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We report an extensive study of the excitonic properties of freestanding and heteroepitaxial GaN samples
using continuous-wave reflectivity and time-resolved autocorrelation measurements. The coherent impulse
response of free excitons is recorded by using an interferometric correlation technique. Excitonic parameters of
GaN are deduced from the combined analysis of both experiments. Oscillator strengths and transition energies
are studied as a function of the residual biaxial strain of the sample and temperature-dependent measurements
are used to determine the parameters of the exciton-phonon interaction in GaN.

DOI: 10.1103/PhysRevB.77.045206 PACS number�s�: 78.20.�e, 71.35.�y, 78.47.�p, 78.55.Cr

I. INTRODUCTION

GaN crystallizing in the hexagonal wurtzite structure and
related compounds have been intensively studied due to their
recognized potential for device applications in short-
wavelength optoelectronics and in high-frequency or high-
temperature electronics.1–3 An in depth understanding of
their fundamental properties is then essential in order to de-
sign optimized devices but also to fully investigate their po-
tential for novel optoelectronic devices such as ultrafast
micro-optical amplifiers4,5 or polariton light emitters.6 In par-
ticular, the spectroscopy of excitons provides relevant infor-
mation of basic and applied interest. It is well known that
excitons dominate the near-band-edge optical properties of
GaN.7,8 They are characterized by large binding energies and
oscillator strengths, allowing them to be stable at high tem-
perature or high density. Consequently, the strong light-
matter coupling and large Rabi splittings have been
predicted9 and recently demonstrated at low and room tem-
peratures in GaN-based microcavities.10–12 It is now ex-
pected that this strong coupling regime will be crucial for a
new generation of GaN-based light emitters with very low
thresholds. It is important to optimize the design of GaN
microcavities in order to further investigate the physics of
the strong coupling regime. It is also necessary to determine
accurately the excitonic oscillator strengths of GaN as a
function of the residual biaxial strain which strongly varies
with the growth process.

The effect of disorder on the optical properties of excitons
in nitrides, which is mainly attributed to the inhomogeneous
distribution of the lattice strain, is also an important issue.
Strain fluctuations manifest themselves in both continuous-
wave �cw� and time-resolved spectroscopies and are typi-
cally responsible for the inhomogeneous broadening of the
transitions which combines with the homogeneous broaden-
ing when the temperature increases. This leads to a mixed
Lorentzian-Gaussian shape of the exciton line and a partial
breakdown of the temporal coherence.

In this context, the excitonic optical properties of various
GaN samples are examined in this work by combining both
cw and time-resolved reflectivity experiments. Nevertheless,
due to the short coherent transient of excitons in GaN,13

exciton dynamics have to be analyzed at the femtosecond
scale. We show that excitonic reflectivity transients of bulk
GaN can be accurately recorded by means of an interfero-
metric correlation method already proposed for the
GaAs /GaAlAs system.14–16 The excitonic oscillator strength
and broadening are derived from the best fits of both cw and
time-resolved spectra. The inhomogeneous broadening pa-
rameters are derived from the decay rate of the low-
temperature correlation signal without affecting the accuracy
of the determination of the oscillator strength as it could be
the case if only cw data are fitted. Energies and oscillator
strengths of excitons are then analyzed as a function of the
in-plane biaxial strain of the samples and compared with
calculations. Moreover, the homogeneous broadening has
been evaluated as a function of temperature by using
complementary temperature-dependent cw-reflectivity and
time-resolved correlation experiments. This homogeneous
broadening of excitons is then analyzed in terms of scattering
by acoustic and optical phonons or by ionized donor impu-
rities.

