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Exciton-phonon interactions, exciton binding energy, and their importance in the realization
of room-temperature semiconductor lasers based on GaN
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Temperature dependence of the linewidths of free-excitonA andB transitions was investigated. Experimen-
tal linewidths were fitted to a theoretical model considering various interactions of excitons with phonons in
addition to inhomogeneous broadening. It was shown that acoustic phonon scattering must also be considered
to explain the emission linewidth broadening, in contrast to a recent report on luminescence linewidths in GaN.
These exciton–acoustic-phonon interactions also explain the fast energy relaxation of free excitons to the
bottom of the exciton band, which leads to generally observed short free-exciton lifetimes in GaN. The
exciton–longitudinal-optical~LO! -phonon coupling constant was found to be extremely large. This was
explained as being due to the Fro¨hlich interaction and the polar nature of GaN. The binding energy of bothA
andB excitons was found to be 26 meV. The relevance of exciton-phonon interactions and the binding energy
of free excitons in achieving room-temperature exciton-based semiconductor lasers was discussed. Though
exciton–LO-phonon interaction was very strong in GaN, it was still possible to observe room-temperature
excitons since the exciton binding energy is very large.@S0163-1829~98!02648-4#
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When semiconductors are optically excited, several in
actions take place among excitons, free carriers, lat
phonons, impurities, and defects. Such interactions h
been studied in bulk and quantum-confined semiconduc
by absorption, luminescence, coherent spectroscopie
time, and frequency domain. Particularly the coupling b
tween excitons and phonons is an important paramete
determining the electronic and optical properties of semic
ductors. Recently, GaN and other III-nitrides have receiv
considerable attention due to the possibility of fabricat
blue and UV light sources and detectors.1 The applicability
of these materials from the point of view of excitonic devic
depends upon the strength of the room-temperature exc
resonances. Therefore, the width of these resonances an
nature of the broadening process are of great importa
The situation in highly polar GaN is more challenging th
any other semiconductor due to much stronger coupling
tween LO phonons and excitons. In this paper, we report
dependence of the photoluminescence~PL! linewidth on
temperature in GaN epilayers grown by low-pressure me
organic chemical-vapor deposition~LP-MOCVD!. The line-
width broadening mechanism in this system is under deb
Previously, excitonic linewidths in GaN have been stud
by time-integrated and spectrally resolved degenerate f
wave mixing ~TI and SR DFWM!,2 absorption,3 PL,4

reflectance,5 electroreflectance,6 spectroscopic ellipsometry,7
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and thermomodulation.8 Different authors have considere
different origins for the linewidth, and the broadening p
rameters also scan a wide range. In particular, it is impor
to understand the exciton linewidths in photoluminesce
since thephotonic devicesare based onemission phenomena.
Nakamura and co-workers4 have analyzed the linewidths b
considering the LO phonons and the low-frequency bra
of the E2 mode. They could not obtain a satisfactory fittin
of the linewidths by taking into account acoustic-phon
scattering. In contrast, our findings have shown that excito
acoustic-phonon interactions do contribute to the linewi
and they must be considered. We compared our broade
parameters of free excitonsA andB in GaN with those ob-
tained by different experimental techniques in the literatu
We determined the binding energy of free excitonsA andB
from the temperature dependence of the photoluminesce
intensities. We also discussed the exciton-phonon inte
tions in comparison with wide-band-gap II-VI~Refs. 9–14!
and III-V ~Refs. 15–17! semiconductors and their impor
tance in the realization of exciton-based photonic devices
fact, the lasing mechanism in GaN-based devices—excito
versus band-to-band recombination—has not been un
stood so far and this topic is currently under intense deba1

