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Free exciton emission in GaN
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We present a detailed study of the free exciton emission in GaN. Photoluminescence and photoluminescence
excitation techniques are employed to show the dominant role of exciton-phonon interaction in the creation of
the free exciton states and the free exciton emission cascade in GaN. Up to six longitudinal (@@ical
phonon replicas are observed in both photoluminescence and photoluminescence excitation spectra. From an
analysis of the free exciton line shape we are able to conclude that free exciton emission and the interaction of
free excitons with LO phonons have to be described within the framework of the momentum conservation law.
The exciton kinetic energy distribution is found to be a Maxwellian one having the temperature of the lattice.
This suggests an enhanced rate of free exciton scattering on the acoustic phonons, in contrast to other wurzite-
type semiconductor§S0163-182@6)01428-2

I. INTRODUCTION and detected with a single monochromator using standard
lock-in technique. The spectral resolution is better than 0.2
GaN with the wurzite-type crystal structure is a directA. The exciting light is polarized perpendicular to the hex-
band gap semiconductor. Since the first report its optical ~ agonal axis of the crystals. All PL spectra are corrected for
properties, numerous investigations have been made becaube spectral sensitivity of the detection system. The photolu-
of promising optoelectronic applications of this material. minescence excitatiofPLE) technique has been employed
Most of the works have reported on donor and acceptoto monitor the resonant excitation of the FE transitions. The
bound exciton emissiol;® shallow donor-acceptor pair light from a 1000 W Xe arc lamp is dispersed by a single
recombinatior;* and the observation of the deep yellow monochromator with the spectral widtti ® A and focused
band emission.FreeA, B, andC exciton states have been onto the sample using quartz lens optics. The emission is
identified mainly in photoluminescence excitaficend re-  collected with a quartz lens condenser as well and spectrally
flection measurementswhereas they have rarely been ob- resolved with a second single monochromator. The intensity
served in photoluminescente. of the emitted light is normalized simultaneously with re-
To the best of our knowledge up to now there is no infor-spect to the intensity of the exciting radiation by inserting a
mation concerning the kinetic properties of free excitonsquartz beam splitter in the path of the exciting light. A py-
(FE’s) such as exciton formation under optical excitation androdetector with a constant spectral sensitivity is used to mea-
its relaxation to the thermal equilibrium state. One of thesure the flux of the exciting light. PL and PLE measurements
principal features of the optical processes related to the FE'gre performed in the temperature range of 1.5 to 300 K.
in the polar semiconductors is the intensive interaction with
LO phonons regarded as Filich polar intraband scatterirg. IIl. RESULTS
This effect to a large extent determines the FE recombination
and kinetic energy relaxation within the exciton band. These A. Free exciton luminescence
phenomena have been widely studied in a variety of polar The emission of the exciton bound to the neutral donors
semiconductors: Cd%;'° ZnSe;* CdSel? and others. dominates in the PL spectra measured in the temperature
In this paper we first describe the exciton emission proregion from 2 to 30 K. Because of its small localization and,
cesses due to zero-phonon and multiphonon transitions. Theence, activation energy, an increase of the temperature leads
important feature of the phonon-assisted FE emission lines ig an efficient quenching of the bound exciton line. The full
that their shapes reflect the exciton kinetic energy distribuwidth at half maximum of the bound exciton line is 5 meV at
tion. Second, we discuss the mechanism of the formation of =2 K. Therefore, to avoid problems with overlapping of
FE states and the processes responsible for the kinetic energyminescence |ines, the major parts of the experiments are
relaxation of the hot excitons in GaN. done in the temperature interval from 50 to 100 K. At these
temperatures, lines related to the annihilation of the FE states
become dominating in the PL spectra.
The emission spectrum of free excitons in GaN is shown
Hexagonal GaN films are prepared by hydride and orgain Fig. 1. The oscillatory structure of the spectrum has an
nometallic vapor phase epitaxy on sapphire BFSC with  apparent 92 meV energy periodicitkO-phonon energy of
the ¢ axis perpendicular to the surface plane. PhotoluminesGaN (Ref. 13] with respect to the zero-phonon exciton tran-
cence(PL) is excited by the 3.8 eV line of a He-Cd cw laser sition. We marked on this figure LO-phonon positions with

