
PHYSICAL REVIEW B 15 AUGUST 1999-IVOLUME 60, NUMBER 7
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 Debye-Hu¨ckel model.
@S0163-1829~99!10727-6#
igh
to
e

dS
gh
c

s
if

ni
c
t

o
be

al

n
o
t

am
hi
s o
he
ex
p

al
he
ss
c

by
t
a
it

ot

si-

on

ll

hic
he

lse
in
is
m 0
on
ally

na-
ne-
. A
i-
er
the

ent
ef-

od:
ses
is-

tial
1.5

n-
en-
e

rp-
ffi-
I. INTRODUCTION

The knowledge of physics in a semiconductor in a h
injection regime is of particular importance when related
high-injection devices. This physics is now well establish
for GaAs and understood for the II-VI compounds like C
and CdSe. This domain can be investigated by hi
excitation photoluminescence. This was done, for instan
by Tanaka in GaAs~Ref. 1! and by Guillaume in CdS.2

Whereas a hot-electron-hole plasma is created in GaA
low lattice temperature and high density, the situation is d
ferent for CdS and turns out to be dominated by excito
recombinations. Further studies showed that these con
sions were dependent on the injected carrier density and
excitation energy of the optical source.3,4 This question is
raised again with the emergence of gallium nitride and is
the highest interest as this compound is nowadays the
candidate for the realization of a blue laser.5 Many studies
have been dedicated to stimulated emission in optic
pumped GaN and the resulting optical gain.6–8 Stimulated
emission brings, in fact, valuable information on the gain a
the transparency threshold. However, as far as carrier rec
bination is concerned, a photoluminescence experimen
preferred as the spectrum is not affected by the optical
plification in the layer and is thus easier to interpret. In t
study we propose an investigation of the optical propertie
GaN under high optical injection. Section II deals with t
experimental procedure employed for obtaining the high
citation photoluminescence spectra. These spectra are
sented in Sec. III with their main features. Section IV de
with hot-carrier effects which can be extracted from t
spectra. Section V emphasizes the renormalization proce
GaN and its consequence on the photoluminescence spe
We have observed the Mott transition in two ways: first,
the transition from~free or bound! exciton recombination a
low excitation density, to free-electron/free-hole recombin
tion within an electron-hole plasma at high-excitation dens
~above;3.831018cm23!; second, by the presence of h
PRB 600163-1829/99/60~7!/4715~8!/$15.00
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carriers in the electron-hole plasma above the Mott tran
tion.

II. EXPERIMENTAL PROCEDURE

The sample used in this study is a 2-mm-thick GaN film
grown by a metal-organic chemical-vapor depositi
~MOCVD! on a sapphire substrate. A nonintentionaln-type
doping of 331017cm23 at 300 K was measured by the Ha
effect. The full width at half maximum~FWHM! of the x-ray
diffraction peak is 157 arc sec. The overall crystallograp
quality is typical of what is obtained in such GaN layers. T
photoluminescence experiment uses a quadrupled YAG~yt-
trium aluminum garnet! laser emitting at 4.66 eV with a
pulse width of 20 ns and a repetition rate of 20 Hz. The pu
width of the laser is larger than the typical relaxation time
GaN ~,1 ns! ~Ref. 9!: we can consider that steady state
reached during the pulses. The energy can be varied fro
to 2 mJ per pulse. The incident beam is focused normally
the sample and the spontaneous emission is also norm
collected and measured with an optical multichannel a
lyzer. This geometry avoids any distortion of the sponta
ous spectrum by a parasitic effect of stimulated emission
5-mW He-Cd cw laser~3.81 eV! can be added to the exper
mental setup, allowing the measurement of a low pow
spectrum. The beam geometry is carefully analyzed and
incident power is measured with a power meter: the incid
power density is thus determined. The GaN absorption co
ficient has been carefully measured by the following meth
we have thinned a part of the sample to different thicknes
by reactive ion etching and measured the optical transm
sion as a function of the GaN thickness. The exponen
dependence gave us an absorption coefficient equal to
3105 cm21 at an energy of 4.66 eV and at low power de
sity. Given the large difference between the excitation
ergy ~4.66 eV! and the band-gap energy of gallium nitrid
~3.45 eV!, any effect of stimulated emission on the abso
tion of the pump can be neglected. This absorption coe
cient corresponds to an absorption length of 0.067mm. A
4715 ©1999 The American Physical Society
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4716 PRB 60F. BINET, J. Y. DUBOZ, J. OFF, AND F. SCHOLZ
diffusion length of about 0.1mm has been measured in Ga
by various techniques.10 We thus take an effective absorptio
length d of 0.1 mm ~effective absorption coefficient o
105 cm21! to take the diffusion into account. The generati
rate is then equal to the product of the absorption coeffic
and the incident flux. In the case of an electron-hole plas
the number of carriers optically injected in the sample can
deduced. The radiative recombination coefficientB has been
determined from previous studies11,12 to be equal to 1.3
31028 cm3 s21. In this experiment, the incident power de
sity is varied from 0.06 to 16 MW/cm2, and the injected
carrier density thus ranges from 7.431017 to 1.2
31019cm23.

