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Temperature-dependent photoluminescence~PL! measurements in Mg-doped GaN epitaxial layers
grown on sapphire substrates by plasma-assisted molecular beam epitaxy have been performed in
order to investigate the process of donor–acceptor pair~DAP! recombination. The PL intensity of
the DAP peak decreases below 35 K, and then it increases as the temperature increases in the
temperature range between 35 and 100 K. This behavior originates from the interaction between two
different Mg-related traps, one shallow and the other deep level. The ionization energies of the
shallow trap and the deep level trap determined from the calculations and the PL experiments are
126 and 160 meV, respectively. The DAP recombination process suggests that holes are caught in
the shallow trap and that they subsequently transfer, via a tunneling process, from the shallow trap
to the deep trap, where recombination with electrons takes place. ©1998 American Institute of
Physics.@S0021-8979~98!06916-3#
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I. INTRODUCTION

Rapid advancements inp-type doping technologies fo
GaN epitaxial layers have made possible the fabrication
blue and ultraviolet light-emitting diodes and of high-pow
laser diodes.1 The achievement of ap-type GaN epitaxial
layer using Mg in metalorganic chemical vapor deposit
requires thermal treatment2 or low-energy electron-beam
irradiation.3 Recently,p-type Mg-doped GaN epilayers hav
been grown by using molecular beam epitaxy~MBE!
techniques.4,5 Even though some works concerning M
related deep levels in Mg-doped GaN have been perform
using several measurement techniques,6–10 to the best of our
knowledge, detailed studies of the temperature-depen
behavior of the donor–acceptor pair~DAP! peak in a Mg-
doped GaN epilayer have not yet been conducted.

This article presents data for photoluminescence~PL!
measurements on Mg-doped GaN epitaxial layers grown
sapphire substrates by plasma-assisted molecular beam
taxy ~PAMBE!. The measurements to determine the dep
dence of the PL on the temperature were carried out to
vestigate the optical properties of the shallow Mg level a
the deep Mg complexes. The temperature-dependent be
ior of the DAP peak in PL from the Mg-doped GaN epilay
is discussed by introducing a model for the interaction
tween two different Mg-related levels, one shallow and
other deep level. The PL spectra for the Mg-doped G
epilayer are compared with those for the nominally undop
GaN epilayer.

a!Electronic mail: twkang@cakra.dongguk.ac.kr
b!Permanent address: Changchun Institute of Physics, Chinese Acade

Sciences, People’s Republic of China.
2080021-8979/98/84(4)/2082/4/$15.00
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II. EXPERIMENTAL DETAILS

The GaN epilayers used in this study were grown
PAMBE on ~0001! sapphire substrates. An inductive
coupled radio frequency nitrogen plasma source with a
rity of 99.9999% provided the reactive nitrogen, and the
and the Mg were evaporated using conventional effus
cells. The Mg doping concentration was controlled by t
temperature of the Mg effusion cell. As soon as the chem
cleaning process was finished, the sapphire wafer
mounted onto a molybdenum susceptor. Prior to G
growth, the substrate surface was exposed to an activ
nitrogen beam for 10 min for complete covering with a n
tridated layer. The deposition of the GaN active epilayer
the GaN buffer layer grown at 550 °C was done at a s
strate temperature of 750 °C. The thickness of the GaN
ilayers was 600 nm, and the Mg cell temperatures for
growth of the GaN epilayers for samples A and B were 2
and 220 °C, respectively.

During the growth, the crystalline quality of the Ga
epitaxial layers was monitoredin situ by reflection high en-
ergy electron diffraction~RHEED!. Van der Pauw Hall-
effect measurements were carried out at room temperatu
a magnetic field of 0.5 T by using a Keithley 181 nanovo
meter. The PL measurements were performed using a 75
monochromator equipped with a GaAs photomultiplier tub
The excitation source was the 3250 Å line of a He–Cd las
and the sample temperature was controlled between 10
300 K by using a He displex system.