Il. EXPERIMENT
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FIG. 1. Photoluminescence spectrum of GaN on SiT=a60 K
on a logarithmic scale. In addition to resonant emission lines of free
(FE) and bound exciton$BE) indicated by arrows, up to 5LO-
phonon rep.li.cas of the FE are obsgrved. Vertical grids indicate the FIG. 2. FE zero-phonon line shape at different temperatures.
energy positions of LO phonons with respect to the bottom of theInset: Arrhenius plot of the integrated intensity of the FE line. The
FE band. analysis gives a FE activation energy®fz=26.7 =0.3 meV co-

respect to the energy of the bottom of the exciton band, sinc| ;r'](gnggagv'th the optical position of this line with respect to the

the shapes of the FE-related emission lines are different. AS
follows from our experiments, the ratio between phonon rep-
lica intensities does not depend on the type of the substrateim yield for the FE transitions in our samples. This result is
used for the growth of the GaN epitaxial layer. The ratio ofin good agreement with the FE effective lifetime
the zero-phonon line integral intensity to one-phonon andneasurement®. At elevated temperatures the observed FE
two-phonon lines is 14:2.5:1, while a significant drop of thelifetimes are in the range of 10 ps and, obviously, determined
intensity can be easily seen for the higher order phononby nonradiative processes. From the prefa@er620 an es-
assisted FE transitions. We would like to point out that aimate for the FE radiative lifetime gives=6—8 ns, which is
similar behavior has been observed for the bound excitogf the order of the FE radiative lifetime in high quality CdS
emission and donor-acceptor pair recombination in a varietyysta|s!?

of polar semiconductors. The evidence identifying it with the Figure 2 exhibits a set of PL spectra of the zero-phonon

FE transitions can be drawn from the analysis of the lin§ine measured at different temperatures. The energy scale of

shapes of zero-phonon and phonon-assisted FE transitionsy,aqe yrves has been shifted in order to compensate for the

One of the main properties of free excitons Is its ability 10 ariation of the band gap with temperature. The characteris-

move in the crystal. AE a result, the kinetic energy of EXClic feature of these lines is an abrupt cut of the Stokes part of
tons spreads over sonkevalues. From the momentum con- the jine and a temperature broadening of the anti-Stokes one.

radiatively. The exact shape of the zero-phonon line has t . : : ]
be, strictly speaking, described in the framework of the freeBroadenlng of the line or an asymmetrical one, more pro

. : ; . nounced in the Stokes part of the spectrum depending on the
exciton polariton approacif. However, certain conclusions mechanism of electron-phonon coupling
can be drawn from the simple consideration of the tempera- The observed tendency at the red edge of the line can be

ture dependence of the shapes of the zero-phonon anedasil explained taking into account the very low density of
phonon-assisted FE emission lines. Y eXp 9 y y

The inset of Fig. 2 depicts the temperature dependence (%xciton states in the vicinity of the polariton bottleneck. In

the integral intensity of the FE emission line. The FE thermaﬁdd't'on' the process of kinetic energy relaxation of FE's into

scvaon enray i found to be 26703 meV. Thisvaue 1 000, U STIeS0n o on el Seaieus
is in excellent agreement with the spectral position of the FE? 9 ' 9

line with respect to the band gap edy®We would like to energy part represents th.e thermal distribution of the kinetic
energies of the excitons in the band. However, as we men-

mention that the thermal activation slope is deduced in th oned above. the recombination of excitons with=0 is
temperature region where the influence of the bound exciton™ " ' ~ ) Whidx )
line is negligible due to its small thermal activation energyforbidden due to thé& conservation law. Therefore the inter-

(see Fig. 2 The preexponential facta€ in the Arrhenius  @ction with acoustic phonons or inelastic scattering by impu-
plot [(T)=1(T=0)/[1+ Cexp(—Ee/KT)] where  fities or by other defects has to be taken into consideration.
E.e=26.7 meV is rather largeC=620. If we neglect the The probe_lblhty of exciton mteragglon with acoustic phonons
bound exciton transitions and consider only the contributiorS Proportional to a form factdf~

