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Acceptor-bound exciton recombination dynamics in p-type GaN
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Dynamics of the neutral-acceptor-bound exciton transittbe |, line) in a Mg dopedp-type GaN

epitaxial layer grown by metalorganic chemical vapor deposidd®CVD) have been studied by
time-resolved photoluminescence emission spectroscopy. Two emission lines lintthasition

region have been resolved in the time-resolved spectra, possibly due to the existence of two energy
states of the Mg impurities after postgrowth thermal annealing. The recombination lifetimes of the
acceptor-bound exciton transition have been measured under different conditions including
temperature, excitation intensity, and emission energy. From these measurements, a value of about
450 ps for the radiative recombination lifetime has been obtained, which is an important physical
quantity for optoelectronic device applications based on GaNl9895 American Institute of
Physics.

The group Il nitride semiconductors have gained in-the precursor. Prior to deposition of the GaN layer, a thin 50
creasing attention in recent years due to potential applicaam AIN buffer layer was grown on the sapphifél,Os)
tions of the well-known wide band gap and outstanding thersubstrate. The substrate temperature during the growth was
mal and mechanical properties of these materials. Amongd000 °C. The thickness of the GaN epitaxial layer was about
them, GaN and AlGa _,N wide band gap semiconductors 0.2 um. Mg doping was provided by transporting bismeth-
have been intensively studied recently for many applica- ylcyclopentadienyl magnesiurtMCp,Mg) into the growth
tions including blue-UV light emitting dioded.ED) and la- chamber with ammonia during the growth. Postgrowth an-
ser diodes. There has been a considerable amount of researedaling at 750 °C in nitrogen gas ambient at 76 Torr for
effort directed towards the understanding of the optical propabout 20 min resulted ip-type conduction with a hole con-
erties of GaN and AlGa _,N. However, many of their fun- centration of about 1010'/cm® as determined by Hall
damental properties are still not well established. With themeasurements at room temperature. The excitation light
recent advances in epitaxial growth, very narrow luminessource used in the experiments is a picosecond pulsed laser
cence emission lines of the free and bound exciton transiwith a tunable photon energy up to 4.5 eV. More detailed
tions have been reportéd.However, the investigation and description of the time-resolved spectroscopy system and
understanding of the dynamic processes of fundamental omtata analysis procedures can be found elsewhEre. exci-
tical transitions are just in their infancy. Important basictation intensity dependence, the laser intensity was con-
guantities such as the recombination lifetimes of these optitrolled by a set of neutral density filter with different values
cal transitions, which are crucial to the design of optoelecof optical densityD, and was thus proportional to 10.
tronic devices, have not yet been established. In Fig. 1 we plot a continuous-wavew) photolumines-

In a previous letter, we have reported the dynamical beeence spectrum measured B:10 K, which shows two
havior of a band-edge transition mtype GaN® We have  emission lines at 3.402 and 3.459 eV. We assign the emission
demonstrated that time-resolved photoluminescence is lkand at 3.459 eV to the recombination of excitons bound to
powerful technique that can provide important informationthe neutral Mg acceptor impuritieA§,X) or thel; line in
and key parameters in group lll nitride semiconductors. InGaN. Thel, transition line has been observed previously by
the work reported here, we have further employed timephotoluminescence measurements in Mg-compensated and
resolved photoluminescence emission spectroscopy to probgghly resistive GaN sample with a peak position at about
the dynamics of acceptor-bound exciton transiti@sthel;  3.455 eV at 4 K8 The emission line at 3.402 eV is most
line) in an Mg-dopedp-type GaN epitaxial layer. Time- likely due to optical interference effects caused by a Fabry—
resolved spectra and recombination lifetimes have been meggot cavity formed by GaN surface and GaN/AIN interface.
sured under different conditions. Temperature and emission  The full width at half maximum of thé, line from the
energy dependencies of the recombination lifetime oflthe cw spectrum is about 23 meV at 10 K. We have also mea-

transition have been obtained. . sured cw emission spectra at different temperatures and ex-
The GaN sample used here was grown using a low pressitation intensities. The temperature variation of thepeak
sure metalorganic chemical vapor deposititOCVD). Tri-  position follows that of the energy band gap. From the lumi-

ethylgallium, trimethylindium, and ammonia were used asnescence peak positions of theline (3.459 eV} observed
here and the peak position of the free-exciton emission

dpermanent address: Department of Applied Physics, Xi'an Jiaotong Uniline (3.484 eV observed by photoluminegceﬁce&nd
versity, P. R. China. photoreflectancemeasurements, we thus obtain a value of
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FIG. 1. Continuous-waveécw) photoluminescence spectrum of an Mg- L .
dopedp-type GaN measured dt=10 K. The emission line with the peak FIG. 2. Low temperatur¢10 K) time-resolved photoluminescence spectra

position at 3.459 eV is due to the recombination of excitons bound to neutra?f the I, transition measured at_ several representative _delgy times. Two
Mg acceptor impurities ,). arrows at 3.453 and 3.459 eV in the 0.8 ns spectrum indicate the peak

positions of two emission bands resolvable only in spectra of later delay
times.

