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Time-resolved photoluminescence study of excitons in hexagonal GaN layers grown on sapphir
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We performed time-resolved and continuous wave photoluminescence on two samples of hexagonal GaN,
one with free exciton emission and the other without. For the sample with free exciton emission, very different
decay dynamics are observed between the front and backside emission. We find that the strain caused by the
lattice mismatch between the sapphire substrate and the GaN film has a large influence on the population decay
of the sample with free exciton emission and a minor influence on the decay properties of the sample domi-
nated by bound exciton emission. A polariton picture is used to describe the observed behavior.
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I. INTRODUCTION

Recent advances in GaN as a wide band-gap light em
have generated much interest in the study of the basic p
erties of GaN.1 It is hoped that a precise knowledge of th
intrinsic GaN parameters will lead to improvements in d
vice design and fabrication. Time-resolved photolumin
cence~TRPL! is a powerful experimental tool to study ne
materials primarily because of the large amounts of spec
and temporal information one can obtain from such exp
ment. Several groups have performed TRPL on the wur
and cubic phase of GaN using either single photon coun
or a streak camera.2–5 Most studies have been done o
samples where the recombination was dominated by bo
excitons at low temperature.5 The purpose of this paper is t
present a systematic study of both free and bound exciton
hexagonal GaN for different temperature, excitation inte
sity, and sample quality. We show that the emission cha
teristics are highly dependent on the crystal quality of
sample and explain the widespread values of the excito
recombination lifetime that have been published in the lite
ture by using the polariton picture.

II. EXPERIMENTAL SETUPS AND SAMPLES

The measurements are done using a Hamamatsu Syn
can streak camera with a temporal and a spectral resolu
of 10 ps and 0.36 nm, respectively. For TRPL excitation,
utilize the third harmonic of the mode-locked Ti:Sapph
laser at 260 nm with an approximate pulse width of 150
and a spot diameter of 50mm. For CW excitation, we use th
325 nm line of the HeCd laser. We perform TRPL on tw
nominally undoped samples grown onc2Al2O3 substrates.
Sample A has a thickness of 3.8mm, a room-temperature
570163-1829/98/57~12!/7066~5!/$15.00
er
p-

-
-

al
i-
te
g

nd

of
-
c-
e
ic
-

os-
on
e

s

electron concentration of 531016 cm23, and an electron mo-
bility of 600 cm2/Vs. At low temperature, the dominan
emission is from the donor-bound exciton~DX! and the A
and B free excitons. The full width at half maximum of th
DX line is 1.7 meV at 10 K, and the sample is taken from t
same wafer as the sample in Ref. 6. The epitaxial GaN fi
are deposited using low-pressure metalorganic chemical
por deposition on the basal plane of the sapphire substra
The deposition is carried out at 100 mbars and 1050 °C
ing triethylgallium and ammonia. A thin~50–100 nm! AlN
buffer layer was grown at 7002800 °C prior to the GaN
film.7 In contrast, sample B with a thickness of 3.3mm, a
room-temperature electron concentration of 231017 cm23,
and an electron mobility of 280 cm2/Vs has no observable
free exciton emission. The GaN film on sample B was gro
by plasma-induced molecular-beam epitaxy~PIMBE! using
a conventional effusion cell for gallium and a rf-plasm
atomic radical source~Oxford Applied Research CARS-25!
for nitrogen. The inductively coupled plasma power was 4
W and the pressure in the MBE chamber during growth w
431025 mbars. The sample was grown at 800 °C with
growth rate of 0.5mm/h.8 The strong DX emission from
sample B at 5 K has a linewidth of 5 meV. CW photolumi
nescence and reflectivity measurements at 10 K show ne
gible Stokes shift in sample A and a 5 meV Stokes shift in
sample B, indicating large inhomogeneous broadening
trap density. Both samples are polished on the backsid
improve optical transmission.

III. RESULTS

In bulk material, thek50 exciton forms an exciton po
lariton which is a stationary state of the system. As was fi
pointed out by Hopfield,9 it is improper to talk about radia
7066 © 1998 The American Physical Society
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tive lifetime for the free exciton in bulk material. The re
evant idea is that the exciton forms stationary polari
states, and the leakage of the polariton from the interface
the bulk leads to observable emission outside the sample10,11

Thus, a measurement of the emission is a direct probe o
polariton population. The rate of the emission is determin
by the polariton leakage rate and the polariton populat
decay rate.

