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Dynamics of a band-edge transition in GaN grown by molecular beam
epitaxy
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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 GaN1@95 American Institute of Physics.

GaN and AlGa_,N wide band-gap semiconductors measurements. An excitation pulse of about 7 ps at a repeti-
have been intensively studied recently for applications in tion rate of 9.5 MHz was provided by a cavity-dumped dye
two areas{1) optical devices, including blue-UV light emit- laser, which was pumped by an yttrium—aluminum—garnet
ting diodes(LED) and blue-UV laser diodeg2) electronic  (YAG) laser with a frequency doubler. The output from the
devices, including devices operating in hostile environmentslye laser was frequency doubled again by a second fre-
such as high-temperature and high radiation doses and undguency doubler to provide tunability in the UV region. The
extreme conditions such as high frequency and high powetaser output after the second doubler has an average power of
In particular, GaN and AIN form a continuous alloy systemabout 20 mW, a tunable photon energy up to 4.5 eV, and a
whose direct band gap at room temperature ranges from 3gpectral resolution of about 0.2 meV. A single photon count-
to 6.2 eV, because of which their applications for many noveing detection system was used to record the time-resolved
optical devices are very promising. photoluminescence spectra. With the use of a deconvolution

There has been a considerable amount of research effarechnique, the overall time resolution of the detection system
directed towards the understanding of the optical propertiesvas about 70 ps.
of GaN and AJGa _,N. However, the dynamics of optical Figure 1 shows one representative continuous-v{em
transitions, including the band-to-band, exciton, and band-tospectrum of GaN measured at a temperature of 10 K, which
impurity transitions in these materials, have never been inshows two dominant emission lines. The full width at half-
vestigated previously due to the lack of high-quality crystalsmaximum (FWHM) of both lines is about 10 meV, which
and picosecondor subnanosecondaser spectroscopy sys- indicates that the sample under investigation is of high crys-
tems with UV excitation and detection capabilities. Impor-talline quality. The emission line at 3.474 eV is commonly
tant basic quantities such as the recombination lifetimes obelieved to be due to the recombination of excitons bound to
these optical transitions, which are crucial to the design ofeutral donors I(;).® The cw spectral peak position of the
optoelectronic devices, have not yet been measured. With tHewer energy emission band varies from 3.414 to 3.422 eV
recent advancement of epitaxial growth techniques, remarkdepending on excitation intensitgnd is very close to that of
able improvement in crystal quality has been achieved, espen emission bandat ~3.424 e\ associated with the pres-
cially for GaN. The investigations of the dynamic processesnce of oxygen impurities reported in a previous literature by
of optical transitions in these materials appear to be timelyChunget al® There, the intensity of this emission band was
In this letter, we report the first experimental investigation onfound to be strongly dependent on the oxygen implantation
the dynamic processes of band-edge optical transitions idosage. The slight difference between the spectral peak po-
GaN. sitions observed in our sample and those of Chung’s is most

The GaN sample used here was grown by moleculalikely due to the following factors(1) our picosecond pulsed
beam epitax(MBE) on a sapphire (AD5) substrate with a laser has a lower pulsed power than that of the nitrogen laser
50 nm AIN buffer layer. The substrate temperature during thaised in the previous work2) samples used in the previous
growth was 750 °C. An electron cyclotron resonaEER)  work have much higher impurity concentrations, because of
source under a low microwave plasma powed W) pro-  which the emission bands were very broad. We assign the
vided the reactive nitrogen while Ga and Al were evaporate@mission band near 3.420 eV observed here to the recombi-
using conventional effusion cells. The thickness of the epination between electrons bound to oxygen impurities and
taxial layer was about m with room-temperature electron free holes(band-to-impurity transition as proposed previ-
concentration of about 6 cm 2 as determined by Hall ously by Chunget al® Other transition mechanisms, includ-
ing donor—acceptor paifDAP) recombination and the re-
“permanent address: Department of Applied Physics, Xi'an Jiaotong Uni€OMbination between the free electrons and neutral
versity, People’s Republic of China. acceptors, are less probable due to the following factdys:

3474 Appl. Phys. Lett. 66 (25), 19 June 1995 0003-6951/95/66(25)/3474/3/$6.00 © 1995 American Institute of Physics



1.2 3.0 T T T
o t=0
® t=0.4 ns l GaN
25 A t=08 ns % T=10 K]
09 b 4 t=12 ns o
— o °© o
n 00 10 20 30 40 & 20 | |
- Nanoseconds ° o] fo)
e +3.5 , * >y
a RESIDf——foght St oi— 49 e o
D -3.5 . . -
. 06| N L é 1.5 1 o ! N
* o
€ - : . 8 o ‘“.’
\<.[:/ * . c o® e
. — 1.0 | ° i
— e : . . O.‘ ! o °
0.3 + ’%‘ [y L4 - e OOO
oy * o0 . ® A Y
rel Y 4 . ® Q 7
*.' ° . R .AAAL A i
( D . ¥ 0.5 g‘AA “ AA o
. o
g \ ;ﬁﬁﬂ‘é‘ . & ®ee?
00 . . 0.0 . VY VY
32 3.3 3.4 35 3.38 3.40 3.42 3.44 3.46
Energy (eV) Energy (eV)

FIG. 1. One representative cw photoluminescence spectrum of GaN med&lG. 2. Time-resolved photoluminescence spectra of the 3.42 eV emission
sured afT=10 K. The inset shows the semilogarithmic plot of the temporal line measured af=10 K. The arrows indicate the spectral peak positions at
response of the band-to-impurity transition measured at the peak energy antifferent delay times. Delay time=0 has been chosen at the positions of the
T=10 K. The instrument response to laser pulgeps width is indicated as  maximum intensity in the luminescence temporal responses as shown in the
“system” and the wiggling line is the experimental data. The solid line is the inset of Fig. 1.

least-squares fit using a single exponential decay with the deconvolution of

the instrumental response. The residues of the least-squares fit is also in-

cluded at the bottom of the inset. Excitation energy was 4.260 eV. we have plotted the peak positiokg and the full width at

half-maximum(FWHM) of the emission line as functions of
delay time. The peak position shifts toward lower energies

all known acceptor impurities in GaN have ionization ener-Iinearly with delay time from 3.421 eV 4t=0 to 3.414 eV at
gies which are too large to account for the energy position 0{21 ns. The solid line in Fig. @) is the least-squares fit of

this emission band, unless there exists an unidentified accep- by a linear equationE,(t)=E,—at, and the fitted
p p '

tor impurity with a smaller binding energy?) the known 2 o¢ areE,=3.421 eV ande=>5.88 meV/ns. FWHM also
DAP zero-photon transition line in GaN occurs at about 3.26creases linearly with delay time. The dotted line in Fig.
eV.’ (3) if the recombination of the short distant DAPS is 31 s the least-squares fit of FWHM with another linear
responsible for the emission band near 3.42 eV, it W°”|dequation, FWHMt) =FWHM(0)+ 3, and the fitted values
imply that the impurity concentration in our sample is Very gre FWHMO0)=8.6 meV andB=2.66 meV/ns.
high, which is contrary to the Hall measurement result. Thus,  The emission energy dependence of the recombination
our assignment for this emission line seems plausible.  |ifetime for the 3.42 eV transition line is depicted in Fig. 4,
Time-resolved emission spectroscopy has been eMmghich shows that the lifetimér) is of the order of subnano-
ployed to study the dynamics of the transition lines. In thisseconds and decreases with an increase of emission energy.
letter, we are mainly concerned with the dynamic processeg, fact, the luminescence spectral shift with delay time as
of the emission line near 3.420 eV. The inset of Fig. 1 showgnown in Fig. a) is a natural consequence of this strong
a semilogarithmic plot of the temporal response of the trangmission energy dependence of the recombination lifetime.
sition line measured at the peak energy ardl0 K. As we By approximating the emission line shape at the delay time
can see the decay of this transition line in GaN is a single=q py a Gaussian distribution, the time-resolved photolumi-