about 25 meV of the binding energy of the acceptor-bound

exciton, E,,. This value is in a rough agreement with of the activated Mg acceptors iptype GaN is about 160
Haynes’ rule; the binding energy of the exciton-neutron-meV as determined by Hall measuremefitShese previous
impurity complex is about 10% of the impurity binding en- results imply that there may be two energy states associated
ergy if we neglect the central cell correction, since the Mgwith Mg impurities, a deep and a shallow one. We speculate
binding energy is about 160 meV mtype GaN:° from the time-resolved photoluminescence emission spectra
Figure 2 shows the time-resolved emission spectra in thénat the Mg impurities in the sample investigated here are not
energy region of the; transition line at several representa- completely activated. The 3.459 eV emission line is due to
tive delay times aT=10 K. At delay timet=0, we obtain an  the recombination of the acceptor-bound excitons associated
emission spectrum that is almost identical to the cw spectrunivith the activated Mg impurities, while the 3.453 eV line
shown in Fig. 1. However, an additional emission line that ismay be due to the recombination of the acceptor-bound ex-
absent in the cw spectrum has been resolved in the timesitons associated with inactivated Mg impurities. This specu-
resolved spectra at later delay times. As indicated by twdation is supported by the fact that the 3.453 eV line observed
arrows in thet=0.8 ns spectrum, two emission lines at 3.453here is the peak position of tHg emission peak observed
and 3.459 eV can be seen clearly. In fact, the intensity ratigreviously in highly resistive sampfeconsidering the tem-
of these two emission bands evolves with delay time. At gperature difference here. The time evolution of the lumines-
delay timet=1.6 ns, the intensity of the 3.453 eV emission cence intensities of these two emission bands is caused by
band is even higher than that of the 3.459 eV emission bandhe emission energy dependence of the recombination life-
although the former one is hardly observable in the spectrurtime, to be discussed later. To our knowledge, this is the first
of t=0 or in the cw spectrum. The 3.453 eV emission linetime that more than one transition line has been resolved in
may be related to acceptor-bound exciton transitions assoczaN in such a narrow energy range near theransition
ated with acceptors other than the activated Mg acceptor impeak from the photoluminescence measurements, which
purities. If this is the case, the binding energy of this bounddemonstrates the power of time-resolved luminescence spec-
exciton is about 30 meV, which corresponds roughly to antroscopy.
acceptor binding energy of about 300 meV by applying  We have also measureg@d) emission energy(b) tem-
Haynes'’ rule, although such an estimation becomes even leggrature, andc) excitation intensity dependencies of the re-
accurate for deeper impurities. As is well know at thecombination lifetime of thd, transition line, as shown in
present, Mg dopant incorporation renders the MOCVD as¥ig. 3. The recombination kinetics of tHg transition ob-
grown GaN highly resistive, when the inactivated Mg impu-served at different conditions can be well described by a
rities have an activation energy of about 250 niedhd post-  single exponential function,(t)=1,e" Y7, where r defines
growth thermal annealing is required to activate the Mg dopthe recombination lifetimes. Figurge& shows that at 10 K,
ants in order to obtaip-type conduction, possibly due to the the recombination lifetime decreases monotonically from
dissociation of H-Mg comple}®~* The activation energy 0.56 to 0.30 ns with increasing emission energy, while a
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FIG. 3. (a) Emission energy(b) temperature, angdc) excitation intensity
dependencies of the recombination lifetime of théransition measureth)
around thd ; spectral peak af=10 K, (b) at thel; spectral peak positions,
and(c) at two representative temperatufes 10 (O) and 35 K(®).

large change irr is observed in the energy region between

3.445 and 3.465 eV. The observed emission energy depeﬂn

dence of the recombination lifetime in Fig(a can be ex-
plained by a well-known theory for bound excitons, which
indicates that the radiative recombination lifetime of an im-
purity bound exciton increases with its binding energy,
Epy.™> This theory has been confirmed experimentally in
many materials. On the other har,, can be written as
Epx=Eg—Ex—hv where Ey, E,, andhv are the energy

gap, binding energy of the free-exciton, and emission energy,
respectively. Therefore the recombination lifetime decreases

with an increase of emission enerdyy). The observed be-
havior suggests the existence of a distributiorEgf due to

the imperfection of the curreng-type sample, which is also
consistent with the fact that the spectra linewidth of the

temperature dependence of the recombination lifetime
shown in Fig. 8b) also explains the rapid luminescence in-
tensity quenching of thé; emission line at higher tempera-
tures. The radiative recombination lifetime of thgtransi-
tion should be close to the value measured at low
temperatures and is about 0.45 ns. This value is a little
shorter than the radiative recombination lifetime lgf in
well-studied CdS materials, which is 0.65 1s.

Figure 3c) plots the excitation intensity dependence of
the recombination lifetime of thig transition measured at its
spectral peak position for two representative temperatures
T=10 K (O) and 35 K(®). The excitation intensity is pro-
portional to 10°. A very weak excitation intensity depen-
dence has been observed at both of these two temperatures.
At T=35 K, 7 can only be measured for relative excitation
intensities greater than 0.4 due to weaker luminescence sig-
nals at this temperature compared with those at 10 K. Figure
3(c) indicates that the exciton bound to neutral Mg acceptor
complexes are isolated even under the excitation of the high-
est intensity available here. Therefore, the measured recom-
bination lifetimes accurately represent the recombination
lifetimes of isolated acceptor-bound excitons.

In conclusion, the dynamics of the acceptor-bound exci-
ton transitions in an Mg-dopegttype GaN has been probed
for the first time by time-resolved photoluminescence emis-
sion spectroscopy. Two emission lines in thetransition
region have been resolved in the time-resolved spectra, pos-
sibly due to the existence of two energy states of the Mg
purities after postgrowth thermal annealing. Recombina-
tion lifetimes at different conditions have been measured,
from which a value of 0.45 ns for the radiative recombina-
tion lifetime of thel, transition has been deduced.
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