The polariton dispersion is given by

«~k,v!5«`1(
i

4pa iv0i
2

v0i
2 1~\2v0i /mi !k

22v22 iG iv
, ~1!

FIG. 1. ~a! Theoretical polariton dispersion~solid curves! and
theoretical absorptiona52 Im(k) ~dashed-dotted curve!. The inset
shows the three-step model that describes the system.~b! Polariton
group velocity for different branches.~c! Reflectivity spectra of
sample A.
n
of

he
d
n

where «`55.35 is the high-frequency dielectric constan
v0i , 4pa i , G i , andmj are the resonance frequency, pola
izability, effective linewidth, and effective mass of thei th
exciton. Figure 1~a! shows the theoretical four-branches p
lariton dispersion and absorption calculated using Eq.~1! and
the parameters: 4pa52.27231023, 2.34531023, 3.314
31023, \v053.4899, 3.4983, and 3.5202 eV, an
G52.478, 2.532, and 26.52 meV for the A, B, and C ex
tons, respectively. The energies, linewidths, and polariza
ities are that of sample A and is calculated using a lea
square fit of the reflectivity spectrum using Eq.~1! and the
Pekar boundary conditions12. In the fit, we assume that a
the effective masses are equal to the electron mass,mi5m0,
that the excitons dead layer thickness is 12 nm, and that
GaN slab is sufficiently thick near the resonance energie
that the system can be treated as two semi-infinite regio
Although such a many parameters fit~nine parameters in ou
case! gives accurate values ofv0, it can only give an order
of magnitude estimate of the intrinsic polarizabilities of t
free exciton as evidenced by the varying values reported
the literature.13,14 The main reasons for this are the differe
quality of samples that are used by different groups and
sensitivity of the reflectivity fit to the actual potential of th
surface boundary seen by the excitons.15 The theoretical ab-
sorption agreed well with the experimental absorption.16 In
Fig. 1~b!, we plot the group velocity of the different polar
iton branches given byvg5\21]E(k)/]k. In the vicinity of
the exciton resonances, the propagation velocity can be d
tically reduced with a maximal value ofc/2n wheren is the
GaN background refractive index. For a 2–3mm sample
such as ours, we expect that the time for the polariton
propagate across the sample is of the order of 0.1 to 1
which is much shorter than any decay rate observed in
experiment. Thus, we can neglect any transient polar
propagation effect in the intepretation of the excito
polariton dynamics in our system.

The experimental reflectivity spectrum and th
theoretical-fitting of sample A are plotted in Fig. 1~c!. We
identify the dominant transitions to be the A and B fr
excitons. The DX exciton contributes a small ‘‘wiggle’’ in
the reflectance spectrum due to its finite absorption and th
f
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FIG. 2. TRPL of sample A,~a! Decay of the
DX, AX, and A excitons at excitation power o
90 mW as measured from the front side.~b! De-
cay of DX and A excitons as measured from th
back side. PL Spectrum at different times aft
initial excitation as measured from the front~c!
and back~d! sides. Dashed lines show the P
spectra under CW excitation. Note that the re
tive scale between the CW and time-resolved
intensities are arbitrary.
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exists no Stokes shift between the free exciton resona
and the photoluminescence~PL! peaks in Fig. 2. We con
sider the decay dynamics of sample A when the sampl
excited from the front and the backsides. Figure 2~a! shows
the low-temperature decay dynamics of the different excit
for sample A. A fit to a single exponential of the form,A
1Be2t/t, shows that the decay timest are 162, 136, and 66
ps for the AX, DX, and A excitons, respectively. We ha
found that the PL spectrum several 10 ps after initial exc
tion @Fig. 2~c!# is very similar to the PL spectrum obtaine
under CW excitation. This suggests that the different exci
branches are in thermal equilibrium with each other on
time scale less than 10 ps of initial excitation. To understa
the different decay rates of the excitons, we consider
following process in the polariton picture@see the inset of
Fig. 1~a!#. Initially, ~1! hot carriers and excitons are creat
by the short pulse. These carriers thermalize to the polar
bottleneck region@the shoulders of the dispersion labeled
3, and 4 in Fig. 1~a!# after about 10–20 ps by emission of L
and acoustic phonons. In Ref. 17, this thermalization proc
was shown to be dominated by an indirect process with
multaneous emission of LO phonons. Subsequently~2! the
thermalized excitons are transfered to thek.0 polariton
states. The leakage of these polaritons or scattering f
impurity and interfaces result in a thermalized PL emiss
after the initial few tens of picoseconds. Simultaneously,~3!
part of the thermalized exciton population andk.0 polar-
iton states are trapped by impurities. The impurity-bou
exciton subsequently decays either radiatively or nonra
tively. For low impurity density, the decay rate of the A
and DX lines are limited by the capture rate to the bou
exciton state.