III. EXPERIMENTAL LUMINESCENCE

The spectra obtained in this experiment are presente
logarithmic scale in Figs. 1 and 2 for a bath temperature

FIG. 1. Luminescence spectra of the GaN sample for a b
temperature of 30 K. One spectrum is obtained with a 5-mW
He-Cd laser~3.81 eV!. The other spectrum is measured with a
3YAG laser ~4.66 eV! with a very low incident power density.

FIG. 2. Luminescence spectra of the GaN sample for a b
temperature of 30 K measured with a pulsed 43YAG laser ~4.66
eV! with increasing incident power densities. Some of these spe
are labeled with the corresponding injected carrier density.
nt
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30 K. The spectrum obtained with a cw He-Cd laser as
excitation source~3.81 eV! is shown in Fig. 1. It is domi-
nated by an excitonic peak centered at 3.484 eV, attribute
the exciton bound to a neutral donor (D0X). The free exci-
ton ~A exciton! peak can be seen~when the spectrum is plot
ted in linear scale! as a shoulder located about 6 meV abo
the bound exciton peak. For increasing temperatures~not
presented here!, the free exciton peak increases relative
the bound exciton peak and finally takes over for tempe
tures larger than 120 K. This spectrum can be compared w
the spectrum obtained with the quadrupled YAG laser at l
power ~carrier density equal to several 1017cm23!. They are
similar. The only difference is the degraded signal-to-no
ratio due to the small repetition rate~20 Hz! of the YAG
laser. The spectra obtained with the quadrupled YAG la
and for increasing pumping power densities are shown
Fig. 2. Some of these spectra are labeled with their co
sponding injected carrier density. With increasing dens
the high-energy part of the spectrum takes on an expone
dependence on energy: at the highest power density,
high-energy tail extends from 3.5 to 3.6 eV. Moreover, t
amplitude of the tail increases almost exponentially when
carrier density is above 331018cm23. This feature is the
signature of hot-carrier effects. On the low-energy side,
spectrum broadens as the power density is increased. Se
structures, almost periodic, appear below the main pe
They will be identified in the following as phonon replicas
a hot plasma. The main peak of the luminescence spe
redshifts with increasing carrier density, as shown in Fig.
this behavior will be described in terms of band-gap ren
malization. The analysis of the shift of the peak will lead
the characterization of the Mott transition. The description
this transition with the Debye-Hu¨ckel model will be pre-
sented in Sec. V.

IV. HOT-CARRIER EFFECTS

The spontaneous-emission spectrumI (hn) for band-to-
band recombinations is proportional to the product of
electron and hole distribution functions, that isI
} f c(Ee) f v(Eh), wheref c and f v are the Fermi-Dirac distri-
butions and we havehn5Eg1Ee1Eh . If Ee and Eh are
well above their quasi-Fermi energies and if the distributio
are Maxwellian, then the product simplifies to

f e~Ec! f v~Eh!}e2Ec /kTee2Eh /kTe5e2~hn2Eg!/kTe. ~1!