III. RESULTS AND DISCUSSION

Figure 1 shows the PL spectra at 11 K for the nomina
undoped GaN epilayer and the Mg-doped GaN epilayers
of
2 © 1998 American Institute of Physics
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samples A and B. The RHEED patterns show streaky
sharp ~131! structures for the 0.75-mm-thick GaN films,
which implies that a uniform two-dimensional growth h
been reconstructed. The carrier concentrations of sample
and B, as determined from the Hall-effect measurement
300 K, are 231017 and 131016 cm23, respectively, and the
carrier types of the two samples arep type. The chemical
concentrations of samples A and B determined from
secondary-ion mass spectroscopy~SIMS! measurements ar
2.131019 and 131018 cm23, respectively. The peak at 3.4
eV for the Mg-doped GaN epilayers is considered to be fr
excitons bound to shallow neutral acceptors (A0,X), and the
peak at 3.27 eV is attributed to DAP recombination toget
with phonon replicas.11 The shoulder at 3.197 eV for th
Mg-doped GaN epilayers is considered to be a free to a n
tral bound acceptor exciton (e,A0).10 The peak at 3.455 eV
appearing in the PL spectrum for the nominally undop
GaN epilayer is related to the neutral donor-bound exci
(D0,X); the DAP recombination peak does not appear in
PL spectrum of the undoped epilayer. Since the DAP em
sion was not observed in the undoped GaN films, the (A0,X)
appearing in the Mg-doped epilayers must have been ca
by Mg. While the dominant emission line is associated w
(A0,X) in the Mg-doped GaN epilayer of sample B with
smaller carrier concentration, the DAP recombination pea
more dominant in sample A with higher carrier concent
tion. These results indicate that the DAP peaks in the
spectra are strongly dependent on the Mg doping concen
tion.

Figure 2 shows the PL intensities of the DAP recom
nation at 3.27 eV for samples A and B as a function of
reciprocal of the measurement temperature. Akasakiet al.12

reported that the quenching phenomena of the DAP emis
above 100 K are due to thermal activation with an Mg a
ceptor energy of approximately 160 meV. However, abo
35 K, as the temperature of sample A increases, the PL
tensity of the DAP emission increases; it decreases ab
100 K. This behavior is very different from the results o
tained from Akasakiet al. for Mg-dopedp-type GaN.12 As
shown in Fig. 2, the thermal dynamic process of the
intensities does not vary exponentially.

In order to explore the physical origin of the observ
emission lines, their dynamical behaviors have been stud

FIG. 1. PL spectra measured at 11 K for the nominally undoped G
epilayer and for the Mg-doped GaN epilayers of samples A and B.
Downloaded 11 Sep 2012 to 159.226.165.151. Redistribution subject to AIP
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The conduction band, the valence band, and the impu
levels are related to the luminescence process. Excess c
ers play an important role in the PL process. Optical tran
tion processes in Mg-dopedp-type GaN are dominated b
the distribution of the excess holes occupying each state.
distribution of the nonequilibrium holes at each state in
photoexcitation process at a constant temperature is d
mined from the Boltzmann distribution function. The DA
recombination probability is determined partly by the nu
ber of neutral donors and the number of neutral accept
Under the same power optical excitation conditions, exc
holes may be captured by the acceptor levelA; the PL inten-
sity of the DAP emission is related to this process. The
cess holes captured in the trap centerA8 may cause a de
crease in the PL intensity of the DAP recombination. T
holes trapped in levelA8 have some probability of tunneling
back to the acceptor levelA, and this process increases th
PL intensity of the DAP recombination. Since the captu
probabilities and the tunneling processes are dependen
the temperature, they affect the temperature-dependen
intensity of the DAP emission.

The distribution of the holes occupying theA and theA8
states is dependent on the temperature. When the cap
cross section of levelA is large enough to catch all the hole
that tunnel from levelA8, the increase in the number o
neutral acceptors is determined from the number of the h
that tunnel to levelA. Since the carrier concentrations of th
Mg acceptors obtained from the Hall-effect measureme
are much less than their chemical concentrations determ
from the SIMS measurements, the number of holes tra
ferred fromA to A8 can also be ignored. The variance of th
number of holes occupying the levelA (Dp) as a function of
temperature~T! is given by

Dp5NA8Cp@12exp~2EA8 /kBT!#

2NA8PT@12exp~2EA8 /kBT!#, ~1!

whereNA8 is the carrier concentration of the trap levelA8,
Cp is the capture coefficient of the trap levelA, EA8 is the
ionization energy of the trap levelA8, kB is the Boltzmann’s
constant, andPT is the tunneling probability.PT as a func-
tion of energy~E! can be written as13

NFIG. 2. PL intensities of the donor–acceptor pair recombination at 3.27
of samples A and B as a function of the reciprocal of the measurem
temperature.
 license or copyright; see http://jap.aip.org/about/rights_and_permissions
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2084 J. Appl. Phys., Vol. 84, No. 4, 15 August 1998 Kang et al.
PT5expS 24p~2m* /h2!1/2E @E~x!2E#1/2 dxD , ~2!

whereE(x) is the potential barrier height,h is Planck’s con-
stant, andm* is the hole effective mass. WhenE(x) is the
same as the ionization energy of the trap levelA8, E is re-
placed by3

