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Time-resolved photoluminescence spectroscopy has been used to probe the dynamics of optical
transitions in GaN epitaxial layers grown by molecular beam epitaxy. In particular, systematic
measurements on a band-edge transition at about 3.42 eV have been carried out. Recombination
lifetimes of this transition have been measured at different emission energies. Our results clearly
show that the time-resolved photoluminescence can provide immense value in the understanding of
the dynamic processes of optical transitions in GaN. ©1995 American Institute of Physics.
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GaN and AlxGa12xN wide band-gap semiconductors
have been intensively studied1–5 recently for applications in
two areas:~1! optical devices, including blue-UV light emit-
ting diodes~LED! and blue-UV laser diodes:~2! electronic
devices, including devices operating in hostile environmen
such as high-temperature and high radiation doses and un
extreme conditions such as high frequency and high pow
In particular, GaN and AlN form a continuous alloy system
whose direct band gap at room temperature ranges from
to 6.2 eV, because of which their applications for many nov
optical devices are very promising.

There has been a considerable amount of research ef
directed towards the understanding of the optical propert
of GaN and AlxGa12xN. However, the dynamics of optical
transitions, including the band-to-band, exciton, and band-
impurity transitions in these materials, have never been
vestigated previously due to the lack of high-quality crysta
and picosecond~or subnanosecond! laser spectroscopy sys-
tems with UV excitation and detection capabilities. Impo
tant basic quantities such as the recombination lifetimes
these optical transitions, which are crucial to the design
optoelectronic devices, have not yet been measured. With
recent advancement of epitaxial growth techniques, rema
able improvement in crystal quality has been achieved, es
cially for GaN. The investigations of the dynamic processe
of optical transitions in these materials appear to be time
In this letter, we report the first experimental investigation o
the dynamic processes of band-edge optical transitions
GaN.

The GaN sample used here was grown by molecu
beam epitaxy~MBE! on a sapphire (Al2O3! substrate with a
50 nm AlN buffer layer. The substrate temperature during th
growth was 750 °C. An electron cyclotron resonance~ECR!
source under a low microwave plasma power~70 W! pro-
vided the reactive nitrogen while Ga and Al were evaporat
using conventional effusion cells. The thickness of the ep
taxial layer was about 1mm with room-temperature electron
concentration of about 1017 cm23 as determined by Hall

a!Permanent address: Department of Applied Physics, Xi’an Jiaotong U
versity, People’s Republic of China.
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measurements. An excitation pulse of about 7 ps at a repe
tion rate of 9.5 MHz was provided by a cavity-dumped dye
laser, which was pumped by an yttrium–aluminum–garne
~YAG! laser with a frequency doubler. The output from the
dye laser was frequency doubled again by a second fr
quency doubler to provide tunability in the UV region. The
laser output after the second doubler has an average power
about 20 mW, a tunable photon energy up to 4.5 eV, and
spectral resolution of about 0.2 meV. A single photon count
ing detection system was used to record the time-resolve
photoluminescence spectra. With the use of a deconvolutio
technique, the overall time resolution of the detection syste
was about 70 ps.

Figure 1 shows one representative continuous-wave~cw!
spectrum of GaN measured at a temperature of 10 K, whic
shows two dominant emission lines. The full width at half-
maximum ~FWHM! of both lines is about 10 meV, which
indicates that the sample under investigation is of high crys
talline quality. The emission line at 3.474 eV is commonly
believed to be due to the recombination of excitons bound t
neutral donors (I 2).

6 The cw spectral peak position of the
lower energy emission band varies from 3.414 to 3.422 e
depending on excitation intensity7 and is very close to that of
an emission band~at ;3.424 eV! associated with the pres-
ence of oxygen impurities reported in a previous literature b
Chunget al.8 There, the intensity of this emission band was
found to be strongly dependent on the oxygen implantatio
dosage. The slight difference between the spectral peak p
sitions observed in our sample and those of Chung’s is mo
likely due to the following factors:~1! our picosecond pulsed
laser has a lower pulsed power than that of the nitrogen las
used in the previous work;~2! samples used in the previous
work have much higher impurity concentrations, because o
which the emission bands were very broad. We assign th
emission band near 3.420 eV observed here to the recom
nation between electrons bound to oxygen impurities an
free holes~band-to-impurity transition!, as proposed previ-
ously by Chunget al.8 Other transition mechanisms, includ-
ing donor–acceptor pair~DAP! recombination and the re-
combination between the free electrons and neutra
acceptors, are less probable due to the following factors:~1!

ni-
/95/66(25)/3474/3/$6.00 © 1995 American Institute of Physics
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all known acceptor impurities in GaN have ionization ene
gies which are too large to account for the energy position
this emission band, unless there exists an unidentified ac
tor impurity with a smaller binding energy;~2! the known
DAP zero-photon transition line in GaN occurs at about 3
eV;6 ~3! if the recombination of the short distant DAPs
responsible for the emission band near 3.42 eV, it wo
imply that the impurity concentration in our sample is ve
high, which is contrary to the Hall measurement result. Th
our assignment for this emission line seems plausible.