We assume here that the carrier temperatureTe is equal for
electrons and holes.4 Figure 3 presents a semilogarithm
plot of the high-energy part of the luminescence spectra
tained with the quadrupled YAG laser, for increasing in
dent power densities. At low incident power density, belo
0.4 MW/cm2 corresponding to a carrier density of 1
31018cm23, the high-energy tail is not perfectly expone
tial: the carrier temperature cannot be defined. Above
MW/cm2, the tail is exponential over about one decade.
GaAs, the linear domain is found to be larger than tw
decades.13 The smaller linear region in GaN can be explain
by different factors. First, the plot is linear within 30–4
meV in both cases, and the smaller slope~due to the higher
temperature! in our experiment reduces the signal dynami
Second, GaAs and GaN have a different valence-band st
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ture. In GaAs, two of the valence bands are exactly dege
erate atk50 and the third valence band is split off by 340
meV due to the spin-orbit coupling; in hexagonal GaN, a
three valence bands are split by the crystal field and t
spin-orbit coupling. However, the splitting energies ar
small: in this the GaN layer grown on compression on sa
phire, the energies betweenA andB excitons and betweenB
and C excitons are about 10 and 20 meV, respectively.14

Thus, one may expect some deviations from the simp
theory ~based on a single valence-band maximum! on the
high-energy side of the photoluminescence tail in GaN. Fro
Fig. 1, the carrier temperature is deduced for each pow
density by Eq.~1!. For example, at 1.7 MW/cm2, the carrier
temperature deduced from the slope is equal to 148 K and
considerably larger than the bath temperature maintained
30 K, thus proving the presence of a hot-carrier populatio
Moreover, the carrier temperature increases with the incide
power density. We now proceed to explain the carrie
temperature dependence on the pumping power by consid
ing the precise mechanisms of relaxation in th
semiconductor.4,13 In fact, the illumination of the GaN
sample~band-gap energyEg'3.48 eV! with the YAG laser
(E54.66 eV) creates carriers in their respective bands wi
an excess energyDEi given by DEi5mr /mi (E2Eg),
where mr is the reduced mass,mi is the i carrier mass (i
5e,h) and we neglect here the band nonparabolicity. Th
hole mass (0.8m0) ~Ref. 15! being larger than that of the
electron (0.22m0),15 the excess energy given to the electro
~925 meV! is far larger than the one given to the hole~254
meV!: as a first simplification, we will only consider the
electron population.

The photoexcited electron is then located high in the ta
of the distribution function. The other electrons located at th
bottom of the conduction band are in quasiequilibrium an
form the electron gas. There are mainly two relaxation pat
for the very energetic electron:13 either an interaction with
the lattice through phonon emission or a direct collision wit
the electron gas (e-e).

Regarding the electron-lattice interaction, acoustic
phonon emission can be ruled out since the excess energ

FIG. 3. Semilogarithmic plot of the high-energy tail of the lu-
minescence spectra for different power densities. The exponen
behavior of the tail allows the determination of the carrier temper
ture added in the figure.
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be relaxed~935 meV! is very important.4 The efficient
mechanism is therefore rather an emission of longitudin
optical ~LO! phonons, the energy of a LO phonon in Ga
being as large asELO592 meV.15 The photoexcited electron
can cool down towards the electron gas by emitting up to
LO phonons sinceDEe5935 meV510ELO1dE. The re-
sidual of energydE, equal here to 5 meV can be relaxed b
two mechanisms: either acoustic-phonon emission or the
teraction with the electron gas. Note that only the lat
mechanism transfers energy to the electron gas. The en
dissipation rate through LO-phonon emission (d«/dt)e-LO is
deduced from the probability for an electron to emit or a
sorb a LO-phonon and is independent of the carrier densi13

