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High-excitation photoluminescence in GaN: Hot-carrier effects and the Mott transition
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Photoluminescence under intense excitation is studied in GaN. As the excitation density increases, we show
the Mott transition between an excitonic recombination to a plasma-type recombination. The carrier density at
the Mott transition is given. At and above the Mott density, we show that the carrier temperature is higher than
the lattice temperature. The energy relaxation of the hot plasma is shown to be dominated by LO-phonon
emission. Coulomb screening and band-gap renormalization are observed from the photoluminescence peak
position and the measured renormalization factor is in good agreement with elementary many-body theory.
Finally the dependence of the Mott density on carrier temperature is shown to follow a Debketirodel.
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[. INTRODUCTION carriers in the electron-hole plasma above the Mott transi-
tion.
The knowledge of physics in a semiconductor in a high
injection regime is of particular importance when related to
high-injection devices. This physics is now well established
for GaAs and understood for the 1I-VI compounds like CdS The sample used in this study is gufa-thick GaN film
and CdSe. This domain can be investigated by highgrown by a metal-organic chemical-vapor deposition
excitation photoluminescence. This was done, for instancdMOCVD) on a sapphire substrate. A nonintentionalype
by Tanaka in GaAgRef. ) and by Guillaume in Cd%. doping of 3x10""cm™2 at 300 K was measured by the Hall
Whereas a hot-electron-hole plasma is created in GaAs &ffect. The full width at half maximuniFWHM) of the x-ray
low lattice temperature and high density, the situation is dif-diffraction peak is 157 arc sec. The overall crystallographic
ferent for CdS and turns out to be dominated by excitonicluality is typical of what is obtained in such GaN layers. The
recombinations. Further studies showed that these conclihotoluminescence experiment uses a quadrupled YAG
sions were dependent on the injected carrier density and tHdUm aluminum garngtlaser emitting at 4.66 eV with a
excitation energy of the optical sourd®.This question is PUlS€ width of 20 ns and a repetition rate of 20 Hz. The pulse
raised again with the emergence of gallium nitride and is 01Wldth of the laser is larger than the typical relaxation time in

the highest interest as this compound is nowadays the begiaN (<1 ns). (Ref. 9: we can consider that steady' state is
candidate for the realization of a blue lasevlany studies reached during the pulses. The energy can be varied from 0

have been dedicated to stimulated emission in opticallto 2 mJ per puise. The incident beam is focused normally on

. . o, Xhe sample and the spontaneous emission is also normally
pumped GaN and the resulting optical g&ifi.Stimulated collected and measured with an optical multichannel ana-

emission brings, in fact, valuable information on the _gain anqyzer. This geometry avoids any distortion of the spontane-
the transparency threshold. However, as far as carrier recondys spectrum by a parasitic effect of stimulated emission. A
bination is concerned, a photoluminescence experiment i§_ W He-Cd cw lase(3.81 eV} can be added to the experi-
preferred as the spectrum is not affected by the optical ammental setup, allowing the measurement of a low power
plification in the layer and is thus easier to interpret. In thisspectrum. The beam geometry is carefully analyzed and the
study we propose an investigation of the optical properties ofncident power is measured with a power meter: the incident
GaN under high optical injection. Section Il deals with the power density is thus determined. The GaN absorption coef-
experimental procedure employed for obtaining the high exficient has been carefully measured by the following method:
citation photoluminescence spectra. These spectra are pree have thinned a part of the sample to different thicknesses
sented in Sec. Il with their main features. Section IV dealsby reactive ion etching and measured the optical transmis-
with hot-carrier effects which can be extracted from thesion as a function of the GaN thickness. The exponential
spectra. Section V emphasizes the renormalization process @iependence gave us an absorption coefficient equal to 1.5
GaN and its consequence on the photoluminescence spectral(® cm * at an energy of 4.66 eV and at low power den-
We have observed the Mott transition in two ways: first, bysity. Given the large difference between the excitation en-
the transition from(free or boung exciton recombination at ergy (4.66 eV} and the band-gap energy of gallium nitride
low excitation density, to free-electron/free-hole recombina<3.45 eV}, any effect of stimulated emission on the absorp-
tion within an electron-hole plasma at high-excitation densitytion of the pump can be neglected. This absorption coeffi-
(above ~3.8x 10'%cm™3); second, by the presence of hot cient corresponds to an absorption length of 0.Q6@. A