II. EXPERIMENTAL DETAILS AND THEORETICAL
CONSIDERATIONS

All the samples investigated in this study are unintention-
ally doped bulk GaN epilayers. Their main characteristics are
reported in Table I: thickness of the layer, dislocation den-
sity, and growth technique used for their elaboration. Four of
them labeled S3 to S6 are thick freestanding samples grown
by hydride vapor phase epitaxy �HVPE�. Sample S2 is a
3 �m thick GaN layer grown by metal-organic vapor phase
epitaxy �MOVPE� on a �0001� sapphire substrate. Sample S1
was grown by using an epitaxial lateral overgrowth �ELOG�
process: A few micrometer thick GaN layer was first grown
by MOVPE on a �0001� Al2O3 substrate; a dielectric �SixNy�
mask was then deposited and stripes were opened using stan-
dard photolithography; finally, regrowth of GaN was per-
formed in the openings taking advantage of the lateral
growth over the mask up to full coalescence. This technique
significantly reduces the dislocation density of GaN
layers.17,18 The last sample �S7� is a 110 �m thick GaN ep-
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ilayer regrown by HVPE on an ELOG GaN template elabo-
rated in the same conditions as S1.

The optical experiments were performed in the 5–300 K
range. The excitation source for cw reflectivity is a halogen
lamp and the reflectivity signal is analyzed through a mono-
chromator using standard lock-in techniques. For the time-
resolved reflectivity experiments, the second-harmonic beam
of a femtosecond Ti:sapphire laser with 130 fs pulse duration
and 76 MHz repetition rate is used. The light pulse is passed
through a Michelson interferometer providing two collinear
pulses which are then focused on the sample with a mutual
delay �. The photon energy is chosen to be equal to the
average value of the XA

n=1 and XB
n=1 exciton energies of GaN.

The coherent reflectivity transient is then probed as a func-
tion of � by the time integrated detection of the reflected
signal with a Si photodiode. A detailed schematic view of the
interferometric correlation setup can be found in Ref. 19.
The intensity of the time integrated signal is proportional to

I��� �� �r�t� + r�t − ���2dt , �1�

where r�t� is the time-resolved reflection amplitude coeffi-
cient. This expression can be rewritten as I���=2�I0+ Irr����
where I0=��r�t��2dt=��r�t−���2dt is constant and Irr���
=�Re�r�t�r*�t−���dt=Re�r��� � r*�−��� is the autocorrela-
tion function of r�t�. It can be shown that this autocorrelation
function is very close to the time-resolved reflection coeffi-
cient r�t�.20 Our experiments were performed under normal
incidence so that the electric field and the wave vector of
light were, respectively, perpendicular and parallel to the
�0001� axis �c axis� of the samples.

The cw and time-resolved reflectivity spectra were ana-
lyzed by modeling the optical response using a standard
transfer-matrix algorithm. The dielectric constant in the vi-
cinity of the band edge is given in a semiclassical approach
by

��E� = �b + �
j=1

N � Aj

�x2 − E2 + i� jE�
f�x,E0j,� j�dx , �2�

where �b is the background dielectric constant, and Aj, E0j,
and � j are, respectively, the oscillator strength, the mean
resonance energy, and the homogeneous broadening param-

eter of the j excitonic level. The exciton resonance energies
are assumed to follow a Gaussian distribution:

f�x,E0j,� j� =
1

	2�� j

exp
�x − E0j�2

2� j
2 , �3�

where � j is the inhomogeneous broadening parameter, re-
lated to microscopic disorder such as lattice strain fluctua-
tions.

The time-resolved reflection coefficient r�t� is calculated
from the Fourier transform of the frequency-dependent coef-
ficient r�	� times a Gaussian function g�	�, corresponding to
the spectral dispersion of the 130 fs pulse:

r�t� =� r�	�g�	�e−i2�	td	 . �4�

The autocorrelation function Irr��� is then numerically evalu-
ated in order to calculate the interferometric signal I��� ac-
cording to Eq. �1�.

III. RESULTS AND DISCUSSION

A. Low-temperature results

The 5 K cw-reflectivity spectra of the S1 to S7 samples
are displayed in Fig. 1 together with their corresponding
simulations. The spectra have been organized by ascending
internal strain, S1 corresponding to the most compressed
sample. The A, B, and C free excitons related to the three
valence bands of wurtzite GaN are clearly identified together
with lines attributed to their n=2 excited states. The
sharpness of the resonances indicates the high quality of
the samples investigated. Within the hydrogen model, the
binding energies �R� of the three excitons can be de-
duced from the energy spacing between n=1 and n=2

TABLE I. Description of the investigated samples with their
corresponding labels.

