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We have studied the dynamics of highly dense exciton and electron€sb)esystems in GaN by means of
optical Kerr-gate time-resolved photoluminesceribd) spectral measurements. In high-densth pairs
above the Mott density, the broad electron-hole plasma emission appears at first, and then the narrow PL due
to the biexciton and the inelastic exciton-exciton scattering is observed. When the pump light resonantly
excites theA excitons, highly dense-h systems with low effective temperatures are formed, and unique PL
bands are observed. These PL peaks can be explained by a picture tAa¢xbigons are scattered into the
A, B, andC bands.
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Recently, the development of wavelength-tunable femtoa sapphirec-plane substrate with a 25-nm GaN buffer layer.
second laser systems and remarkable progress in semicoiWe determined that the transition energiesAqgfB, and C
ductor crystal growth have enabled us to study intrinsic opexcitons in our samples are 3.493, 3.502, and 3.516 eV, re-
tical processes and dynamics in wide-gap semiconductorspectively, by means of photoreflectance measurements at 6
GaN and lll-nitride compounds are key materials for funda-K.®
mental semiconductor physics and also for blue and ultravio- Wavelength-tunable femtosecond laser pulses were ob-
let optoelectronic devic€'s.Because of the large exciton tained from an optical parametric amplifier system based on
binding energy, highly excited GaN provides us an excellent regenerative amplified mode-locked Ti:sapphire laser. The
stage for the study of the excitonic many-body effects inpulse duration and the repetition rate werd50 fs and 1
semiconductors. With an increase of the excitation laser inkHz, respectively. For time-resolved PL spectral measure-
tensity, the exciton density exceeds the Mott transition denments, an optical Kerr gate method was used with toluene as
sity, and the exciton state turns to the electron-hole plasma Kerr medium in a quartz cell having 1-mm thickness. The
(EHP) state? In highly excited GaN, the band-gap shrinkage time resolution was about 0.7 ps. The excitation photon en-
and the broad EHP emission are observed because of tleegies for the band-to-band and thesxciton resonant exci-
many-body effects in dense electron-h@deh) systems=®It  tations were tuned to 3.723 and 3.493 eV, respectively. The
is pointed out that in wide-gap GaN tleeh pair correlation PL spectra were measured as a function of the delay time,
effect play an essential role in optical gains and electronigising a liquid-nitrogen-cooled charge-coupled de{iCED)
processe&® However, the dynamical behaviors of highly with a 50-cm single monochromator. The sample tempera-
dense excitons aneth systems in GaN are not clear. ture was kept at 6 K.

Time-resolved photoluminescen(fL) spectral measure- Figure 1 shows time-resolved PL spectra of GaN thin
ments are one of the most useful methods for understandirfgms under the band-to-band excitatit®723 eV} at differ-
the dynamics of highly dense excitons a@dh systems. In  ent excitation intensitiega) 8, (b) 130, and(c) 380 uJ/cnr.

GaN thin films, the PL dynamics have been studied onlyUnder weak excitation of @J/cn?, a PL band appears at
under the band-to-band excitatiérf. Under the band-to- ~3.486 eV. Similar PL bands appear under higher excitation
band excitation, the photogeneratedh systems are “hot” intensities at several tens of picoseconds or more as shown in
because of large excess energy. On the other hand, the ex&iigs. Ib) and Xc). The spectral shape of these PL bands can
ton resonant excitation produces “colé’h systems with be fitted by an inverse-Boltzmann functishwhich is char-

low effective carrier temperatur€s® The low-temperature

and high-densitye-h systems provide essential information -
on the collective effects and excitonic processes in highly ©
excited semiconductofs?2 In this work, we report the PL & 5
dynamics of highly excited GaN at low temperatures, and theg 10
dynamical behaviors of highly dense excitons aal sys- C1s
tems are discussed through the comparison of time-resolveﬁ 20 ‘ i
PL spectra between the band-to-band andAtexciton reso- 25 i’ !
nant excitations. Under the exciton resonant excitation, i} ]
unique exciton-related PL bands are clearly observed, ant
the origin of the PL bands is discussed.

The samples used in this work were fabricated by the FIG. 1. Time-resolved PL spectra of GaN thin filntssaK under
metal organic chemical vapor deposititMOCVD) method.  the band-to-band excitatic(8.723 eV. Excitation densities aré)
The thickness of the GaN epitaxial layer wagrB, grown on 8, (b) 130, and(c) 380 uJ/cn?.
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FIG. 3. Time-resolved PL spectra of GaN thin film$a under

.fﬂ’f//\‘xw the A-exciton resonant excitatio(8.493 e\). Excitation densities
7.0ps

7.0ps : are(a) 7, (b) 110, and(c) 330 uJ/cn?.
10.0ps ./ \ 10.0 ps
o oe A\ 201 PSA ken in highly dense-h systemd.-18In this calculation, the