Il. EXPERIMENTAL PROCEDURE
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A AR AR LA AR MRS RA AL AR ML 30 K. The spectrum obtained with a cw He-Cd laser as the
T bath = 30K excitation sourcg3.81 e\ is shown in Fig. 1. It is domi-
nated by an excitonic peak centered at 3.484 eV, attributed to
the exciton bound to a neutral dondd {X). The free exci-
ton (A exciton peak can be sedwhen the spectrum is plot-
ted in linear scaleas a shoulder located about 6 meV above
the bound exciton peak. For increasing temperatunes
presented hejethe free exciton peak increases relative to
the bound exciton peak and finally takes over for tempera-
tures larger than 120 K. This spectrum can be compared with
the spectrum obtained with the quadrupled YAG laser at low
power (carrier density equal to severall@m™2). They are
similar. The only difference is the degraded signal-to-noise
ratio due to the small repetition rat20 Hz) of the YAG
3.7 laser. The spectra obtained with the quadrupled YAG laser
Energy (eV) and for increasing pumping power densities are shown in
Fig. 2. Some of these spectra are labeled with their corre-
FIG. 1. Luminescence spectra of the GaN sample for a battgponding injected carrier density. With increasing density,
temperature of 30 K. One spectrum is obtained with a 5-mW cwthe high-energy part of the spectrum takes on an exponential
He-Cd laser(3.81 e\). The other spectrum is measured with a 4 dependence on energy: at the highest power density, this
X YAG laser (4.66 e\) with a very low incident power density. high-energy tail extends from 3.5 to 3.6 eV. Moreover, the
amplitude of the tail increases almost exponentially when the
diffusion length of about 0.um has been measured in GaN carrier density is above 810 cm 3. This feature is the
by various technique¥.We thus take an effective absorption signature of hot-carrier effects. On the low-energy side, the
length d of 0.1 um (effective absorption coefficient of spectrum broadens as the power density is increased. Several
10° cm™Y) to take the diffusion into account. The generationstructures, almost periodic, appear below the main peak.
rate is then equal to the product of the absorption coefficienThey will be identified in the following as phonon replicas of
and the incident flux. In the case of an electron-hole plasmaa hot plasma. The main peak of the luminescence spectra
the number of carriers optically injected in the sample can beedshifts with increasing carrier density, as shown in Fig. 2:
deduced. The radiative recombination coefficiBriias been this behavior will be described in terms of band-gap renor-
determined from previous studiés? to be equal to 1.3 malization. The analysis of the shift of the peak will lead to
%108 cmPs L. In this experiment, the incident power den- the characterization of the Mott transition. The description of
sity is varied from 0.06 to 16 MW/cfy and the injected this transition with the Debye-Hikel model will be pre-
carrier density thus ranges from %40 to 1.2 sented in Sec. V.
x10¥%cm™3,
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IV. HOT-CARRIER EFFECTS

IIl. EXPERIMENTAL LUMINESCENCE The spontaneous-emission spectriithv) for band-to-

The spectra obtained in this experiment are presented jand recombinations is proportional to the product of the

logarithmic scale in Figs. 1 and 2 for a bath temperature ofléctron ~and hole distribution  functions, that i§
«f.(Ee)f(Ep), wheref, andf, are the Fermi-Dirac distri-

butions and we hav@v=Eg+E.+E,. If E. and E, are
well above their quasi-Fermi energies and if the distributions
are Maxwellian, then the product simplifies to

fe( EC) fv(Eh) e~ EC/kTeef En/KTg— ef(hvag)/kTe_ (1)

We assume here that the carrier temperallyés equal for
electrons and holeésFigure 3 presents a semilogarithmic
plot of the high-energy part of the luminescence spectra ob-
tained with the quadrupled YAG laser, for increasing inci-
dent power densities. At low incident power density, below
0.4 MWi/cnt corresponding to a carrier density of 1.8
x 10 cm™3, the high-energy tail is not perfectly exponen-
tial: the carrier temperature cannot be defined. Above 0.4
MW/cm?, the tail is exponential over about one decade. In
GaAs, the linear domain is found to be larger than two
decades?® The smaller linear region in GaN can be explained