Samples Structure
Thickness

��m�
Growth

technique
Dislocation

density �cm−2�

S1 GaN/sapphire 12 ELOG 108

S2 GaN/sapphire 3 MOVPE

S3 Freestanding 300–350 HVPE 106–107

S4 Freestanding 300–350 HVPE 106–107

S5 Freestanding 1100 HVPE 106–107

S6 Freestanding 400–550 HVPE 106–107

S7 GaN /GaN 110 ELOG, HVPE

FIG. 1. 5 K reflectivity spectra of the investigated samples. The
thin lines are fits to the experimental spectra.
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states givingRA=24.2±0.2 meV, RB=25.9±0.2 meV, and
RC=25.9±0.2 meV. A weak structure on the low energy side
of the A exciton can be also detected and attributed to neutral
donor bound excitons, although the reflectivity is mainly sen-
sitive to intrinsic states. Photoluminescence experiments �not
reported here� confirm this identification.

Figure 2 displays the corresponding experimental �T
=5 K� and simulated time-resolved autocorrelation spectra
of the samples studied. The laser energy was tuned to the
average value of the A and B exciton energies. In these con-
ditions, the latter are excited simultaneously since the tem-
poral width of the femtosecond pulse �130 fs� corresponds to
a spectral width of 14 meV, while the A-B splitting is
5–8 meV in our samples. A good agreement is obtained be-
tween experiments and calculations. The experimental inter-
ferograms show rapid oscillations corresponding to the inter-
ferences between the two coherent polarization waves
excited by the pulses. These are not resolved on the time
scale of Fig. 2. All the experimental spectra show a clear
modulation of the overall signal corresponding to the quan-
tum beats between the A and B excitons, simultaneously ex-
cited by each pulse. Such quantum beats between excitons
have already been observed in GaN.21 To prove this, the
relative phase of these beats has been probed for several
excitation energies across the A and B exciton resonances.
No phase shift was observed, confirming their assignment to
the coherent superposition of the A and B excitonic re-
sponses. The period T of the beats corresponds exactly to the
energy splitting 
E between the A and B excitons �for ex-
ample, T=0.8 ps for sample S7 corresponds to 
E=5 meV
and T=0.5 ps for sample S1 corresponds to 
E=8 meV�. As
such, this period is directly affected by the value of the bi-
axial stress in the layer and decreases when the latter in-
creases. The autocorrelation signal also exhibits a rapid de-
cay which is shown by our modeling to be strongly
dependent on the crystal homogeneity: the stronger the inho-
mogeneous broadening parameter, the shorter the decay time.

At low temperature, the homogeneous broadening is weak
in comparison with the inhomogeneous one which governs
the damping of the correlation signal. Thus, only two param-