S d«

dt D
c-LO

5
2eE0ELO

~2me«!1/2FNq sinh21S «

ELO
D 1/2

2~Nq11!sinh21S «2ELO

ELO
D 1/2G , ~2!

where« is the energy of the photoexcited electron,Nq is the
occupation number of phonons of wave vectorq interacting
with the electron; given the fact that the LO-phonon ene
in GaN is far larger than the thermal energy up to roo
temperature, it should be noted thatNq is much smaller than
unity: the bath temperature dependence of (d«/dt)e-LO can
be neglected.E0 is an effective field given by

eE05
mee

2ELO

4p\2«0
S 1

K`
2

1

K0
D , ~3!

where«0 is the free-space permittivity,K` and K0 are the
optical and the static dielectric constants, respectively, eq
to 5.2 and 9.6.16 In GaN, (eE0) is found equal to 0.33 MeV/
cm.

The second path of relaxation for the photoexcited el
tron is a direct interaction with the electron gas throu
electron-electron collisions. The energy dissipation r
through electron-electron collisions (d«/dt)e-e can be writ-
ten by analogy with metals13

S d«

dt D
e-e

5
2ne4

4pK2~2me«!1/2«0
2 , ~4!

wheren is the carrier density andK is the average dielectric
function. One has to estimate the relative importance
electron-electron collisions compared to LO-phonon em
sion. The theoretical work and the experimental appro
have been well described by Shah and will be applied h
for GaN.13 The two dissipation rates are equal if the carr
density is equal to a critical densitync* given by13

nc* 5
8peE0ELOK2«0

2

e4 F ~Nq11!sinh21S «2ELO

ELO
D 1/2

2Nq sinh21S «

ELO
D 1/2G . ~5!

In the GaN case, for a bath temperature of 30 K, the value
nc* is found equal to 2.431019cm23. Hence for a carrier
density far lower thannc* , the photoexcited electron relaxe
primarily through LO-phonon emission. Ifn'nc* , both

ial
-



-
n

-
.
e
n

tie

r

or
th
er

n.
th

on
n
at

e
.8
.8
l-
of
th

c-

m

on
en-

d

nc-
e
-

de-
ce

.6
tant
ed
-
ope
is

O-
ig.
e
y of
po-
aN
n

.
de
he
e
her
the

for

en-
c-

4718 PRB 60F. BINET, J. Y. DUBOZ, J. OFF, AND F. SCHOLZ
mechanisms are considered andF is defined as the probabil
ity that a very energetic carrier is involved in an electro
electron collision. F is thus roughly equal ton/(n1nc* ).
Given the experimental density range (731017– 1.4
31019cm23) and the value ofnc* , the electron-electron col
lision is never dominant andF varies from 0.004 to 0.375
The excess energyFDEe given to the electron gas by th
photoexcited electron through electron-electron collisio
thus varies from 3.7 to 350 meV. Hence, for carrier densi
larger than 1018cm23, FDEe is far larger than dE
55 meV: the electron-gas heating is mainly due to the p
mary electron-electron collision.

If collisions between carriers in the electron gas are m
frequent than phonon emissions, the electron gas can
malize towards a Maxwell-Boltzmann distribution charact
ized by an electron temperatureTe . Averaging Eq.~2! over
such a distribution gives the powerP(Te) dissipated by the
electron gas per photoexcited electron,13

P~Te!5
2ELO

me
~eE0!S ex02xe21

ex021 D F ~xe/2!1/2e~xe/2!K0~xe/2!

Ap/2
G ,

~6!

wherex05ELO /TL and xe5ELO /Te , TL is the lattice tem-
perature andK0 is the modified, zero-order Bessel functio
Let us come back now to the condition of thermalization:
thermalization within the gas~electron-electron collisions!
has to occur more rapidly than the LO-phonon emissi
This condition is obtained by comparing the electro
electron collision rate and the electron-phonon collision r
and is fullfilled whenn.nc , where13

nc5~8Ap/e4!\v0K2«0
2~eE0!S ex02xe21

ex021 Dexe/2K0~xe/2!.