Therefore, the properties of excitons in these systems,
ticularly those which depend on temperature, are very imp
tant since they can shed some light on some of the crit
issues.
16 333 ©1998 The American Physical Society
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FIG. 1. Luminescence spectrum of GaN epilayer at 9 K. Dotted lines show the deconvolution into Lorentzian fitting of v
transitions. Dashed line is the Lorentzian fitting of the experimental spectrum. The inset shows the temperature dependence of the
energies of free excitonsA andB.
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The experimental details were given in our previo
reports.18,19 Figure 1 shows the 9 K luminescence spectrum
of a GaN epilayer on ac-face sapphire substrate. The spe
trum has four unresolved and overlapping peaks. We h
done the Lorentzian fitting in order to obtain the peak po
tions and linewidths accurately. The dotted lines show
deconvoluted bands and the dashed line shows the Lore
ian fitting of the experimental spectrum. FX~A! and FX ~B!
are the free-excitonA and B transitions with respective en
ergies at 3.481 and 3.489 eV with a peak separation o
meV, D0X is the neutral donor bound exciton with a peak
3.475 eV, andD1X at 3.469 eV is interpreted as being du
to an ionized donor bound exciton transition. A detailed
port on the optical properties of residual shallow donors w
be published elsewhere,18 in which the basis of assignmen
for the rarely observed ionized donor bound exciton is d
cussed. Free excitonA could be seen up to room temper
ture, while free excitonB was observed up to 150 K. Th
inset of Fig. 1 shows the temperature dependence of f
exciton transitions which follows the same variation as t
of the band gap. This result is another confirmation for
assignment of the transitions to free excitons.

Figures 2~a! and 2~b! show the temperature dependence
the linewidths of the free excitonsA and B, respectively.
Solid circles are the experimental linewidths. We have do
the fitting of the observed linewidths according to a theor
ical model. The line broadening in semiconductors has b
considered theoretically by various workers. The basic f
malism for phonon-assisted optical absorption and exc
lifetimes was developed by Toyozawa20 and by Segall and
Mahan.21 It was applied to describe absorption and emiss
in a number of materials by Segall.22 In this formalism, light
absorption by an exciton was discussed in the contex
linear-response theory. The absorption is given by an im
-
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nary part of the exciton Green’s function and has a Lore
zian shape. The temperature dependence of the width o
lowest 1S exciton in semiconductors was initially reporte
by Segall23 and the most comprehensive treatment was la
given by Rudin, Reinecke, and Segall.24 According to them,
the exciton linewidthG(T) at any temperatureT can be writ-
ten as

G~T!5G01gphT1GLONLO~T!. ~1!

In high-purity crystals the linewidth originates from inte
actions with thermal phonons, and in polar semiconductor
is dominated by LO-phonon broadening. But in practice
semiconductor grown by any method has some backgro
impurities, crystal imperfections, and they contribute to
homogeneous broadening. This is represented asG0 in the
above equation. At very low temperatures, phonons are
active and the contribution to the linewidth is mainly fro
inhomogeneous broadening. The best way to obtainG0 is by
extrapolation of the linewidth to 0 K. The second and th
terms on the right-hand side of Eq.~1! are the homogeneou
linewidths and are due to acoustic-phonon and LO-pho
scatterings, respectively. The processes involving acou
phonons are only intraband scattering of excitons. The c
tribution due to acoustic phonons increases linearly w
temperatureT and is represented asgphT, wheregph is the
exciton–acoustic-phonon coupling strength. The last term
Eq. ~1! arises from interactions with LO phonons and is pr
portional to the Bose functionNLO(T) for LO-phonon occu-
pation, which is equal to 1/@exp(hnLO /kT21)#, wherehnLO
is the LO-phonon energy in GaN andGLO represents the
strength of exciton–LO-phonon coupling. Interactions of e
citons with LO phonons are described by the Fro¨hlich inter-
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FIG. 2. Temperature dependence of the linewidths of~a! free excitonA and~b! free excitonB in GaN. Solid circles are the experiment
points. Solid curve is the fitting of the experimental linewidths considering acoustic-phonon scattering and LO-phonon scattering
lines show the contribution from the acoustic-phonon scattering alone, and dotted lines show the contribution from the LO phonon
both the cases inhomogeneous broadening was added.
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action. Phonons can scatter the exciton to the same bo
state or higher-lying bound states.