FIG. 2. Luminescence spectra of the GaN sample for a battpy different factors. First, the plot is linear within 30-40
temperature of 30 K measured with a pulsed YAG laser(4.66 ~ meV in both cases, and the smaller slddae to the higher
eV) with increasing incident power densities. Some of these spectriemperaturgin our experiment reduces the signal dynamics.
are labeled with the corresponding injected carrier density. Second, GaAs and GaN have a different valence-band struc-

Photoluminescence (arb. units)

Energy (eV)
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be relaxed(935 me\} is very important. The efficient

§ Toaeh = 30 K 1.4 MWcm:z mechanism is therefore rather an emission of longitudinal-
& § 1.7 Mem® optical (LO) phonons, the energy of a LO phonon in GaN
T 9 - 12162 mz:z being as large a&, ,=92 meV!® The photoexcited electron
g 4 16 MW can cool down towards the electron gas by emitting up to 10
S ] LO phonons sinceAE,=935me\=10E, 5+ SE. The re-
§ , | sidual of energysE, equal here to 5 meV can be relaxed by
8 i two mechanisms: either acoustic-phonon emission or the in-
£ teraction with the electron gas. Note that only the latter
2 ok | mechanism transfers energy to the electron gas. The energy
s i ] dissipation rate through LO-phonon emissiaz(dt).. o IS
e T deduced from the probability for an electron to emit or ab-
s i sorb a LO-phonon and is independent of the carrier defisity
PIFTEREEENEN W RS EA A ¥ P AT U A WL
3.48 3.50 3.52 3.54 3.56 (ds) _ 2eEELo N sinfi-! 2
Energy (eV) dt c-LO_ (2mge) 2| d sin Elo
FIG. 3. Semilogarithmic plot of the high-energy tail of the lu- e—Eo 1/2
minescence spectra for different power densities. The exponential —(Ng+ 1)sinh‘1(—) , (2)
behavior of the tail allows the determination of the carrier tempera- Lo
ture added in the figure. wheree is the energy of the photoexcited electrdf, is the

ture. In GaAs, two of the valence bands are exactly degen\?v(i:t%ufhi“?ezﬁ [)nnperi\(/);r?tt]r?en?gst ?L;\ﬁ\éz \Ii%a_qar?éi?:tlennger
erate atkk=0 and the third valence band is split off by 340 ' 9 P gy

meV due to the spin-orbit coupling; in hexagonal GaN allin GaN is far larger than the thermal energy up to room
three valence bar?ds are s Iitpb gt’he cr stgl field and théemperature, it should be noted tthé} is much smaller than

. . : piit by oy . unity: the bath temperature dependence aé/@t).., o can
spin-orbit coupling. However, the splitting energies are

small: in this the GaN layer grown on compression on sap—be neglected, is an effective field given by

phire, the energies betweénandB excitons and betweeR m.e2E 1 1
and C excitons are about 10 and 20 meV, respectivély. eEy=——y | ——— —)
Thus, one may expect some deviations from the simple 4mhZeo |Ks Ko
theory (based on a single valence-band maximuwm the  whereg, is the free-space permittivityl.. andK, are the
high-energy side of the photoluminescence tail in GaN. Fronpptical and the static dielectric constants, respectively, equal
Fig. 1, the carrier temperature is deduced for each poweip 5.2 and 9.6° In GaN, (eE,) is found equal to 0.33 MeV/
density by Eq(1). For example, at 1.7 MW/cfthe carrier ¢cm.

temperature deduced from the slope is equal to 148 K and is The second path of relaxation for the photoexcited elec-
considerably larger than the bath temperature maintained &ton is a direct interaction with the electron gas through
30 K, thus proving the presence of a hot-carrier populationelectron-electron collisions. The energy dissipation rate
Moreover, the carrier temperature increases with the inciderthrough electron-electron collisionsl€/dt). . can be writ-
power density. We now proceed to explain the carrierten by analogy with metatd

temperature dependence on the pumping power by consider-

ing the precise mechanisms of relaxation in the de —net
semiconductof:*® In fact, the illumination of the GaN (E ~ 27K2(2mee) s2’
sample(band-gap energ§,~3.48 eV} with the YAG laser ee