Different dynamical responses are observed dependin
whether the emission is measured from the front~GaN! side
or the back (Al2O3) side of the sample. Figure 2~b! shows
decay dynamics when the sample is excited and meas
from the backside. A fit to a single exponential shows t
the decay times are 88 and 16 ps for the DX and A excito
respectively. These rates are independent of the excita
intensity range in our experimental setup (;12100 mW).
Figure 2~c! shows the corresponding emission spectrum
different times. Despite the observation that the PL is u
form across the sample position from the same side, v
different behavior is observed on the back emission. T
difference is not attributed to a signal distortion from t
thick Al2O3 substrate layer since we have measured
transmission of a bare Al2O3 sample and find it to be ove
85% uniform over the energy range of interest. All measu
ments in Fig. 2 are taken at 4.5 K under identical excitat
conditions. In comparison with the front emission, the ba
emission has a larger linewidth and has a peak emission
is shifted 5 meV to the blue side. For bulk material in whi
polariton scattering by defects is large, the photolumin
cence signal comes predominately from the top layer o
thickness of 1/a at the interface of the material, wherea is
the absorption coefficient. For GaN and excitation far abo
the bandgap, this is less than 100 nm. In this respect,
different emission dynamics between the front and backs
can be interpreted as a consequence of the sample inh
geneity at the two interfaces. This is particularly true f
GaN that is grown on Al2O3 where considerable lattice mis
es
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match and strain on the back surface exists. It has b
shown that the strain in the GaN film is relaxed only for film
with thickness above 150mm.18 Compressive strain on the
backside leads to a localized increase of the GaN bandg
The broadened line shapes and the blue shifts are co
quences of these residual strain fields caused by differen
in the thermal-expansion coefficients of the layers and h
been observed for samples of different thicknesses in
front emission.13,19,20We believe the predominant emissio
from the backside are from the GaN layer and not from t
AlN buffer layer which has a bandgap of 6.28 eV at 5 K.1

In the polariton picture, the decay rate is expected to
the same for observation from the front and back surfac
This is analogous to the photon lifetime of a two-mirro
laser cavity. For such a cavity, the photon lifetime depen
only on the mirror reflectivities and is the same whether it
measured outside one of the mirrors or the other. For
polariton in a slab, the decay of the polariton should also
identical even though the polariton trapping rate and the p
lariton leakage rate can be very different at the two sid
Our observation of the different polariton decay rates at t
front and back sides implies that the polariton, once form
at the front interface by the above-mentioned process, d
not propagate to the other interface. Otherwise, the de
rates of the front and backsides should be identical. We
pect that the polariton from one interface is highly damped
the vicinity of the other interface because of the large diffe
ence in exciton energies~of the order of 5 meV! or polariton
detuning caused by residual strain near the two interfac
For the front side where the polariton energy is small
propagation to the backside requires transition to higher
ergy where the polariton density of state is high. This proce
requires absorption of phonon and is unlikely at low tem
perature. For the substrate side where the polariton energ
higher, as deduced from the blue shift between the front a

FIG. 3. ~a! Temporally integrated spectra taken at different tem
peratures for sample A.~b! Temporally and spectrally integrated PL
intensity at different temperatures for sample A and B.~c! Decay
time of DX and A excitons at different temperatures for sample
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back emission, propagation to the front side is feasible
emission of acoustic phonons. This propagation constitu
an additional decay mechanism for the polariton and can
to a faster decay rate as we observed from the TRPL of
backside.