MAMAAAERNAI § ERRNEE spectral shape of the EHPs is determined by the renormal-
3334353637 3334353637

Photon Energy (V) ized band-gap energfE,), the e-h pair density(ng), and
the effective electron temperatufd,). The experimental
FIG. 2. (Color onlineg Temporal changes of the PL spectra of data at short delay times within 3 ps can be fitted very well
GaN thin films under the band-to-band excitati@723 e\J. The by this model, shown by the broken curves in Figd)and
excitation densities ar¢a,b) 130 and(c,d) 380uJ/cn?. Time-  2(d).!® When the excitation density is 38]/cn?, ny, esti-
integrated PL spectra are shown(a and(c). The broken curves mated from the above-mentioned spectral shape calculation
are fitting using a no-conservation model. is 4x 10 cm2 at 0 ps. We also calculated it using absorp-
tion coefficient(6 X 10* cm™)8 and reflectivity(20%).2° The
acteristic for the spectral shape of the biexciton emission. Izalculated value is 3.1 10* cm™3, which is almost the same
addition, the energy difference between the 3.486-eV Plas that we estimated from the spectral shape calculation.
peak and the 3.493-eX-exciton peak is consistent with the These results indicate that the broad emission is attributed to
biexciton binding energy of-6 meV!#1® Therefore, it is the spontaneous emission of EHPs. In addition, in Fig),2
concluded that this PL band is due to the biexciton emissionhe narrow PL band is superimposed on the broad EHP emis-
(so-calledM line). Because the exciton density is still high in sion within ~3 ps. This is due to the stimulated emission of
the observed time region, a PL band due toArexciton was  EHPs, because the peak energy of the narrow superimposed
not observed. PL band agrees with that of the optical gain spectfim.
Under high excitation intensities above 100/cn?, the In Fig. 2(b), at the delay time between 5 and 10 ps, a peak
broad PL band appears just after the laser excitation, asppears below thel-line emission energy. It is believed that
shown in Figs. (b) and Xc). The peak energy of the broad this emission is due to the exciton-exciton scatteriag-
emission shifts towards lower energy with an increase of thealled P line) emissior?2 whose details will be discussed
excitation intensity. It is considered that the broad emissionater. Under the band-to-band excitation, time-resolved PL
is attributed to the EHPs. Th#&l-line emission appears studies show that the EHP emission appears just after the
around 3.486 eV at-5 ps. The appearance of thé line  laser excitation and sequentially the exciton-related PL bands
suggests that the-h pair density rapidly decreases below the appear with delay time. However, the band-to-band excita-
Mott density, and the exciton dynamics determines the Pltion produces high-temperatueh systems. The thermal
properties. The EHP signal disappears rather fast p9.  broadening due to high electron temperatures leads to am-
The average lengths of the diffusion for electrons and holebsiguous discussions. Rather, we can clearly observe the
att=4(ps are(Dt)2=100 and 45 nm, respectively, whéde  change of the EHP state to the exciton state and the exciton-
is the diffusion coefficients, which are 25 and 5%mfor  related PL in low-temperature-h systems formed by the
electrons and holes for GaN, respectivélysince the pen- A-exciton resonant excitation.
etration depth at 3.723 eV is about 100 nm, the decrease of Figure 3 shows the time-resolved PL spectra under the
electron-hole density by the diffusion is by a factor of 1/2, A-exciton resonant excitatio(8.493 eV} at (a) 7, (b) 110,
and it is not negligible small. Consequently, the carrier dif-and (c) 330 uJ/cn?. Under theA-exciton resonant excita-
fusion process as well as radiative and nonradiative recontion, the scattering of the laser light appears around O ps
bination of EHP causes the rapid disappearance of the EHéelay time. In Fig. 8a), theM line at 3.486 eV appears at the
emission. delay time of about 2 ps. With an increase of the excitation
Figure 2 shows temporal changes of the PL spectra at 6 Klensity, at around 0 ps delay time the broad PL band due to
under the band-to-band excitation: The excitation densitiethe EHPs appears at3.45 eV, and the peak energy slightly
are(a, b 130 and(c, d) 380 uJ/cnt. The time-integrated PL  shifts to the higher energy with delay time.
spectra are shown in Figs(& and Zc). It is known that the Figure 4 shows temporal changes of the PL spectra under
spectral shape of spontaneous EHP emission can be dthe A-exciton resonant excitation at 33@)/cnf. The inte-
scribed by the nomk-conservation model, where the grated PL spectrum is shown in Figat With an increase of
k-selection rule for optical transitions is assumed to be brothe delay time, the broad emission due to the EHPs continu-
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ous A band, the P line appears at 3.467 eV. These values

|
3.5ps pt, 3,51 | agree with the energies &, andP,. We denote the scatter-
Pa ing process for theP,-line as 2Z,— A+P,, where the
39ps | A-exciton state is indicated a&. In addition, there are two