(E=4.66eV) creates carriers in their respective bands witlwheren is the carrier density anld is the average dielectric
an excess energAE; given by AE;=m,/m; (E—E,y), function. One has to estimate the relative importance of
wherem;, is the reduced massy; is thei carrier massi(  electron-electron collisions compared to LO-phonon emis-
=e,h) and we neglect here the band nonparabolicity. Thesion. The theoretical work and the experimental approach
hole mass (0:8,) (Ref. 15 being larger than that of the have been well described by Shah and will be applied here
electron (0.2n,),° the excess energy given to the electronfor GaN®® The two dissipation rates are equal if the carrier
(925 meV is far larger than the one given to the héR54  density is equal to a critical density} given by'®
meV): as a first simplification, we will only consider the

()

4

1/2

electron population. , 8me EoE oK ?e5 4/~ ELo
The photoexcited electron is then located high in the tail ~ Mc = o7 (Ng+1)sinh Eo
of the distribution function. The other electrons located at the
bottom of the conduction band are in quasiequilibrium and 4] € 2
form the electron gas. There are mainly two relaxation paths ~Ngsinh E_LO : ®)

for the very energetic electrofi:either an interaction with
the lattice through phonon emission or a direct collision with!n the GaN case, for a bath temperature of 30 K, the value of
the electron gasete). ny is found equal to 24 10cm™3 Hence for a carrier

Regarding the electron-lattice interaction, acoustic-density far lower thamg , the photoexcited electron relaxes
phonon emission can be ruled out since the excess energy peimarily through LO-phonon emission. Ifi=n}, both
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mechanisms are considered dnds defined as the probabil-

ity that a very energetic carrier is involved in an electron-  g.19%

electron collision. F is thus roughly equal te/(n+n?). g

Given the experimental density range X10'-1.4 85_ R slope: o= 91 meV

x 10cm3) and the value oh} , the electron-electron col- : 1=9fs

lision is never dominant ané varies from 0.004 to 0.375.

The excess energf AE, given to the electron gas by the

photoexcited electron through electron-electron collisions

thus varies from 3.7 to 350 meV. Hence, for carrier densities

larger than 1&cm™3, FAE. is far larger than 6E

=5 meV: the electron-gas heating is mainly due to the pri- SE

mary electron-electron collision. J
If collisions between carriers in the electron gas are more 4 R e >

frequent than phonon emissions, the electron gas can ther- 10° 107

malize towards a Maxwell-Boltzmann distribution character- Incident power density (Weni)

ized by an electron temperatufg. Averaging Eq.(2) over

such a distribution gives the pow®(T,) dissipated by the FIG. 4. Arrhenius plot of the carrier temperatufe versus the

1/T.(K")

electron gas per photoexcited electrdn, incident power density. An Arrhenius behavior is obtained for
power densities larger than 1.6 MW/@nA linear fit allows the
2E. o eXoXe— 1 (Xe/2)llze(xe/2)Ko(Xe/2) determination of the activation energy equal to the LO-phonon en-
P(Te)= (eEO)( o1 ) , ergy in GaN(91 me\). The study of the intercepts gives an effec-
€ € /2 ® tive relaxation time of 9 fs.

wherex,=E, /T, andx.=E, o/T., T, is the lattice tem- Hence, for sufficiently low lattice temperatures, the electron

perature and, is the modified, zero-order Bessel function. temperature follows an Arrhenius law and the activation en-

Let us come back now to the condition of thermalization: theergy is 92 me\VA> P(T,) is usually written as follows:

thermalization within the gaselectron-electron collisions

has to occur more rapidly than the LO-phonon emission. Elo Eo

This condition is obtained by comparing the electron- P(Te)=|——|exp — KTo) (10

electron collision rate and the electron-phonon collision rate

and is fullfilled whenn>n., where?® The characteristic time takes into account the effective field