Figure 3~a! shows the time-integrated PL of the fro
emission of sample A at different temperatures. We obse
the characteristic redshift of the emission with increas
temperature which is caused by the decrease of the G
bandgap and broadening of the PL linewidth. The latte
caused by an increase of phonon scattering. The integr
spectral and temporal emission of the free excitons are
duced by three orders of magnitude from 4.5 K to roo
temperature@Fig. 3~b!#. The decrease in emission efficienc
is primarily caused by trapping of carriers by impurities a
defects and the subsequent nonradiative recombination
longer wavelength. Although the density of traps is consta
the trapping rate increases with temperature because o
increased phonon scattering rate. Thus, most of the hot
riers and hot excitons generated by the laser pulse
trapped before any formation of ak50 exciton. At tempera-
tures wherekBT*Eb (T.230 K!, whereEb is the exciton
binding energy, thek50 excitons are no longer stable due
thermal dissociation. Figure 3~c! shows the DX and A exci-
ton decay time of sample A at various temperatures from
front side. The rapid decrease of the DX lifetime with i
creasing temperature confirms our assignment that it
shallow-donor-bound exciton and is consistent with the
servation by another group.3 The k50 polariton lifetime at
the A exciton energy also decreases with temperature
general, there are two contributions to the polariton de
rate, the polariton leakage rate and the polariton trapp
rate. For a fixed temperature, the polariton leakage rat
highly sample specific because the rate depends mainl
the interface properties. The polariton trapping rate increa
with temperature because of increasing phonon scatte
which leads to increased trapping of polaritons by impurit
and other nonradiative recombination processes. Our in
pretation of the decay dynamics explains qualitatively
different free exciton decay rates observed by different
search groups, since the quality of the GaN which play
crucial role in determining the leakage rate can be very
ferent depending on growth conditions. As we have sho
the rate can even be very different for the same sample
pending on whether the PL is excited from the free surface
the substrate side.

Figure 4~a! shows the TRPL for sample B at 5 K. I
comparison with sample A, the relative emission from t
DX exciton is much stronger. A weak shoulder at 3.485
suggests the presence of a small population of A excito
The PL spectrum at very short times after initial excitation
very similar to the CW PL~dashed line!, implying that full
thermalization occurs within the risetime of 10 ps. The dec
near the DX state can be very well fitted by a single ex
nential. A plot of the decay time across the inhomogene
distribution is shown in Fig. 4~b!. At the low-energy side, the
decay time is constant and of the order of 55 ps. For
impurity capture rate such as in this sample, this time can
interpreted as the bound exciton radiative lifetime. A simi
lifetime has been observed for the DX state by anot
group.3 At the high-energy side near the free exciton ener
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the decay rate is of the order of 20 ps. Both leakage rate
the exciton polariton and impurity trapping rate contribute
this decay rate which gives an upper bound of the impu
capture rate. In our experiment, we find no change in
decay rate for our range of excitation powers. The decay
the DX line is found to increase rapidly with temperature d
to ionization by acoustic-phonon scattering@Fig. 4~c!# and is
similar to the observation in sample A. In terms of the p
lariton picture, the initial hot carriers transform into therm
excitons within 10 ps. The high density of defects and imp
rities acts as an efficient trap for the thermal excitons bef
any appreciable formation of exciton polaritons. At low tem
perature, the broad distribution of impurity states decay
diatively within 55 ps. A similar decay is observed on th
backside suggesting that the strain induced at the GaN
phire interface plays a less important role in this case.

IV. CONCLUSION

The decay dynamics of bulk GaN near the excitonic re
nances must be described in terms of the polariton picture
a high-quality sample, the relevant parameters are the po
iton formation time~rise time of the decay! and the leakage
rate of the polariton~lifetime of the decay!. We have shown
that the decay rate depends strongly on crystal quality wit
a layer of thickness 1/a as seen from the different observe
for between the front and backside emissions. In samp
with a large trap density, the relevant parameters are
trapping time of thermal excitons by defects~decay rate at
the high-energy side! and the radiative lifetime of the impu
rity bound excitons. The interface plays a less important r
in this case.
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FIG. 4. TRPL of sample B,~a! PL spectra at different times
after initial excitation. The dashed line shows the PL under C
excitation.~b! Exponential decay time at different energies of t
inhomogeneous line.~c! Donor-bound exciton~DX! decay time at
different temperatures.
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