eters �in addition to the resonance energy E0j, which can be
easily estimated from the fit of the cw-reflectivity spectrum�
have to be determined: � j which characterizes the disorder �it
should be smaller for thick freestanding GaN samples than
for thin heteroepitaxial ones� and Aj which is proportional to
the exciton oscillator strength.22 A good agreement can be
obtained between numerical simulations and experimental
cw-reflectivity spectra, but it is difficult to extract indepen-
dently both the oscillator strength and the inhomogeneous
broadening parameters. Our technique consists in fitting both
cw and time-resolved reflectivity spectra in order to improve
our accuracy. The energy and the oscillator strength �the lat-
ter being related to the amplitude of the quantum beats in the
time-resolved spectra� of free excitons are extracted from the
best fits of cw and time-resolved spectra. The inhomoge-
neous broadening parameter is directly extracted from the
decay rate of the 5 K correlation signal. We have assumed
that the exciton line was essentially inhomogeneously broad-
ened at 5 K. Indeed, although the growth techniques are ef-
ficient, strain fluctuations are ineluctable in heteroepitaxial
GaN. It is, however, effectively difficult to demonstrate that
an inhomogeneous model of the dielectric constant �Eq. �2��
leads to a better agreement between the experimental reflec-
tivity spectra and the simulations. It would be necessary to
separate the contribution to the whole broadening of the ho-
mogeneous and inhomogeneous ones at low temperature,
typically 2 K, but it is a hard task. It is worth mentioning the
work of Fisher et al. who performed femtosecond four-wave
mixing studies of excitons in GaN.21 From an analysis car-
ried out at 10 K, they deduced an upper limit of 1.5 meV for
the inhomogeneous broadening in their samples for a total
spectral broadening of 2.5 meV. However, their opinion was
that the broadening was essentially homogeneous. However,
in our case, a mean broadening of about 1.5 meV is found
from the fitting of our 5 K data for the various samples in-
vestigated here, whatever the model used: inhomogeneous or
purely homogeneous ��i=0�. The fact that our broadening
values are less than 2.5 meV argues in favor that some sig-
nificant inhomogeneous broadening was present in the
samples studied by Fisher et al. It is also worth noting that
our choice to consider a weak homogeneous broadening at

FIG. 2. Low-temperature experimental and
calculated time-resolved autocorrelation spectra
of the samples studied.
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5 K in the fitting procedure has no influence on the determi-
nation of the parameters of the phonon-exciton interaction
�Sec. III C� since the temperature-dependent homogeneous
broadening is correctly taken into account when the tempera-
ture is increased. As an example, Fig. 3 shows that a very
good agreement can be obtained between experiments and
calculations for both cw and time-resolved spectra at 5 K in
the case of sample S6. The theoretical and experimental cor-
relation spectra have been plotted on a logarithmic scale in
order to emphasize the quality of the fit to experimental data.
Since only free excitons are taken into account in our model,
some discrepancies exist between the experimental and cal-
culated cw-reflectivity spectra observed near the neutral do-
nor bound exciton energy.

B. Excitonic properties as a function of the in-plane biaxial
strain

This section is especially devoted to the analysis of the
excitonic energies and oscillator strengths as a function of

the biaxial residual strain. The experimental data are dis-
cussed within theoretical calculations based on Hopfield’s
model.23,24 The literature provides a great number of papers
on the evolution of experimental excitonic energies as a
function of strain and their comparison with theoretical
calculations25–28 but the situation becomes more complicated
when it concerns an overall fit of both excitonic energies and
oscillator strengths. The excitonic energy and oscillator
strength values corresponding to the present analysis are re-
ported in Fig. 4 as a function of the XA energy, since the
latter varies linearly with the in-plane biaxial strain.26 The
value of the unstrained band gap at 5 K was taken equal to
3501±1 meV. It corresponds to an XA exciton energy of
3477 meV, in agreement with the value determined by Ko-
rona et al. on GaN homoepitaxial layers grown on GaN
single crystals29 �the values used for the excitonic binding
energies are those previously determined in Sec. III A�. This
unstrained XA energy agrees with the ones we measure in our
thick freestanding samples and the splittings between the XA,
XB, and XC energies are only functions of the spin-orbit
�
SO� and crystal field �
cr� parameters of the k=0 wurtzite
valence band Hamiltonian.24 So, in the first step, the XB and
XC energies of our freestanding samples were fitted at zero
strain by varying the 
SO and 
cr values and, in the second
step, the deformation potentials D1 and D2 were adjusted in
order to fit the evolution of the excitonic energies as a func-
tion of the XA energy. D1, D2, D3, and D4 are the usual

FIG. 3. 5 K continuous-wave and time-resolved autocorrelation
reflectivity spectra of sample S6. The experimental spectra are plot-
ted together with the calculated ones for comparison. In order to
outline the good agreement between experiment and calculation, the
normalized quantity ln��I−2I0� / �2I0�� is plotted for the autocorrela-
tion spectra where I is the intensity of the autocorrelation signal and
I0 is the intensity far from the pulse. The period �T� of the excitonic
quantum beats, clearly in evidence on the experimental and calcu-
lated autocorrelation spectra, is also given.