2kBT. x is the distance between levelsA andA8 in
real space, and it can be replaced by the average dist
(x0) between the two levels. Thus,Dp as a function of the
temperature has the following expression:

Dp5NA8@12exp~2EA8 /kBT!#•$sh~3kBT/m* !1/2

2exp@24p~2m* /h2!1/2~EA82
3
2kBT!1/2x0#%, ~3!

wheresh is the hole capture cross section of trapA8. Both
the capture and the tunneling probabilities increase with
creasing temperature. While the dominant process at
temperatures is hole trapping, that at relatively high tempe
tures is the tunneling process, as shown in Eq.~3!. Equation
~3! indicates that the tunneling probability decreases ex
nentially asx0 increases. Since the tunneling probability
sample B is very small, the PL intensity of the DAP emissi
decreases monotonously as the temperature increase
shown in Fig. 3~b!. Therefore, the discussion of the optic
process is focused on Fig. 3~a!. The solid line represents
least-squares of the data, and fits the best fitting values ofx0 ,
sh , andEA8 obtained from the solid line in Fig. 3~a! are 3.9
nm, 3.45310218 cm2, and 126 meV, respectively. The valu
of EA8 is in good agreement with that obtained from t
frequency-dependent capacitance and admittance spec
copy measurements8 and from the Hall-effect
measurements.14 The level obtained from the Hall-effec
measurements14 is a hole trap level related to the neutral M
deep level; this level originates from the capture of ho
from the valence band. An additional localized state in

FIG. 3. PL intensities of the donor–acceptor pair recombination as a f
tion of the temperature for~a! sample A and~b! sample B in the temperature
range between 10 and 60 K. The solid lines represent a least-squares fi
of the data.
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energy band gap can be introduced to trap other holes
process similar to that of the two levels in the Mg-dop
GaN epilayer was observed in HgCdTe alloys.15 The Mg
chemical concentration in sample A, as obtained from thex0

value, is 1.6831019 cm23, which is in reasonable agreeme
with that determined from the SIMS measurements.

To clarify the thermal dynamic behaviors of the PL i
tensities as a function of temperature, a new model for
optical process related to the DAP recombination in the M
dopedp-type GaN epilayer can be suggested. Three ene
levels are introduced to explain the dependence of the
intensity of the emission on the temperature in the lo
temperature range. One donor energy level denoted byD in
Fig. 4 is related to the native defects due to the N vacanc
the GaN epilayer, and its ionization energy is 35 meV16

Another level is an acceptor energy level denoted byA,
which is formed by the Mg dopant; its ionization energy
160 meV.12,17 The other energy level can be introduced a
hole trap level and is denoted byA8; its ionization energy, as
determined from Fig. 3~a!, is 126 meV. Since Mg dopants i
the GaN epilayers form several kinds of trap levels,6–10A8 is
also attributed to the Mg deep level acting as a hole trap
the Mg-doped GaN epilayer. TheA8 level captures nonequi
librium holes from the valence band during the optical ex
tation process, and it competes with theA level for obtaining
excess holes. The holes captured by theA8 level tunnel to the
A level due to their thermal energy, and this process affe
the PL intensity of the DAP peak. A schematic energy d
gram and the main transition processes of the holes
shown in Fig. 4. Since the ionization energies of levelsA and
D in GaN are larger than the thermal energy, the car
transitions from theA level to the valence band and from th
D level to the conduction band can be neglected. Since
most all of the Mg dopants at low temperature occupy
trap levels in Mg-dopedp-GaN epilayers,9 the processes
shown in Fig. 4 are dominant in the Mg-dopedp-GaN.

IV. SUMMARY AND CONCLUSIONS

The results of the temperature-dependent PL meas
ments on Mg-doped GaN epitaxial layers grown on sapph

c-

ngs

FIG. 4. A schematic energy level diagram and the main transition proce
of the holes in a Mg-doped GaN epilayer.D and A represent the shallow
donor energy level formed by the native defects and the acceptor en
level related to the Mg dopants, respectively, andA8 is the Mg trap level
related to the hole capture.
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2085J. Appl. Phys., Vol. 84, No. 4, 15 August 1998 Kang et al.
substrates by PAMBE show that the PL intensity of the D
recombination decreases below 35 K and increases in
temperature range between 35 and 100 K. This behavior
discussed by introducing an interaction between two kind
Mg-related levels, which are a shallow acceptor level an
trap level. The interaction between the Mg acceptor and
Mg-related trap center is charge transfer through tunnel
The results of the PL measurement are in reasonable ag
ment with those obtained from the theoretical analyses.
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