In Fig. 2 the solid lines are the least-squares fitting c
sidering acoustic-phonon scattering and LO-phonon sca
ing, in addition to inhomogeneous broadening. We ha
taken the LO-phonon energy of 91.5 meV.25,26 The hexago-
nal GaN crystallizes in the wurtzite structure belonging
the C6v(P63mc) space group. There are two formula un
nd

-
r-
e

per primitive cell and all the atoms occupy the sites of sy
metry C3v . In Raman spectroscopy six optical modes 1A1
~TO!, 1A1 ~LO!, 1E1 ~TO!, 1E1 ~LO!, and 2E2 at 533, 735,
561, 743, 144, and 569 cm21 were observed. We find the fi
to be excellent with the following parameters:G0
52.8 meV, gph521meV/K, andGLO5525 meV for FX(A)
and G051.4 meV, gph522meV/K, and GLO5495 meV for
FX(B). In Fig. 2 the dashed lines show the contribution fro
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TABLE I. Linewidth broadening parameters for free-exciton transitions in GaN.

Technique
GLO

~meV!
gph

~meV/K! Reference

Photoluminescence of free excitonA 525 21 This work
free excitonB 495 22 This work

Spectrally resolved degenerate four-wave mixing 470 13 2
Time-integrated degenerate four-wave mixing 390 16 2
Absorption of free excitonA 375 15 3
Photoluminescence of free excitonA 165 4
Reflectance of free excitonA 208 15.3 5
Electroreflectance of free excitonA 60 6
Electroreflectance of free excitonB 74 6
Spectroscopic ellipsometry 104 7
Thermomodulation spectroscopy 179 8
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acoustic-phonon scattering and the dotted lines show
contribution from the LO phonons to the linewidth. In a
cases, the inhomogeneous broadening is also added.
easily noticeable that the acoustic phonons contribute u
120 K very significantly, but the contribution from LO
phonons is negligible up to this temperature. From 120
onwards the participation of LO phonons causes the li
width to increase sharply. At 200 K there is a crossover a
the LO phonons dominate over the acoustic phonons.
The value of the exciton–LO-phonon coupling parame
GLO , deduced by us is very high. It indicates very stro
interaction between excitons and LO phonons. The main
son for a high value ofGLO is that GaN is a polar materia
with a very high Fro¨hlich constant.27 The exciton-phonon
interactions manifest in two ways in the optical spectra. F
is the line broadening of the absorption or emission spe
as discussed thus far. Second is the appearance of pho
assisted transitions in the absorption and emission spe
The phonon replicas of free-exciton transitions in photolum
nescence have been observed by some of us28 in the epitaxial
layers of GaN grown by rotating disk MOCVD. Shanet al.29

observed very clear features of phonon replicas in the p
toluminescence excitation~PLE! spectroscopy with LO-
phonon energy of 91.5 meV and also a small bump in
absorption spectra with a similar energy spacing, which t
attributed to a LO-phonon replica, while Kovalevet al.30 re-
ported phonon replicas in the PLE and PL of GaN epilay
grown on sapphire as well as SiC. In Mg-doped GaN gro
by rotating disk MOCVD, we also observed up to four ph
non replicas of the donor-acceptor pair transitions.31 All
these experimental results strongly support the very h
value of GLO obtained by us, indicating a very strong co
pling between excitons and LO phonons of the GaN latti

Table I compares the broadening parameters for GaN
tained by different experimental techniques. The only ot
result on the photoluminescence linewidths was reported
Nakamura and co-workers.4 But they could not get a satis
factory fitting of the linewidths by considering the LO
phonon and acoustic-phonon scattering. So they have con
ered the low-frequency~144 cm21! branch of theE2 mode
along with LO-phonon coupling to fit their data. The clea
cut difference between our interpretation and Nakamu
conclusion was that our analysis has shown the participa
of acoustic phonons in the low-temperature regime wh
the
ll
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Nakamuraet al. proposed theE2 mode interaction for the
low-temperature linewidth. As can be seen in Table I,
reported values ofGLO span a wide range. Our fitted value
agree very well with DFWM results while some of the oth
published results have given very low values. We give be
the arguments for this discrepancy.