~7!

In our case, for a carrier density in the range of 731017 to
1.431019cm23, nc varies from 931014 to 5.331016cm23.
The condition for internal thermalization is thus satisfied:Te
is defined. The experimental results indeed show a Maxw
Boltzmann distribution for carrier densities above 1
31018cm23. However, for carrier densities lower than 1
31018cm3, the bahavior of the tail is not exponential a
though n.nc . This may be attributed to the existence
excitons at smaller densities, as will be discussed later in
paper.

The powerPlum given to the gas by the photoexcited ele
trons is13

Plum5~ I /d!~W/E!~1/n!, ~8!

whereI is the incident power density,d is the effective ab-
sorption length,E is the photon energy, andW5FDEe
1dE. In steady state,Plum is equal toP(Te). In the case
where the LO-phonon energy is much larger than the ther
lattice temperaturekTL and the electron thermal energykTe ,
the bracketed quantity in Eq.~6! reduces to unity and the
balance equation becomes13

P~Te!5S 2ELO

me D 1/2

~eE0!expS 2
ELO

kTE
D5~ I /d!~W/E!~1/n!.

~9!
-
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Hence, for sufficiently low lattice temperatures, the electr
temperature follows an Arrhenius law and the activation
ergy is 92 meV.15 P(Te) is usually written as follows:4

P~TE!5S ELO

t DexpS 2
ELO

kTE
D . ~10!

The characteristic timet takes into account the effective fiel
(eE0) and the LO-phonon energyELO . As exposed by Lyon,
t has no precise physical meaning since it is a complex fu
tion of all the characteristic physical times involved in th
calculation.4 For GaN,t is evaluated to be 7 fs. Experimen
tally, for each power density, a carrier temperature is
duced from the high-energy tail of the photoluminescen
spectrum. Figure 4 represents the Arrhenius plot ofTe as a
function of the incident power densityI. This plot shows data
only for I .0.4 MW/cm2, i.e.,n.1.831018cm23, where the
electron temperature is defined. First from 0.4 to 1
MW/cm2, the electron temperature remains almost cons
and equal to 120 K: this particular behavior will be examin
in the following. Above 1.6 MW/cm2, the electron tempera
ture increases and follows an Arrhenius behavior. The sl
gives an activation energy equal to 9 meV. This result
consistent with the hot-carrier gas relaxation through L
phonon emission. The intercept of the Arrhenius plot of F
4 allows us to estimatet equal to 9 fs. The agreement of th
experimental luminescence results with the general theor
hot photoexcited carriers is thus good. From far-infrared
larized reflexion spectra performed on highly doped G
samples (331019cm23) at room temperature, Mancho
et al. measured an electron relaxation time of 3.8 fs.17 The
scattering time of an electron by LO phonons~E1 and A1!
was directly measured by time-resolved Raman diffusion18

The measured value of 25 fs is one order of magnitu
smaller than in GaAs, which was explained in terms of t
large ionicity of GaN. Although our effective time cannot b
directly compared with scattering times measured by ot
methods, we can compare it with the value obtained by

FIG. 4. Arrhenius plot of the carrier temperatureTe versus the
incident power density. An Arrhenius behavior is obtained
power densities larger than 1.6 MW/cm2. A linear fit allows the
determination of the activation energy equal to the LO-phonon
ergy in GaN~91 meV!. The study of the intercepts gives an effe
tive relaxation time of 9 fs.
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PRB 60 4719HIGH-EXCITATION PHOTOLUMINESCENCE IN GaN: . . .
same method in GaAs. Values in the range of 100 fs to 1
are obtained in bulk or in GaAs quantum wells.4 Whatever
the measurement method is, the comparison with G
shows that electron–LO-phonon scattering times are sho
in GaN than in GaAs by a factor of 10 or more. It is th
expected that the LO-phonon emission is the main relaxa
path for the hot electron population in GaN~Ref. 19! as it is
the case in GaAs.13 Our experiment has confirmed this poin