1 (eEp) and the_ LO-pho_non energ?y,_o . _As e_xposed by Lyon,

. )exe’zKo(XGIZ). Thas no precise physmql meaning since it is a complgx func-
eo—1 tion of all the characteristic physical times involved in the

(7)  calculation? For GaN, 7 is evaluated to be 7 fs. Experimen-

In our case, for a carrier density in the range of 70’ to tally, for each power density, a carrier temperatyre is de-
1.4x10%cm 2 n. varies from 9< 101 to 5.3x 106 cm ™3 duced from the high-energy tail of the photoluminescence
. 3 c . . . .
The condition for internal thermalization is thus satisfiégd: spectrum. Figure 4 represents the_ Arrh_enlus ploT ois a
is defined. The experimental results indeed show a MaxwellflUnction of the incident power densnyThE:s pl_o;[ shows data
Boltzmann distribution for carrier densities above 1.8only for 1>0.4 MW/cmz,.Le.,n.>1.8>< 1(.)1 e, where the
% 10" em™3. However for carrier densities lower than 1.8 electron temperature is defined. First from 0.4 to 1.6
¥ 108cnP. the bahav,ior of the tail is not exponential al- MW/cm?, the electron temperature remains almost constant

and equal to 120 K: this particular behavior will be examined

thoughn>n.. This may be attributed to the existence of . :
excitons at smaller densities, as will be discussed later in thig] th_e following. Above 1.6 MW/crh the electror_1 tempera-
ure increases and follows an Arrhenius behavior. The slope

X0 Xe

nc=(8\/;/e4)ﬁw0Kzs(2)(eEo)(

aper. . > . !
P EI)'he powerP,, given to the gas by the photoexcited elec-9IVe€s an act!vanon energy gqual 09 mey. This result is
trons 143 tum consistent with the hot-carrier gas relaxation through LO-

phonon emission. The intercept of the Arrhenius plot of Fig.
Pium=(1/d)(W/E)(1/n), (8) 4 aIIO\_Ns us to est_imate equal to 9 fs. _The agreement of the
experimental luminescence results with the general theory of
wherel is the incident power densityl is the effective ab- hot photoexcited carriers is thus good. From far-infrared po-
sorption length,E is the photon energy, antW=FAE, larized reflexion spectra performed on highly doped GaN
+SE. In steady stateP,, is equal toP(T¢). In the case samples (X 10°cm ) at room temperature, Manchon
where the LO-phonon energy is much larger than the thermadt al. measured an electron relaxation time of 3.8’fghe

lattice temperaturkT, and the electron thermal energy,, scattering time of an electron by LO phonofts;, and A;)
the bracketed quantity in Eq6) reduces to unity and the was directly measured by time-resolved Raman diffusfon.
balance equation becontés The measured value of 25 fs is one order of magnitude

smaller than in GaAs, which was explained in terms of the
large ionicity of GaN. Although our effective time cannot be

directly compared with scattering times measured by other
9) methods, we can compare it with the value obtained by the

2E 1/2 E
P(Te)= (Tto> (eEO)exp( - k—i) =(1/d)(W/E)(1/n).
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FIG. 5. Evolution of the amplitude ratio between the first and

. 2
. . . P density (W/
the second phonon replica as a function of the carrier temperature ower density (W/cm)

. . FIG. 6. Arrhenius plot of the carrier temperaturg versus the
same method in GaAs. Values in the range of 100 fs to 1 Pihcident power density for different bath temperatures. g

are obtained in bulk or in GaAs quantum wellsvhatever slope has been added in the high-energy part of the curves.

the measurement method is, the comparison with GaAs

shows that electron—LO-phonon scattering times are shortdéhe variation of this ratio with the carrier temperature, de-
in GaN than in GaAs by a factor of 10 or more. It is thus fined for power densities larger than 0.4 MW/crithe be-
expected that the LO-phonon emission is the main relaxatiofaVior is, as expected, linear. .

path for the hot electron population in GaRef. 19 as it is Similar experiments were performed for different bath