FIG. 4. �Color online� The experimental transition energies and
oscillator strengths of the A, B, and C excitons reported as a func-
tion of XA

n=1 energy are compared with calculations. The symbols
correspond to experimental data and the solid lines to calculations
using the parameters given in the text. The ∨ symbol corresponds to
an upper bound for the oscillator strength value of the C exciton in
the case of a highly strained GaN sample �S1�.
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deformation potentials defined in Ref. 24; they satisfy the
quasicubic approximation, D3=D1−D2 and D4=−D3 /2. In
order to reduce the number of fitting parameters, the aniso-
tropic property of the wurtzite symmetry was ignored and the
deformation potential of the conduction band was fixed to
ac=a /2=−4.08 eV, in agreement with the value determined
by Gil et al.26 This first evaluation of 
SO, 
cr, D1, and D2
constituted the starting point of a consistent fit of the whole
set of experimental data �i.e., both excitonic energies and
oscillator strengths�. A good overall agreement was obtained
with the following values: 
SO=17.5±0.5 meV, 
cr
=13±0.5 meV, D1=1.1±0.2 eV, and D2=3.7±0.2 eV. They
are consistent with those predicted in a few critical
works.8,29–31 This set of parameters enables a perfect fit of
the exciton energies but it also leads to a good agreement
between the evolution of the experimental oscillator
strengths and the theoretical interband transition matrix ele-
ments as a function of strain through the XA energy �Fig. 4�.
This agreement is satisfactory if we consider the following
facts:

�i� For unstrained samples, the fundamental C exciton
resonance is close to the first excited state of XB �n=2� and
this could affect the determination of its oscillator strength
during the fitting of the reflectivity spectra.

�ii� The C exciton is not excited by the femtosecond pulse
since its energy is tuned between the A and B exciton ener-
gies. As such, it does not affect the correlation spectra and,
therefore, the determination of its oscillator strength cannot
be improved by the fit of the time-resolved reflectivity spec-
tra.

�iii� The calculated oscillator strengths correspond to
band-to-band processes through the determination of the
strain-dependent optical matrix element for a polarization
perpendicular to the c axis and the excitonic exchange inter-
action was not considered. In our experimental configuration,
three �5 exciton states are optically active, but the effects of
the exchange interaction are weak, especially since we stud-
ied relaxed or biaxially compressed samples, i.e., far from
the A and B �5 exciton anticrossing.32

�iv� The C exciton energy is equal to the energy of optical
transitions involving conduction band and A valence band
���9

v
� continuum states. This effect, known as the Fano ef-
fect, certainly affects the determination of the oscillator
strength and the associated broadening related to the C exci-
ton.

Finally, we found that the ratio of the oscillator strength
between the fundamental �XA

n=1� and the excited �XA
n=2� exci-

ton states varies between 1 /7 and 1 /10 in our samples, in
agreement with the 1 /23 factor expected within the hydrogen
model. This favorably corroborates our experimental deter-
minations.

Only normalized values of the oscillator strengths are re-
ported in Fig. 4 and are compared with the normalized inter-
band matrix elements calculated as a function of strain. The
absolute values of the oscillator strengths can also be given
in terms of polarizability �4�� j�. The latter are related to the
quantity Ai used in Eq. �2� by 4�� jE0j

2 =Aj.
33 For the un-

strained case, the best fit of our experimental data was ob-
tained using unstrained oscillator strength values �4�� j�

equal to 2.010−3 �A=24103 meV2�, 1.610−3 �A=20
103 meV2�, and 0.610−3 �A=8103 meV2� for the A, B,
and C excitons, respectively. The relative oscillator strength
values are then 0.46, 0.39, and 0.15.