from the A valence band, at high enough temperatures this

number represents the ratio between the rates of nonradiative

and radiative transitions in which freeh pairs and FE's are P(q)e a 1)
competing. Thus, this number indicates a rather poor quan- q [1+(1/2Bagq)?]*
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Here the additional prefactdye represents the probability
FIG. 3. High temperature 1LO FE and 2LO FE replica line of phonon-assisted recombination of the exciton with kinetic
shapes(solid lineg. Dashed and dotted lines represent calculatedenergyEyg. For the two-phonon process this probability is
shapes of these lines as stated in the t@xt%0 K). independent of the exciton kinetic energy. The fits using Egs.
(2) and(3) can be done successfully over a wide temperature
Here B=m,/2(m.+m,), q=Epu/AS is the phonon wave range for both lines, demonstrating that the FE subsystem is
vector (S is the velocity of sound andag= %%/2uE e (1 in thermal equilibrium with the lattic&’
is the reduced magss the Bohr radius of exciton. Substitut-
ing the valuesE.,=26.7 meV, already at the energy of the B. Free exciton excitation spectra
phononE,=10 meV we obtain 1/28qag)>1. The factor ) oo
1/2(Bqag) rapidly lowers the probability of interaction with The free exciton state can result frc_)m the b|nd|ng.of free
high energy acoustic phonons. It is the reason why a therm&l€ctron-hole pairs photogenerated via the absorption con-
equilibrium distribution within the zero-phonon line has not inuum or by an indirect phonqn-_asa_sted exciton formation.
been observed in our experiments. From the momentum corl-N€ mMost developed tool to distinguish between these pro-
servation law it can be shown that phonons witkrk,, ~ CeSSes is the study of the FE excitation specttuthDue to
mainly interact with FE’$8 so excitons in the vicinity of the the momentum and energy conservation rules, every point of

bottom of the bandwith kinetic energy of the order of 1 the FE emission lines is related to some special point in the
meV for ke, in the range of 1®cm~1) can emit only low exciton band. Therefore the exciton resonances induced by

energy phonons. Therefore the fast decrease of the PL intefdirect exciton absorption with the simultaneous creation of
sity in the vicinity of the polariton bottleneck is determined & frée exciton and some LO phonons, or followed by a LO-
mainly by the low density of the exciton states. phonon cascade in the exciton band, can be monitored. These

The main consequence of the LO-phonon participation irProcesses determine the kinetics of FE'’s, and they cannot be

the recombination of FE’s is a breakdown of the momentuns€€N in absorption spectra. Figure 4 exhibits the PLE spectra
conservation law. Indeed, excitons with aky, are allowed ~detected at the energy of the FE zero-phonon and the 1LO-
to recombine, transferring the momentum to the phonon. BeRhonon-assisted emission lines. For the zero-phonon line up
cause of a small energy dispersion of the LO-phonon branclp Six resonant featureg with apparent 92 meV periodicity are

the shape of the phonon-assisted FE recombination lines ré€€N- As already mentioned above, we have to mark the LO-
flects the kinetic energy distribution in the exciton gas. Fig-Phonon positions with respect to the bottom of the FE band.

ure 3 shows spectra of the one-LO- and two-LO-phonon rep_For the 1LO-phonon replica the resonance due to the direct

licas of the FE emission. The shape of the two-LO-phonorFE excitation is detected as well. The intensities of these
replica can be fitted with good accuracy by a Maxwell dis-PLE peaks and their line shapes slightly vary for different

tribution having the temperature of the Iattice: samples(the spectral position of FE lines might differ from
sample to sample due to the strain in the GaN layers, i.e.,

|(E) = EY exp( — Exe /KT)] (2)  thermal mismatch between layers and substt3teBespite
this fact, their spectral positions with respect to the zero-
whereEé’x2 is the density of states in a parabolic exciton bandphonon FE line and all general features are exactly the same.
in a direct band gap semiconductdiyg is the exciton ki- The spacing precisely corresponds to the LO-phonon energy,
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as high as 0.2 eV has been postulated. Since up to six pho-
non replicas can be seen in the PLE spectrum of GaN, one
can raise the question as to whether free excitons with kinetic
energies up to 0.46 eV exist. To our mind, since the annihi-
lation of FE's with the simultaneous emission of a few LO
phonons is effectivéFig. 1), the excitation of FE’s in the
vicinity of the bottom of the exciton band with simultaneous
. creation of LO phonons should be allowed as well. This
phononsl I process is illustrated in Fig.(B). Depending on the energy