. : . ) . temperatures. As was done for the caselgf;=30K, the
the case in GaAS! O_ur e>;]pe|r|ment has conﬂrnfwer(]:l this point. arrier temperature was measured from the exponential high-
Let us now examine the low-energy part of the spectra Obnerqy tail as a function of the incident power density. Hot-

Fig. 2. Periodic structures are phonon replica. The first phoggyrier effects are also noticed for bath temperatures larger
non replica, due to the ndreonservation, is expectétiat  than 30 K. The Arrhenius plot of the carrier temperature as a
an energyE%,= Ey—ELot 2kTe. The last term, usually neg- function of the power density is presented in Fig. 6 for five
ligible in a low-power luminescence experiment, is in this different bath temperatures{30, 60, 100, 170, 234, 300K
case very important. In fact, the carrier temperature is foundror sufficiently high power densities and for bath tempera-
to vary from 120 to 240 K with increasing pumping power, tures lower than 170 KT, follows an Arrhenius law witH
corresponding to a carrier thermal energy of 10.4 to 20.2nd the activation energg* is around 92 meV, showing
meV. The peak energy associated with the interband transthat the hot-carrier gas relaxes through LO-phonon emission.
tion is expectetf at Epeq= Eq+0.5%T,. As a consequence, At 234 K, the slope value is 10 meV larger thepo and at

the first phonon replica is separated from the main peak by 800 K, E* equals 230 meV. The power density range where
quantity equal tcE,o— 1.5 T, lower than the LO-phonon the Arrhenius plot is valid is also smaller when the lattice
energy(92 meV). The theoretical position can be calculated t€mperature is higher. These observations can be qualita-
for each power densitycarrier temperatujeand is repre- tively descnbgd by the theoretpal b{ilance relation written in
sented in Fig. Zstars. The agreement between the calcu-Ed- (9) but without the approximation to Ed6) that we
lated and the measured replica positions is very good. Thg!ade for the low-temperature case. Figure 7 plots this theo-
following structures at even lower energy are periodicallyretical relation for the bath temperatures considered here. For
spaced with an energy separation of 92 meV. General theofgath temperatures lower than 100 K, all the curves coincide

of exciton-phonon coupling predicts that the spectral shap@nd the Arrhenius plot is valid. For a given power density,
of a phonon replica is given by the productWf,(E,.), the when the bath temperature increases above 100 K, the carrier

transition probability times the Maxwell-Boltzmann distribu- {€Mperature also increases but the difference between the
tion function of the excitons, which depends on the carrie€@/mier and the lattice temperature decreases. Furthermore,
temperature and the kinetic enery, of the excitons. It can the Power density range of validity of the Arrhenius plot is

be showR?2 that the probabilityW(1LO) of one LO- decr_ea;mg with lattice temperature. This behavior can be
phonon-assisted emission is proportional to the kinetic enguahtauyely und_erstood by a stronger effect of the electron-

ergy E,. of the exciton, and the probability of a two LO- phonon interaction at elevated bath temperatures. Thus_all
phonon-assisted emission is independent Bf. The ©OU observations are in good agreement with the hot-carrier

amplitude ratio between the first and the second phonon repi€0rY:
lica is therefore proportional to the kinetic energy of the
excitons, i.e., to the carrier temperatdteWe will assume

here that the general behavior of these phonon replicas is
valid also for the hot electron-hole plasma since the distribu- From Fig. 2, a redshift of the main peak in the lumines-
tion function of the plasma is Maxwellian. Figure 5 presentscence spectra can be noticed. Figure 8 plots the energetical

V. BAND-GAP RENORMALIZATION
AND MOTT DENSITY
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temperatureT, varies from 100 to 400 Kk T, ranges from
8.6 to 34.5 meV. The corresponding range of carrier densi-
ties investigated in the experiment is*#910"°cm™3, giving
an electron plasmon energy of 25 to 81 meV. In these con-
ditions, the band-gap renormalization is thus independent of
the carrier temperature. From studies performed on highly
dopedn-type GaN samples, a band-gap renormalization co-
efficient & equal to 2. 10 8eVcn?® or 2.4x10 8eVem
(Ref. 26 was found. If we take into account the thermal
blueshift equal to 0kT, (Ref. 20, a total shift equal to
AE=—an+0.5T, is expected for the photolumines-
cence peak. In Fig. 8 the corresponding fit of the experimen-
3 7] tal shift is presented for carrier densities larger than 1.8
x 10" cm™3. Let us recall that the carrier temperature can be