Pollack and co-workers have reported6 GLO values of 60
and 74 meV. We believe that these are totally incorrect
their reflectance spectraA andB excitons were not resolve
even at their lowest temperature of measurement. This m
have caused unavoidable errors in the estimation of the
width. They have shown that the linewidth was constant
to 150 K ~please see Fig. 3 in Ref. 6!, which is absurd con-
sidering the thermally active phonons in GaN. This res
shows that their values of linewidths are completely inc
rect. They obtained a value of 731 K~63 meV! for the LO-
phonon temperature, which does not match with any kno
LO-phonon energies, which are around 92 meV. The in
mogeneous broadening of 15 meV obtained by them is v
high and is perhaps due to poor sample quality. They h
used the Bose-Einstein-type expression, which consi
only LO-phonon scattering, and acoustic-phonon contri
tions to the linewidth are not taken into account.

TheGLO value~104 meV! reported by Petalaset al.7 from
the spectroscopic ellipsometry is also low and our impr
sion is that it is incorrect. They made the linewidth measu
ments from 120 K onwards only and hence they did not h
the low-temperature data to make the fitting and analyze
contributions in that temperature region. They also obser
the linewidth to be almost constant up to a high tempera
of 200 K, which is a wrong result. This shows that the ma
nitudes of their linewidths were incorrect. The inhomog
neous broadening value of 35 meV ofG0 reported by this
group was quite high, which shows that their sample qua
may not be good or the method of measurement is not ri
They made use of a Bose-Einstein-type expression, w
considers only LO-phonon scattering, and acoustic-pho
contributions to the linewidth are completely ignored.

In addition to these workers, Liet al.,8 who analyzed the
linewidths from modulation spectroscopy, have also used
Bose-Einstein-type expression which considers LO-pho
scattering alone and acoustic-phonon contributions to
linewidth are taken as zero. We believe that in all these ca
the linewidths are determined incorrectly~as evidenced by
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FIG. 3. Temperature dependence of integrated PL intensity of~a! FX ~A! and ~b! FX ~B!. The insets show the activation energy plots
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the fact that they are constant up to 150–200 K!, which has
led to low values of the fitting parameters.

It is remarkable that our values of broadening parame
agree well with those reported by Fischeret al.2 on the SR
and TI DFWM experiments on GaN, who obtained a va
of 470 meV for GLO and 13meV/K for gph. Perhaps the
most accurate determination of the exciton-phonon coup
parameter is from the spectrally resolved degenerate f
wave mixing. In these measurements the excitonic contr
tion is several orders of magnitude larger than the fr
carrier contribution. The results obtained from oth
experiments such as absorption contain errors due to sig
cant contributions to the linewidth from free carriers. W
believe that the linewidths reported from all the other te
niques are not accurate since they do not detect the exc
transition directly. For example, in spectroscopic ellipso
etry one measures the complex dielectric function« which is
related to the point density of states for interband transitio
while in the reflectance experiment the measurement o«
itself is an indirect method. Considering our own measu
ments and those of Fischeret al., we believe that the lowe
limit of GLO must be around 450 meV. Such a high value
mainly attributed to the very intense Fro¨hlich interaction in
GaN. The evidence and ramifications of Fro¨hlich interactions
were already discussed in previous sections

We compare the broadening parameters in GaN w
those in wide-band-gap II-VI and other III-V semicondu
tors. For ZnSe,GLO value was reported to be 81 meV fro
the degenerate four-wave mixing experiments.9 In the case of
a CdTe/CdZnTe single quantum well, a high value of 4
meV for GLO was reported11 from the photoluminescenc
rs
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experiments. However, the values given by others
CdZnTe-type single and multiple quantum wells were in t
range of 16–25 meV from absorption and luminescen
studies.12–14 For GaAs and InxGa12xAs bulk and quantum
wells, GLO values obtained from absorption/reflectance w
very small in the range of 5–10 meV.15–17 The trend in the
GLO value can be understood by considering the polarity
the material which increases in the order of GaAs, Zn
ZnSe, and GaN. The energy of LO phonons also has a
found effect on theGLO value. It may be noted that thehnLO

for GaN is very high~92 meV! compared to other semicon
ductors such as GaAs~36.8 meV!, ZnTe ~25.5 meV!, ZnSe
~30.5 meV!, CdTe~21.2 meV!, and CdSe~26.1 meV!.24