v "10 YT '50 o5 PL peakqPg and RC) at the lower energy side. It is possible
: Photon Energy (6V) that then=1 A exciton is scat'gere_d into the_z other bands such
as theB andC bands. If the binding energies of tBeandC
FIG. 4. (Color onling Temporal changes of PL spectra of GaN €Xcitons are almost the same as that of £hexciton, the
thin films under theA-exciton resonant excitatiof8.493 e\l. The ~ peak energies dP lines due to the scattering into tiieand
excitation density is 33@J/cn?. Time-integrated PL spectra are C bands are 3.458 and 3.444 eV. Here the energy differences
shown in (8. The broken curves are fitting using a non- between theA andB bands and between tieand C bands
k-conservation model. are 9 and 23 meV, respectively. These values are approxi-
mately consistent with the energies of thg and P bands.
ously shifts to theM-line peak energy, where thil-line  Hence, it is concluded that thez and P bands originate
energy is indicated by the dashed line in the figure. Thdrom the P line due to the scattering of the=1 A exciton
broken curves are calculated spectra using the norinto theB andC bands. These processes can be expressed as
k-conservation modéi’*® There is a good agreement be- 2X,— B+Pg and 2X,— C+Pg, respectively. This is a clear
tween the experimentally observed and theoretically calcuebservation of the inelastic scatterings of excitons into dif-
lated PL spectra. Surprisingly, the spectral shape of the PEerent bands in GaN. These PL bands are not resolved in the
band drastically changes after2 ps, i.e., a few new PL time-integrated PL spectrum of Fig(al. By using time-
peaks appear below thd-line energy. Three PL peaks ap- resolved PL spectroscopy they are clearly distinguished.
pear at 3.468, 3.456, and 3.445 eV, and these are indicated Byere is no theoretical study on the inelagii@xciton scat-
P, Pg, andP¢, respectively. In addition, we also observed atering processes into other bands, and it is difficult to discuss
shoulder at higher energy &%, line, which is denoted b¥?,.  the selection rules in highly dense exciton systems at present.
Since the EHP emission disappears -a8.5 ps,n.,, de-  This point is under discussion in this fi€ld.
creases below the critical density of the exciton Mott transi- From the fitting of spontaneous EHPs emission spectra
tion. shown by the broken curves in Figs(b? 2(d), and 4b),
In extremely weak excitation condition, the PL band dueeffective electron temperaturg, can be obtained. Figure 5
to the bound exciton was observed. Since the density of thehowsT, as a function of the delay time. The open circles
impurities is finite, the number of the bound excitons is satu-and triangles show th&, at the excitation intensity of 550
rated with increasing excitation density. Thus, free-exciton-and 130uJ/cn? under the band-to-band excitation. The
related PL bands, such as free-excitoM, and P lines, solid circles show thd, at 330uJ/cn? under theA-exciton
emerge. In highly dense exciton states, inelastic excitonresonant excitation. Under the band-to-band excitatign,
exciton scattering processes contribute to the PL spectra. Iises to~500 K just after the laser excitation. On the other
inelastic exciton scattering processes, twol excitons are hand, T, is only ~70 K under theA-exciton resonant exci-
scattered, and one of them is excited to higher energy excitotation, and is much lower than that under the band-to-band
states such as=2,3,...%, while the other is scattered into a excitation, because the excess energy of the excitation pho-
photonlike staté.The emission due to the photonlike state ton is small in the case of the resonant excitation. Moreover,
appears at lower energy @éf exciton, which corresponds to under theA-exciton resonant excitation, the increase of the
the energy difference between the high-energy scattered elattice temperature is smaller, afid becomes~20 K after
citon states and the=1 exciton state. When the exciton is ~1.5 ps, as shown in Fig. 5. When we estimated RH&ne
scattered into the=2 A-exciton state, thé line appears at energy after~3.5 ps in Fig. 4, we assumed that fhigwas 6
3.474 eV, where exciton binding energy is 25 nf€When K. From Fig. 5, it is considered that this assumption is rea-
the exciton is scattered into tlme= state(i.e., the continu- sonable. Here, we should note that the exciton binding en-
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ergy is 25 meV, which means that exciton is stable belowand exciton-related emissions were observed. Under the
~290 K22 The temperatureT,, is well below it even at A-exciton resonant excitation, the emissions due to inelastic
0 ps under the resonant excitation. Therefore, highly densscattering of thenx=1 A exciton into theA, B, andC bands

and cold excitons were created under the resonant excitatioappeared after several picoseconds. The detailed optical pro-
and PL lines,Pg and Pc, were able to be observed. In cesses in highly excited GaN were revealed by time-resolved

the band-to-band eXCitation, hOWeVer, the thermal broaderPL Spectra of cola-h Systems formed by th&-exciton reso-
ing due to the highl, hinders the fine structures in the PL ant excitation.

spectra.
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