325 nm) and analyzed by Spex grating
monochromator with Hamamatsu photomultiplier tube. Excitation power density (Pexc) was
varied over the range 10-5-27 W/cm2 by means of neutral density filters. The sample temperature
was varied from 13 to 380 K using a closed cycle helium cryostat.

A broad band with a peak near 2.8 eV has been observed in the PL spectra of the studied
samples. In some samples another PL band with a maximum near 3.2 eV was noted as a shoulder
or separate peak. The position of the 2.8 eV band depended strongly on excitation intensity (Fig.
1). At low temperature the total blue shift of the band with increasing excitation power amounted
to 0.23 eV. The peak position shifted largely at high excitation density and was nearly
independent of excitation rate in the low excitation limit. At room temperature the PL band
shifted about 0.10 eV over the same excitation intensity range (Fig. 1). The shape of the band
remained almost independent of excitation intensity for the samples with small overlap with the
3.2 eV band. A typical change in the PL spectrum is shown in Fig. 2. We attribute the observed
dependence of the PL spectrum with excitation to changes in contributions of emission from
close and distant pairs in the case of deep DAP transitions. The DAP transition rate for a pair
with a separation R has the approximate form 13,14
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Fig. 1. Dependence of the 2.8 eV PL peak
position on excitation power density at 13
and 297 K for three GaN:Mg samples.
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Fig. 2. PL spectra of the semi-
insulating GaN:Mg sample # Y244
at different excitation intensities.
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where aB is the largest Bohr radius for the bound carriers. The radiative lifetime increases
exponentially with increasing R according to Eq. (1).  At high excitation intensity, PL from
distant pairs saturates due to their longer lifetime and transitions between close pairs dominate.
The PL energy corresponding to a transition between a pair with separation R  is given by

(2)

where Eg is the band gap, EA and ED are the acceptor and donor binding energies, e is the
electronic charge, and ε is the low frequency dielectric constant. The last term is due to the
Coulomb interaction between charged donor and acceptor. As a result of strong Coulomb
interaction between close pairs, the PL band blue-shifts with increasing excitation intensity.
Saturation of the band shift in the low excitation limit may be explained by the fact that
transitions between pairs with more than average separation are highly unlikely because of their
small fraction and the low probability of such transitions.

For a high excitation intensity the 2.8 eV band red-shifted significantly with increasing
temperature whereas at low excitation intensity its position remained almost unchanged up to
100 - 200 K (Fig. 3). This behavior also may be explained by the DAP nature of this band. The
Coulomb interaction between close pairs may be very strong 14 and the resultant ionization
energy will decrease sufficiently enough for thermal release of the trapped carriers. As a result,
the high-energy portion of the spectrum begins quenching at lower temperatures and the PL band
undergoes a red shift. However at a low excitation rate, emission from comparatively distant
pairs dominates and the red shift is reduced. This effect has been previously observed in Si
doped with donors and acceptors having similar activation energies 15. The observed
temperature-induced red shift is just the reverse of the well-known blue shift for DAP emission
for shallow donors and acceptors 13. In the latter case the blue shift is due to thermal escape of
electrons from the shallow donor which is more favorable for the long-lived distant pairs
contributing to the low-energy part of a spectrum. The observed red shift of the 2.8 eV band with
increase in temperature can not be attributed to potential fluctuations since the red shift caused
by the potential fluctuations should increase with a decrease of excitation rate 13.

The temperature dependence of the PL intensity for the 2.8 eV band is shown in Fig. 4.
The 2.8 eV PL band quenches at temperatures above 200-250 K with an activation energy ED of
about 0.3-0.4 eV, observed for all samples. The quenching is attributed to thermal release of
electrons from deep donor to the conduction band. In the inset of Fig. 4 the calculated
dependence of the PL intensity is shown using the following expression

 (3)

where A is a constant, assumed to be temperature independent for simplicity. We attribute the
discrepancy between calculated curve and the experimental data to the distribution of donor
energies due to the Coulomb interaction with the charged acceptors. The higher the excitation
intensity, the higher the contribution of the close pairs characterized by the stronger Coulomb
interaction. Thermalization of electrons to the conduction band from the donors of these close
pairs results in the beginning of thermal quenching of PL at lower temperatures, see the inset of
Fig. 4.

The lifetime of the 2.8 eV PL has been estimated to be 10-5 sec at low temperature from
the time-resolved measurements. The decay of the PL is non-exponential. These results are also
consistent with the DAP model for the 2.8 eV PL band.
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DISCUSSION

The 2.8 eV PL band appears at high concentrations of Mg (1019–1020 cm-3) 1,2,6,7,10 which
correspond to a mean separation between impurities of about 15–30 Å. The close location of pair
components results in a high probability for DAP type transitions in spite of the strong
localization of the wave-functions for electron and hole bound to the deep defects. The Coulomb
interaction energy for an average separation between acceptor and donor is estimated to be ~
0.1−0.15 eV by taking R = 10−15 Å (corresponds to acceptor concentration of ∼1019 cm-3) in Eq.
(2). Supposing that saturation of the PL band peak position in the low excitation limit (at
2.75−2.78 eV in Fig. 1) corresponds to transitions between DAP having an average separation,
and taking Eg = 3.5 eV and EA = 0.2 eV, we calculated ED = 0.6−0.7 eV for the isolated deep
donor. The actual position of the donor level in heavily doped GaN depends essentially on the
location of the nearest charged acceptor, shown schematically in Fig. 5.

The potential fluctuations, expected for heavily doped semiconductors 12, should not
strongly affect the deep DAP emission. Indeed, the higher the magnitude of the potential
fluctuation, the larger its size 12, and optical transition between defects separated by about 10−15
Å may be considered as almost vertical in the scale of the long-range fluctuations.
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Fig. 3. Variation of the 2.8 eV PL
peak position with temperature.
Variation of the gap width is
shown shifted by 0.7 eV for
convenience.

Fig. 4. Intensity of the 2.8 eV PL band
versus reverse temperature. The inset
shows the I (T -1) dependence at low and
high excitation intensities in comparison
with the calculated from Eq. (3)
dependence (A = 1.5×107; ED = 0.35 eV).
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The values of radiative lifetime for the 2.8 eV band found in this study (about 10 µsec)
and by Seitz et al. 11 (about 0.2 msec) are consistent with DAP emission.  Similar lifetimes were
observed for the deep DAP in ZnSe (about 0.1 msec) 14.

The question of the nature of donor responsible for the compensation of Mg in GaN is
open. The nitrogen vacancy (VN), which has a low formation energy in p-type GaN, is one
possibility. However the vacancy is expected to have the +/3+ energy level not far from the
valence band 16. It is possible that the donor is formed from a complex defect. Kaufmann et al.
suggested that MgGa and mobile VN form a complex MgGaVN that acts as a donor 7.  The
identification of this defect requires further investigations.

CONCLUSIONS

A large blue shift of the 2.8 eV PL band with increasing excitation intensity has been
observed in Mg doped GaN. This effect, as well as the observed red shift of the band with
increasing temperature at high excitation rate, is explained by variation in contributions of
emission from close and distant pairs to the PL band. The 2.8 eV band is attributed to transitions
from the compensating deep donor to the shallow Mg acceptor. Thermal quenching of the 2.8 eV
band begins at T > 200 K with an apparent activation energy of about 0.4 eV.  The observed
quenching is attributed to the thermalization of trapped electrons from the deep donor state to the
conduction band.
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Fig. 5. Schematic diagram showing optical
transitions in heavily Mg doped GaN
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