C. Temperature-dependent results

The broadening of excitonic lines due to exciton scatter-
ing by acoustic and polar optical phonons is investigated in
this section. Exciton-phonon interactions are governed by
fundamental intrinsic properties and cannot be controlled.
Nevertheless, their basic knowledge is very important to es-
timate the performances of novel devices such as exciton-
polariton based light emitters. For example, the broadening
induced by the exciton-phonon interaction when the tem-
perature increases is at the origin of the reduction of the Rabi
splitting observed in microcavities. Thus, the design of mi-
crocavity devices will have to be optimized in order to pre-
serve the strong coupling between photons and excitons at
room temperature. Reliable values of the physical parameters
characterizing the exciton-phonon interaction are extracted
from complementary temperature-dependent cw and time-
resolved experiments.

The linewidth of excitons in semiconductors has been
theoretically studied by Segall and Mohan using a perturba-
tive approach.34 Generally, the temperature dependence of
the homogeneous linewidth of excitons in semiconductors
has the following form:35

�hom�T� = �acT + �LONLO�T� + �0. �5�

The first term of this equation is due to exciton scattering by
acoustic phonons via both the deformation potential and the
piezoelectric interaction. The second term arises from exci-
ton interactions with longitudinal optical �LO� phonons via
the Frölich interaction which is a Coulomb interaction be-
tween excitons and the longitudinal electric field produced
by LO phonons.36 �ac and �LO are the exciton-phonon cou-
pling strengths and NLO�T� is the Bose distribution of LO
phonons with

NLO�T� = 1��exp��LO

kT
� − 1� ,

where ��LO=91.8 meV corresponds to the E1 mode.37 The
temperature independent term �0, which may represent the
broadening arising from the scattering by impurities or from
the exciton-exciton interactions, has not been considered
here.

The method to extract the homogeneous and inhomoge-
neous linewidths is based on the assumption that the homo-
geneous broadening is negligible at low temperature in com-
parison with the inhomogeneous one. In the first step, the
inhomogeneous linewidth is obtained from the fit of the low-
temperature cw and time-resolved reflectivity spectra. In the
second step, the temperature-dependent spectra were fitted
by keeping the inhomogeneous broadening constant in order
to deduce the homogeneous broadening as a function of tem-
perature.

The temperature-dependent linewidth of excitons in GaN
have been determined previously by various spectroscopic
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methods �absorption spectroscopy,38 photoluminescence,39

cw-reflectivity,29,40 and four-wave-mixing studies21�. In the
present work, the strength of the exciton-phonon interaction
is determined from the fit of the decay rate of the correlation
signal as a function of temperature. The adjustment of simu-
lations to the cw-reflectivity spectra is also performed in or-
der to improve the accuracy of the determination. Moreover,
the use of cw-reflectivity data enables us to investigate the
whole 5–300 K temperature range, while it is difficult to
extract the decay rate of the correlation signal with a good
accuracy beyond 150 K. Figure 5 displays the time-resolved
spectra together with the calculated ones for samples S1
�ELOG, highly strained sample� and S4 �weakly strained
freestanding sample� for temperatures varying between 5 and
150 K. Similar results have been obtained for the other
samples. The coherence between experiments and calcula-
tions is confirmed by the fit of the cw-reflectivity spectra
obtained with the same fitting parameters as shown in Fig. 6
for sample S1. The homogeneous broadening used in this
work at 5 K is negligible in comparison with the inhomoge-
neous one. Its value �0.1 meV� is in good agreement with the
lifetime of excitons measured at low temperature in GaN
epilayers by Hess et al., who found that the exciton dynam-
ics are dominated by trapping at defects and impurities via
acoustic phonons with a lifetime � of 16 ps.13 Such lifetime
corresponds to a broadening equal to 2� /�=0.08 meV, in
agreement with our hypothesis. Moreover, it is worth men-
tioning that the theoretical description of excitons in semi-

conductors is well established in the two extreme cases: the
case of free excitons where exciton polaritons are formed
and that of bound excitons.22 In the first case, radiative decay
of free excitons can only occur through the conversion of
polaritons into photons at the surface of the sample. The
geometry of the sample governs then the radiative lifetime of
exciton polaritons which is related to the confinement of the
polariton in the sample. In the second situation, the radiative
lifetime of bound excitons is inversely proportional to the
oscillator strength. Otherwise, the theory in the intermediate
case, which seems to be the case of GaN, does not exist at
the present time.