exponentiall (t)=10e”"", with 7 being the recombination nescence at emission energyand delay time can be writ-
lifetime. We have measured luminescence temporal regen as

sponses such as that shown in the inset of Fig. 1 at different 5

emission energies covering the entire emission band as well I(E,t)=1 exp[ _(E-Ep)® ]
as at different temperatures from 10 to 150 K. In all cases, ' 0 203 7(E)| "’
the decay of luminescence is single exponeritial.

Figure 2 shows time-resolved emission spectra of th ) o :
3.42 eV emission line measured®t10 K at several repre- Uminescence and the spectral peak p05|t|om:al.lg0 1S
sentative delay times. The arrows in Fig. 2 indicate the specr-mated to the. '.:WHM aF=0 by FWHM=2[2(In A %ao. .
tral peak positions at different delay times. Several featureghe pgak positions at d|ff<_arent_delay times can be obtained
can be observed from Fig. 2. First, the peak positions of th y settingdI(E,)/dE=0, which gives

@

erely and E, are, respectively, the peak intensity of the

emission line shift toward lower energies with an increase of os [dr
delay time. Second, the linewidth of the emission line also  Ep(t)=Eq+ 2E) (d_E) t. 2
increases with delay time. For a clear presentation, in Fig. 3 P Ep
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FIG. 3. (@ The peak position&, and (b) the full width at half-maximum

that the binding energy of the oxygen impurities in the
sample under investigation has a distribution. There are two
possible explanations for the emission energy dependence of
the lifetime {E) as depicted in Fig. 4. First, the behavior is a
direct consequence of the energy dependence of the radiative
recombination rate, i.e., the behavior gE) is associated
with the distribution of the oxygen impurity binding energy
E,. This is based on the fact that the dependence of the
radiative recombination lifetime of a band-to-impurity
transition on E, can be described by,~<E}?=(E,
—hv)%2, with hr being the emission energdyTherefore, a
decrease in the recombination lifetime with an increase of
emission energy is observed. The second possibility is the
transfer of electrons from higher energy to lower energy sites
among the impurities, which could happen for high impurity
concentrations. The physical picture here would be analo-
gous to the situation in 11-VI semiconductor allo¥sjn
which excitons are localized in random potential wells in-
duced by alloy disorder and can transfer from higher energy
sites to lower energy sites by phonon emission. Here, photo-

(FWHM) of the 3.42 eV emission line as functions of delay time measured€Xcited electrons could be localized in and thermally relax

at T=10 K. The solid lines are the least-squares fits uskgt)
=Ep(0)—at and FWHMT)=FWHM(0)+gt.

among different impurity sites with a relaxation rate that in-
creases with an increase of emission enéfdy.such a con-
text, the observed lifetime behavior is primarily caused by

Based on the fact that decreases approximately linearly nonragiative transfer. Our results seem to indicate that the
with E nearE,, as shown in Fig. 4, and that the amount of behavior of {E) is caused by the former mechanism at 10

E, shift is much smaller than the impurity binding energy,

we thus obtain,
Ep()=Eg—at. 3
This is what we have observed in FigaB

If the band-to-impurity transition involves a single im-

K.” 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 a
MBE grown GaN sample. An exponential decay behavior

purity energy level, the spectral shift with delay time and thehas been observed. The spectral shift with delay time has
variation of the recombination lifetime with emission energyP€€n shown to be a natural consequence of the observed
are not expected. The results obtained here clearly indica@Mission energy dependence of the recombination lifetime,
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which is most likely due to the impurity binding energy de-
pendence of the radiative recombination lifetime.
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