Let us now examine the low-energy part of the spectra
Fig. 2. Periodic structures are phonon replica. The first p
non replica, due to the non-k-conservation, is expected20 at
an energyEp

15Eg2ELO12kTe . The last term, usually neg
ligible in a low-power luminescence experiment, is in th
case very important. In fact, the carrier temperature is fo
to vary from 120 to 240 K with increasing pumping powe
corresponding to a carrier thermal energy of 10.4 to 2
meV. The peak energy associated with the interband tra
tion is expected20 at Epeak5Eg10.5kTe . As a consequence
the first phonon replica is separated from the main peak b
quantity equal toELO21.5kTe , lower than the LO-phonon
energy~92 meV!. The theoretical position can be calculat
for each power density~carrier temperature! and is repre-
sented in Fig. 2~stars!. The agreement between the calc
lated and the measured replica positions is very good.
following structures at even lower energy are periodica
spaced with an energy separation of 92 meV. General the
of exciton-phonon coupling predicts that the spectral sh
of a phonon replica is given by the product ofWn(Eke), the
transition probability times the Maxwell-Boltzmann distrib
tion function of the excitons, which depends on the carr
temperature and the kinetic energyEke of the excitons. It can
be shown21,22 that the probabilityW(1LO) of one LO-
phonon-assisted emission is proportional to the kinetic
ergy Eke of the exciton, and the probability of a two LO
phonon-assisted emission is independent ofEke. The
amplitude ratio between the first and the second phonon
lica is therefore proportional to the kinetic energy of t
excitons, i.e., to the carrier temperature.23 We will assume
here that the general behavior of these phonon replica
valid also for the hot electron-hole plasma since the distri
tion function of the plasma is Maxwellian. Figure 5 prese

FIG. 5. Evolution of the amplitude ratio between the first a
the second phonon replica as a function of the carrier tempera
s
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the variation of this ratio with the carrier temperature, d
fined for power densities larger than 0.4 MW/cm2. The be-
havior is, as expected, linear.

Similar experiments were performed for different ba
temperatures. As was done for the case ofTbath530 K, the
carrier temperature was measured from the exponential h
energy tail as a function of the incident power density. H
carrier effects are also noticed for bath temperatures la
than 30 K. The Arrhenius plot of the carrier temperature a
function of the power density is presented in Fig. 6 for fi
different bath temperatures:$30, 60, 100, 170, 234, 300 K%.
For sufficiently high power densities and for bath tempe
tures lower than 170 K,Te follows an Arrhenius law withI
and the activation energyE* is around 92 meV, showing
that the hot-carrier gas relaxes through LO-phonon emiss
At 234 K, the slope value is 10 meV larger thanELO and at
300 K, E* equals 230 meV. The power density range whe
the Arrhenius plot is valid is also smaller when the latti
temperature is higher. These observations can be qua
tively described by the theoretical balance relation written
Eq. ~9! but without the approximation to Eq.~6! that we
made for the low-temperature case. Figure 7 plots this th
retical relation for the bath temperatures considered here.
bath temperatures lower than 100 K, all the curves coinc
and the Arrhenius plot is valid. For a given power densi
when the bath temperature increases above 100 K, the ca
temperature also increases but the difference between
carrier and the lattice temperature decreases. Furtherm
the power density range of validity of the Arrhenius plot
decreasing with lattice temperature. This behavior can
qualitatively understood by a stronger effect of the electr
phonon interaction at elevated bath temperatures. Thus
our observations are in good agreement with the hot-car
theory.

V. BAND-GAP RENORMALIZATION
AND MOTT DENSITY

From Fig. 2, a redshift of the main peak in the lumine
cence spectra can be noticed. Figure 8 plots the energe

re.