Now we discuss the acoustic-phonon coupling param
gph. Most of the other workers4,6–8did not even consider the
contributions of acoustic phonons in GaN. The importance
acoustic phonons in linewidth broadening has also b
theoretically treated by Lee, Koteles, and Vassell,32 who
concluded that acoustic phonons dominate up to 120
which agrees with our findings. Ourgph value agrees reason
ably well with the values reported by others2,3,5 for GaN.
Exciton–acoustic-phonon interactions occur via the deform
tion potential and piezoelectric interaction. The observ
small differences in thegph value can be explained as bein
due to differences in the deformation potential in differe
samples. The importance of exciton–acoustic-phonon s
tering has also been addressed by Shah and co-work33

recently in their time-resolved DFWM experiments on Ga
quantum wells. It is interesting to compare thegph value in
GaN with other III-V and II-VI semiconductors. Thegph
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values were reported as 4.6meV/K for GaAs quantum wells,
11.0meV/K for ZnSe bulk as well as multiple quantum wel
~MQW! of ZnCdSe/ZnSe,9 13.7 meV/K for MQW of
CdTe/CdMnTe.10 This comparison shows that thegph value
is in the same range for all the semiconductor materials. T
is becausegph depends only on the deformation potentia
and the Fro¨hlich constant has no effect on it. These compa
sons also prove that onlyGLO is very much influenced by the
intensive Fro¨hlich interactions in GaN. The treatment give
by us to understand the exciton linewidths has also b
applied very recently to investigate the influence of quant
confinement on the magnitudes of acoustic- and opti
phonon scattering in ZnCdSe/ZnSe MQW~Ref. 34! and
InxGa12xAs/GaAs single quantum wells35 by TI-DFWM ex-
periments. This gives additional support to the approach u
by us.

Figure 3~a! shows the temperature dependence of in
grated PL intensity of free excitonA and the inset shows th
same quantity as a function of 1/T. From the slope of the
straight line, the activation energy of the free exciton is
timated as 26 meV. This can be taken asA exciton binding
energy. For free excitonB the PL intensity initially increases
upto 40 K and then decreases due to nonradiative relaxa
as shown in Fig. 3~b!. The initial increase in intensity occur
since theB exciton is at a higher energy than theA exciton.
The binding energy of FX~B! is also evaluated as 26 meV
This value of binding energy agrees reasonably well with
values estimated recently31,32 from the ground and excited
spectra in the photoreflectance.

In order to achieve room-temperature photonic device
is necessary to have excitons which can exist up to ro
nd
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temperature. The existence of room-temperature excitons
pends upon the delicate balance between two competing
tors. The first is the exciton–LO-phonon interaction para
eter and the second is the exciton binding energy. A v
large value ofGLO will make the exciton line broadened, s
much so that at high temperatures the line will vanish co
pletely. But the larger binding energy of the exciton c
resist the phonon interaction and it is possible to obse
room-temperature excitons. Indeed this is what happen
the case of GaN, which has a large binding energy of
meV. In order to realize stable room-temperature devices,
would like to suggest here that it is better to work wi
quantum confined systems of GaN, which have higher bi
ing energy and lower LO-phonon coupling as a direct co
sequence of quantum phenomena. In addition, quantum w
also have much smaller inhomogeneous broadening.

In conclusion, we have reported the temperature dep
dence of the linewidth of free excitonA andB and proposed
the emission broadening mechanism. It was shown
acoustic-phonon scattering must also be considered in a
tion to LO-phonon scattering. The broadening parame
were compared with those obtained by different experim
tal methods and also with other III-V and II-VI wide-band
gap semiconductors. The importance of linewidth and bi
ing energy of excitons in achieving room-temperatu
photonic devices was discussed.
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