Time-resolved emission spectroscopy has been
ployed to study the dynamics of the transition lines. In th
letter, we are mainly concerned with the dynamic proces
of the emission line near 3.420 eV. The inset of Fig. 1 sho
a semilogarithmic plot of the temporal response of the tr
sition line measured at the peak energy andT510 K. As we
can see the decay of this transition line in GaN is a sin
exponential,I ~ t !5I 0e

2t / t, with t being the recombination
lifetime. We have measured luminescence temporal
sponses such as that shown in the inset of Fig. 1 at diffe
emission energies covering the entire emission band as
as at different temperatures from 10 to 150 K. In all cas
the decay of luminescence is single exponential.7

Figure 2 shows time-resolved emission spectra of
3.42 eV emission line measured atT510 K at several repre-
sentative delay times. The arrows in Fig. 2 indicate the sp
tral peak positions at different delay times. Several featu
can be observed from Fig. 2. First, the peak positions of
emission line shift toward lower energies with an increase
delay time. Second, the linewidth of the emission line a
increases with delay time. For a clear presentation, in Fig

FIG. 1. One representative cw photoluminescence spectrum of GaN m
sured atT510 K. The inset shows the semilogarithmic plot of the tempo
response of the band-to-impurity transition measured at the peak energ
T510 K. The instrument response to laser pulses~7 ps width! is indicated as
‘‘system’’ and the wiggling line is the experimental data. The solid line is t
least-squares fit using a single exponential decay with the deconvolutio
the instrumental response. The residues of the least-squares fit is als
cluded at the bottom of the inset. Excitation energy was 4.260 eV.
Appl. Phys. Lett., Vol. 66, No. 25, 19 June 1995
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we have plotted the peak positionsEp and the full width at
half-maximum~FWHM! of the emission line as functions of
delay time. The peak position shifts toward lower energie
linearly with delay time from 3.421 eV att50 to 3.414 eV at
t51 ns. The solid line in Fig. 3~a! is the least-squares fit of
Ep by a linear equation,Ep~ t !5E02at, and the fitted
values areE053.421 eV anda55.88 meV/ns. FWHM also
increases linearly with delay time. The dotted line in Fig
3~b! is the least-squares fit of FWHM with another linear
equation, FWHM~t!5FWHM~0!1bt, and the fitted values
are FWHM~0!58.6 meV andb52.66 meV/ns.

The emission energy dependence of the recombinatio
lifetime for the 3.42 eV transition line is depicted in Fig. 4,
which shows that the lifetime~t! is of the order of subnano-
seconds and decreases with an increase of emission ene
In fact, the luminescence spectral shift with delay time a
shown in Fig. 3~a! is a natural consequence of this strong
emission energy dependence of the recombination lifetim
By approximating the emission line shape at the delay tim
t50 by a Gaussian distribution, the time-resolved photolum
nescence at emission energyE and delay timet can be writ-
ten as

I ~E,t !5I 0 expH 2
~E2E0!

2

2s0
2 2

t

t~E!J . ~1!

Here I 0 andE0 are, respectively, the peak intensity of the
luminescence and the spectral peak position att50. s0 is
related to the FWHM att50 by FWHM52@2~ln 2!#1/2s0 .
The peak positions at different delay times can be obtaine
by settingdI(E,t)/dE50, which gives

Ep~ t !5E01
s0
2

t2~Ep!
S dt

dED
Ep

t . ~2!
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FIG. 2. Time-resolved photoluminescence spectra of the 3.42 eV emissi
line measured atT510 K. The arrows indicate the spectral peak positions a
different delay times. Delay timet50 has been chosen at the positions of the
maximum intensity in the luminescence temporal responses as shown in t
inset of Fig. 1.
3475Smith et al.
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Based on the fact thatt decreases approximately linearly
with E nearEp as shown in Fig. 4, and that the amount o
Ep shift is much smaller than the impurity binding energy
we thus obtain,

Ep~ t !5E02at. ~3!

This is what we have observed in Fig. 3~a!.
If the band-to-impurity transition involves a single im-

purity energy level, the spectral shift with delay time and th
variation of the recombination lifetime with emission energ
are not expected. The results obtained here clearly indic

FIG. 3. ~a! The peak positionsEp and ~b! the full width at half-maximum
~FWHM! of the 3.42 eV emission line as functions of delay time measure
at T510 K. The solid lines are the least-squares fits usingEp(t)
5Ep(0)2at and FWHM~T!5FWHM~0!1bt.

FIG. 4. Emission energy dependence of the recombination lifetime of t
3.42 eV emission line measured atT510 K.
3476 Appl. Phys. Lett., Vol. 66, No. 25, 19 June 1995
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that the binding energy of the oxygen impurities in the
sample under investigation has a distribution. There are tw
possible explanations for the emission energy dependence
the lifetimet~E! as depicted in Fig. 4. First, the behavior is a
direct consequence of the energy dependence of the radiat
recombination rate, i.e., the behavior oft~E! is associated
with the distribution of the oxygen impurity binding energy
Eb . This is based on the fact that the dependence of th
radiative recombination lifetime of a band-to-impurity
transition on Eb can be described by,t}Eb

3 /2}~Eg

2hn!3 /2, with hn being the emission energy.9 Therefore, a
decrease in the recombination lifetime with an increase o
emission energy is observed. The second possibility is th
transfer of electrons from higher energy to lower energy site
among the impurities, which could happen for high impurity
concentrations. The physical picture here would be analo
gous to the situation in II–VI semiconductor alloys,10 in
which excitons are localized in random potential wells in-
duced by alloy disorder and can transfer from higher energ
sites to lower energy sites by phonon emission. Here, phot
excited electrons could be localized in and thermally rela
among different impurity sites with a relaxation rate that in-
creases with an increase of emission energy.10 In such a con-
text, the observed lifetime behavior is primarily caused by
nonradiative transfer. Our results seem to indicate that th
behavior oft~E! is caused by the former mechanism at 10
K.7 However, the second possibility cannot be completely
precluded, especially at higher temperatures.

In conclusion, we have measured the time-resolved pho
toluminescence of a band-edge transition near 3.42 eV in
MBE grown GaN sample. An exponential decay behavio
has been observed. The spectral shift with delay time ha
been shown to be a natural consequence of the observ
emission energy dependence of the recombination lifetime
which is most likely due to the impurity binding energy de-
pendence of the radiative recombination lifetime.
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