deduced from the spectrum. The only parameters of the fit
25 ? T4 s 6 7 8 '7 2 are thus the fundamental band-gap energy and the band-gap
10 renormalization coefficient. « found from the fit is equal

to 2.1x10 8 eV cm, in very good agreement with the previ-

FIG. 7. Theoretical relation between the carrier temperafgre OUS experimental resulttRef. 25, and in a pretty good

and the incident power density for different bath temperatures. Pa@greement with our first-order theoretical calculation. The
rameters arel=0.1um, me=0.22m,E, o=92meV, andk=7.4.  uncertainty of our determination can be estimated to be about
Curves for a bath temperature of 30, 60, and 100 K cannot b@0%. At low carrier densitiesy<1.8x 10"¥cm™3, the peak
distinguished. remains located nedf=3.484eV. This position is exactly
the energy of the excitonic peak, known from the photolu-
minescence spectra obtained at low power density with the
IHe—Cd laser(3.81 eV). This is due to a compensation effect
between the redshift produced by the band-gap renormaliza-
tion and the blueshift induced by the screening of the Cou-
lomb potential. Because of this screening, the exciton bind-
d’ng energy decreases with increasing carrier densities as
— an®? and finally vanishes at the Mott transition, for a car-
rier density of 1.8 10®¥cm 3. A closer examination of the
spectra(not presented heran this density range indicates
a}he following evolution. With increasing pump intensities,
the peak attributed to the bound exciton remains at a constant
energy while the freé exciton shoulder seems to redshift
itgwards the bound exciton peak, the two peaks finally merg-
ing for a density around 1:810"¥cm™3. (However, this
shoulder is barely discernable and our data are not precise
enough to allow us to investigate more deeply the roles of

7x10°

>3}

/T (K"

Power density (W/cmz)

position of this peak as a function of the cubic root of the
carrier density at a bath temperature of 30 K. For carrie
densities greater than 8.0 cm ™3, the peak redshifts lin-
early with the cubic root of the carrier density. This behavior
is symptomatic of a band-gap renormalizatf8mA rough
calculation of the band-gap renormalization performed t
first order, taking into account the exchange energy only
predicts a lowering of the band-gap enerd¥, such as
AEg=—an'®  ais known as the renormalization coeffi-
cient and depends only on the exciton energy of the materi
For GaN, this calculation leads to a theoretical value dor
equal to 1.510 eV cm. Such a renormalization does not
depend on the carrier temperature if the plasmon energy
larger than the carrier thermal energy.. When the carrier

350 T T T T T . T 30x10° bound and free excitons in the Mott transition. This remains
> Pga; o5 12 a 1 e an open subjedtWe consider that the Mott transition occurs
540k . . 1 5 between free excitons and free electron-hole pairs and we
< R e & will use free-exciton parameters to describe fit.
2 etk M As a result of the evolution of the exciton binding energy
g 3.48) . ¥ | N R RER- with the carrier density, we expect the formation of a hot
% T 2 electron-hole plasma for carrier densities larger than 1.8
& L i“*% 0 g X 10" cm™3. However, we notice that between 1.8
s : g x 10 cm 2 and 3.8<10"¥cm™3, the carrier temperature re-
Ty = 30K T 1° ¢ mains constant, equal to 120 K. This may be related to the
dagble cwbem 1o o107 L L - coexistence of excitons and electron-hole pairs in this inter-
o8 10 1z 14 16 18 20 2200 mediate density range. In the same way, the amplitude of the