FIG. 6. Arrhenius plot of the carrier temperatureTe versus the
incident power density for different bath temperatures. TheELO

slope has been added in the high-energy part of the curves.
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4720 PRB 60F. BINET, J. Y. DUBOZ, J. OFF, AND F. SCHOLZ
position of this peak as a function of the cubic root of th
carrier density at a bath temperature of 30 K. For carr
densities greater than 1.831018cm23, the peak redshifts lin-
early with the cubic root of the carrier density. This behavi
is symptomatic of a band-gap renormalization.24 A rough
calculation of the band-gap renormalization performed
first order, taking into account the exchange energy on
predicts a lowering of the band-gap energyDEg such as
DEg52an1/3. a is known as the renormalization coeffi
cient and depends only on the exciton energy of the mater
For GaN, this calculation leads to a theoretical value fora
equal to 1.531028 eV cm. Such a renormalization does no
depend on the carrier temperature if the plasmon energy
larger than the carrier thermal energykTe . When the carrier

FIG. 7. Theoretical relation between the carrier temperatureTe

and the incident power density for different bath temperatures.
rameters ared50.1mm, me50.22 m, ELO592 meV, andK57.4.
Curves for a bath temperature of 30, 60, and 100 K cannot
distinguished.

FIG. 8. Experimental position of the luminescence peak as
function of the cubic root of the density. The horizontal line repr
sents the energy of the excitonic peak which is constant up to
31018 cm23. Star points correspond to a model of renormalizatio
taking into account the carrier temperature. The amplitude of
photoluminescence at 3.52 eV is also represented~right axis!: a
threshold can be defined corresponding to a carrier density equa
3.831018 cm23.
r

r

o
,

l.

is

temperatureTe varies from 100 to 400 K,kTe ranges from
8.6 to 34.5 meV. The corresponding range of carrier den
ties investigated in the experiment is 1018– 1019cm23, giving
an electron plasmon energy of 25 to 81 meV. In these c
ditions, the band-gap renormalization is thus independen
the carrier temperature. From studies performed on hig
dopedn-type GaN samples, a band-gap renormalization
efficient a equal to 2.131028 eV cm25 or 2.431028 eV cm
~Ref. 26! was found. If we take into account the therm
blueshift equal to 0.5kTe ~Ref. 20!, a total shift equal to
DE52an1/310.5kTe is expected for the photolumines
cence peak. In Fig. 8 the corresponding fit of the experim
tal shift is presented for carrier densities larger than
31018cm23. Let us recall that the carrier temperature can
deduced from the spectrum. The only parameters of the
are thus the fundamental band-gap energy and the band
renormalization coefficienta. a found from the fit is equal
to 2.131028 eV cm, in very good agreement with the prev
ous experimental results~Ref. 25!, and in a pretty good
agreement with our first-order theoretical calculation. T
uncertainty of our determination can be estimated to be ab
20%. At low carrier densities,n,1.831018cm23, the peak
remains located nearE53.484 eV. This position is exactly
the energy of the excitonic peak, known from the photo
minescence spectra obtained at low power density with
He-Cd laser~3.81 eV!. This is due to a compensation effe
between the redshift produced by the band-gap renorma
tion and the blueshift induced by the screening of the C
lomb potential. Because of this screening, the exciton bi
ing energy decreases with increasing carrier densities
2an1/3 and finally vanishes at the Mott transition, for a ca
rier density of 1.831018cm23. A closer examination of the
spectra~not presented here! in this density range indicate
the following evolution. With increasing pump intensitie
the peak attributed to the bound exciton remains at a cons
energy while the freeA exciton shoulder seems to redsh
towards the bound exciton peak, the two peaks finally me
ing for a density around 1.831018cm23. ~However, this
shoulder is barely discernable and our data are not pre
enough to allow us to investigate more deeply the roles
bound and free excitons in the Mott transition. This rema
an open subject.! We consider that the Mott transition occu
between free excitons and free electron-hole pairs and
will use free-exciton parameters to describe it.