FE emission of the excitation either the FE can be created in the vicinity
of the bottom of the excitonic bandrig. 5(11), curvea] or
some more scattering events with acoustic phonons are nec-
essary for the FE to reach thermal equilibrigiFig. 511),
curveb]. The relaxation via acoustic-phonon scattering may
be either completed or not, depending on the ratio between
scattering rate and FE lifetime. The question of whether the
excitons reach thermal equilibrium with the lattice can be
solved by study of the PLE spectra. If thermal equilibrium is
not established, the excitons allowed to annihilééth
s ke,=0) can only be excited by light with energies equal to
Acoustical BN » I the energy of the bottom of exciton band phis, 5. Taking

phonons into account that the emission of phonons wtbf the order
of 1/ag is the most efficient proceg$jn the PLE spectrum a
FIG. 5. Schematic representation of two possible mechanisms &fat of narrow lines coinciding with the energy positions of
the creation of the free ex_citon emitting stabear tq the bottom of 10 | O phonons with respect to the bottom of the exciton
the FE bandl (1) “Hot exciton” cascade;(ll) creation of the low 154 should show up. Moreover, since excitons with any
E?(?:ir%tlioenxecal:\(;? Wtzir?::?;lél(;aunrsgg aerr:j'sdsg?; r?gtfignﬁ@puﬁszons'kinetic energy can recombine with emission of optical
b) with nE 9y phono_ns, t_he PLE spectrum of the FE phonon re_phca should
Lo be quite different from that of the zero-phonon line. As can
be seen from Fig. 4 this is clearly not the case. The width of
rather than toE, o(1+m./m,), wherem, and m;, are the the LO-phonon replicas is comparable to the energy of the
electron and hole effective masses. This is a strong indicd=O phonon and cannot be explained by a dispersion of the
tion for an indirect phonon-assisted excitation of the FELO-phonon branch. This implies efficient relaxation of hot
rather than formation of electrons and holes with subsequergxcitons towards the bottom of the band via emission of
relaxation via phonon emission. acoustic phonons. The similarity of the PLE spectra for both
The amplitude of the phonon-related oscillations rapidlyzero- and one-phonon FE lines further indicates that thermal
decreases toward higher energies and the intensity of thequilibrium in the FE gas is established. We found the iden-
background is nearly an order of magnitude lower. This sugtical Maxwellian shape for the 1LO and 2LO FE phonon
gests that the probability of FE creation due to interbandeplicas under excitation within and out of the region of PLE
e-h transitions is much lower than the indirect FE excitation.exciton resonances. This is additional support for our conclu-
The resonance features in the PLE spectra were explained &on. Taking into account the very short FE lifetitfegives
the framework of a hot exciton cascdd€ig. 5(1)]. In a first ~ evidence for a very efficient interaction of FE's with low
step, the absorption of a single quantum leads to the creaticgnergy acoustic phonons, providing the FE energy relaxation
of a FE with high kinetic energy and one LO phontio  towards the bottom of the exciton band.
accomplishk conservatiop The following FE energy relax-
ation down to the bottom of the exciton band is caused by IV. SUMMARY
the FE scattering on LO phonons through the intermediate
states in the exciton band. If the energy of the initial stat
differs by nE, 5 (wheren is an integer and, g is the LO-
phonon energywith respect to the bottom of the exciton

e The investigation of phonon-assisted FE recombination in
GaN has shown the important role of LO- and acoustic-
phonon interactions in the dynamics of the FE annihilation
band, the thermalization process is completed within'e- process. From studies of the FE line shapes and_ from PLE
12 . . ; . . spectra we have concluded that the energy relaxation process
10" * s, the typical time for the interaction with LO phonons " . : ; ;
. i ) .. via scattering on the acoustic phonons is completed during
[Fig. 5(1), curve a]. In the opposite case scattering with o ; L .
\ ! . tpe FE lifetime. Exciton formation in GaN occurs most effi-
acoustic phonons is required for the FE to reach the thermal. : i - ; )
S . ! ) Ciently in an indirect excitation process with the simulta-
equilibrium with the latticg Fig. 51), curveb]. neous emission of LO phonons
For the majority of polar semiconductors the FE binding P '
energy is of the order of the LO-phonon energy. The main
difference from GaN is that the energy of the LO phonon is
approximately four times larger than the FE binding energy. D.K. is grateful to the Alexander von Humboldt Founda-
From a similar investigation onA,;Bg compound tion for support. We thank Al. L. Efros for very helpful
semiconductor$ the existence of FE’s with a kinetic energy discussions.
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