Carrier density"3

em™) photoluminescence signal at 3.52 &N the high-energy tajil

FIG. 8. Experimental position of the luminescence peak as a plqtted in Fig. 8_' as a_functlon (.)f the cubic root of the
function of the cubic root of the density. The horizontal line repre-dens'ty' _The ampl'tUd% rls?gs draSt'Ca!ly above a thr?Shc’ld
sents the energy of the excitonic peak which is constant up to 1.8€re defined at 3:810" cm*. Hence, instead of a unique
X 10'8cm™3, Star points correspond to a model of renormalization, Mott density, we may define a Mott density range here equal
taking into account the carrier temperature. The amplitude of thd0 1.8X 10'°~3.8x 10" cm™ for a bath temperature of 30 K.
photoluminescence at 3.52 eV is also represertight axis: a N the following, only the higher limit will be considered as
threshold can be defined corresponding to a carrier density equal #ie Mott densityny (3.8x10"¥cm™3). Such a densityy,
3.8x10%cm 3 has been identified for each bath temperature investigated in
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10x10'® T T T rier can occur through LO-phonon emission or collisions
with the electron gas. In the case of GaN, the energetical
contribution of the last mechanism to the gas is important
and induces the formation of a hot plasma. The analysis of
the high-energy tail of the luminescence spectra indicates
that carriers are in a Maxwell-Boltzmann distribution with a
carrier temperature larger than the lattice temperature. The
. experimental evolution of the carrier temperature with the
power density shows that the main path of energy relaxation
) ; . . of the hot plasma is the LO-phonon emission. An effective
100 150 200 250 300 relaxation time is deduced equal to 9 fs. The study of the
Carrier temperature Ty, (K) relaxation of the hot plasma as a function of the lattice tem-
perature shows that the carrier-lattice interaction plays a ris-
FIG. 9. Variation of the Mott density with its associated carrier INg role for increasing lattice temperature. A pretty good
temperature for different bath temperatut@s, 60, 100, 170, 234 agreement of the overall results is found with the hot carrier
K). The dashed line represents a linear fit of the curve. theory. On the low-energy part of the spectra, the LO-
phonon replicas are identified and the analysis of their am-
this study: {30, 60, 100, 170, 234, 3p@nd associated with plitudes confirms the Maxwellian nature of the plasma.
a measured carrier temperatdrg . Figure 9 plots the Mott Band-gap renormalization has also been investigated: it is
densityny, as a function ofTy,. ny, increases nearly lin- shown that the main luminescence peak follows the influence
early withT,, up to a bath temperature of 234 K. The coupleof both the band-gap renormalization and the effect of the
of points (T ,ny) obtained for a bath temperature of 300 K carrier temperature. A band-gap renormalization coefficient
deviates from this linear behavior and is not included in Fig.is extracted from the experimental study, equal to 2.1
9. The reason for this is not completely clear at the momen 10 eV cm, in good agreement with previous studies on
but could be related to the difficulty in identifing the Mott GaN and a basic many-body theory. Below the Mott density
transition at 300 K. The slope of the linear fit equals 3.7(2—3x10®¥cm 23 at 30 K), carriers are described in terms of
X 10K Lecm™3. In order to explain this behavior, we can excitons rather than an electron-hole plasma. Below the Mott
assume that the plasma is described by classical Boltzmariransition, the observed luminescence peak energy is inde-
statistics. In that case, the Mott density can be deduced fromendent of the pump intensity. We ascribe this lack of varia-
the Debye-Hukel model and is given By tion with pump intensity to the cancellation of two opposing
effects: the redshift due to the band-gap renormalization, and
N (1.19%kTy the blueshift due to the screening of the electron-hole Cou-
M7 4E, &3 lomb potential. Both effects scale with’®, wheren is the
) ) o ) ) carrier density. We have studied the Mott transition as a
whereE,, is the exciton binding energy ara is the exci-  fynction of the bath temperature. We found that the carrier
tonic Bohr radius. Taking a value ?f 25 meV fék, (Ref.  density and temperature at the Mott transition increase with
27) and a reduced mass equal to 0'1The theoretical COef- the bath temperature. Moreover, the Mott carrier density in-

ficieng of progortionality betweenny and Ty is 4.5 creases linearly with the carrier temperature, following a
X 10'°K~*em™ The agreement with the experimental datapepye-Hickel model.

is thus very satisfactory for bath temperatures up to 234 K.

Mott Density ny, (cm™)
[+)]
1

: 11
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