As a result of the evolution of the exciton binding ener
with the carrier density, we expect the formation of a h
electron-hole plasma for carrier densities larger than
31018cm23. However, we notice that between 1
31018cm23 and 3.831018cm23, the carrier temperature re
mains constant, equal to 120 K. This may be related to
coexistence of excitons and electron-hole pairs in this in
mediate density range. In the same way, the amplitude of
photoluminescence signal at 3.52 eV~in the high-energy tail!
is plotted in Fig. 8, as a function of the cubic root of th
density. The amplitude rises drastically above a thresh
here defined at 3.831018cm23. Hence, instead of a uniqu
Mott density, we may define a Mott density range here eq
to 1.831018– 3.831018cm23 for a bath temperature of 30 K
In the following, only the higher limit will be considered a
the Mott densitynM (3.831018cm23). Such a densitynM
has been identified for each bath temperature investigate
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this study: $30, 60, 100, 170, 234, 300% and associated with
a measured carrier temperatureTM . Figure 9 plots the Mott
densitynM as a function ofTM . nM increases nearly lin-
early withTM up to a bath temperature of 234 K. The coup
of points (TM ,nM) obtained for a bath temperature of 300
deviates from this linear behavior and is not included in F
9. The reason for this is not completely clear at the mom
but could be related to the difficulty in identifing the Mo
transition at 300 K. The slope of the linear fit equals 3
31016K21 cm23. In order to explain this behavior, we ca
assume that the plasma is described by classical Boltzm
statistics. In that case, the Mott density can be deduced f
the Debye-Hu¨ckel model and is given by23

nM5
~1.19!2kTM

4Eexa0
3 , ~11!

whereEex is the exciton binding energy anda0 is the exci-
tonic Bohr radius. Taking a value of 25 meV forEex ~Ref.
27! and a reduced mass equal to 0.17,15 the theoretical coef-
ficient of proportionality betweennM and TM is 4.5
31016K21 cm23. The agreement with the experimental da
is thus very satisfactory for bath temperatures up to 234

VI. CONCLUSION

We have investigated hot-carrier effects in GaN. Theor
cally, it is shown that in the range of 1018– 1019cm23 for the
injected carrier density, the relaxation of a photoexcited c

FIG. 9. Variation of the Mott density with its associated carr
temperature for different bath temperatures~30, 60, 100, 170, 234
K!. The dashed line represents a linear fit of the curve.
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rier can occur through LO-phonon emission or collisio
with the electron gas. In the case of GaN, the energet
contribution of the last mechanism to the gas is import
and induces the formation of a hot plasma. The analysis
the high-energy tail of the luminescence spectra indica
that carriers are in a Maxwell-Boltzmann distribution with
carrier temperature larger than the lattice temperature.
experimental evolution of the carrier temperature with t
power density shows that the main path of energy relaxa
of the hot plasma is the LO-phonon emission. An effect
relaxation time is deduced equal to 9 fs. The study of
relaxation of the hot plasma as a function of the lattice te
perature shows that the carrier-lattice interaction plays a
ing role for increasing lattice temperature. A pretty go
agreement of the overall results is found with the hot car
theory. On the low-energy part of the spectra, the L
phonon replicas are identified and the analysis of their a
plitudes confirms the Maxwellian nature of the plasma.

Band-gap renormalization has also been investigated:
shown that the main luminescence peak follows the influe
of both the band-gap renormalization and the effect of
carrier temperature. A band-gap renormalization coeffici
is extracted from the experimental study, equal to
31028 eV cm, in good agreement with previous studies
GaN and a basic many-body theory. Below the Mott dens
~2 – 331018cm23 at 30 K!, carriers are described in terms o
excitons rather than an electron-hole plasma. Below the M
transition, the observed luminescence peak energy is in
pendent of the pump intensity. We ascribe this lack of var
tion with pump intensity to the cancellation of two opposin
effects: the redshift due to the band-gap renormalization,
the blueshift due to the screening of the electron-hole C
lomb potential. Both effects scale withn1/3, wheren is the
carrier density. We have studied the Mott transition as
function of the bath temperature. We found that the car
density and temperature at the Mott transition increase w
the bath temperature. Moreover, the Mott carrier density
creases linearly with the carrier temperature, following
Debye-Hückel model.
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