The homogeneous linewidths extracted from the
temperature-dependent dephasing rate of the time-resolved
reflectivity signal below 175 K and from the fit of cw-
reflectivity spectra above 175 K are plotted in Fig. 7. The
fact that the slope is linear up to 120 K demonstrates that
exciton scattering by acoustic phonons is the dominant scat-

FIG. 6. Series of cw experimental and calculated reflectivity
spectra recorded between 5 and 300 K �sample S1�. The fits are
consistent with the time-resolved results of Fig. 5.

FIG. 7. Homogeneous broadening of the A and B free excitons
in GaN plotted as a function of temperature. The solid lines repre-
sent the least-squares fit to Eq. �5� for samples S1 to S6 �acoustic
phonon and LO-phonon, scattering� or to Eq. �6� �acoustic phonon,
LO-phonon, and impurity scattering� in the case of sample S7.

FIG. 5. Series of time-resolved experimental and calculated au-
tocorrelation spectra recorded between 5 and 150 K for samples S1

and S4. The decay rate of the time-resolved signal is fitted for each
temperature by varying only the homogeneous broadening param-
eter. The gray straight lines are guides for the eyes highlighting the
damping of the correlation signal.
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tering process of excitons in this temperature range. Above
120 K, the homogeneous linewidth becomes superlinear due
to the contribution of the optical phonons. The results for
samples S1 to S6 were fitted with Eq. �5� using the following
parameters: �ac=10±2 �eV K−1 and �LO=420±40 meV.
The large deformation potential interaction in addition to the
Frölich interaction is responsible for the large value of �LO,
in comparison to the corresponding values obtained for
GaAs or ZnSe materials. This could affect the room tempera-
ture or high-temperature performances of GaN-based de-
vices. Our determinations have to be compared to those
given in the literature and obtained from a large variety of
spectroscopic methods.21,29,38–43 However, care must be
taken for this comparison since the inhomogeneous broaden-
ing, which is important in GaN samples, may alter the deter-
mination of the homogeneous linewidth. For samples with a
significant inhomogeneous broadening, the homogeneous
linewidth value has to be determined by fitting the excitonic
line with a temperature-dependent Lorentzian convoluted
with a Gaussian, as done in this work. Approximate expres-
sions have been used in the literature to extract �hom�T�
from the measurements of the whole exciton linewidth �tot,
either �tot

2 =�inh
2 +�hom

2 �T� �Refs. 44 and 45� or �tot=�inh

+�hom�T�,40,41,43 where the inhomogeneous broadening pa-
rameter ��inh� is measured at low temperature. These rela-
tions are inaccurate for highly inhomogeneous broadened ex-
citons and can alter the analysis of the experimental
linewidths. Moreover, it can be noted that the literature val-
ues found within a similar model can depend on the experi-
mental method. Errors can also be generated during the fit-
ting session. Despite all these sources of discrepancies, our
values are very close to those obtained by spectrally resolved
and time-integrated four-wave-mixing measurements which
provide perhaps the most accurate exciton-phonon coupling
parameter determination since the contribution of free carri-
ers is significantly reduced.21

As shown in Fig. 7, sample S7 displays a slightly different
temperature-dependent behavior and it was difficult to obtain

the same fitting parameters as for the other samples. An im-
purity �donors� concentration larger than in the other samples
certainly explains why the homogeneous broadening param-
eter of sample S7 increases faster with increasing tempera-
ture. Therefore, to account for the scattering of excitons by
ionized impurities, the phenomenological term used by Lee
et al.46 is introduced. The homogeneous broadening in Eq.
�5� must then be rewritten by adding the contribution of this
third scattering mechanism ��0 is neglected�:

��T� = �acT + �LONLO�T� + �impe
−�Eb
/kT, �6�

where Eb is the donor binding energy and �imp a parameter to
be adjusted. The value of �Eb
 was taken to be equal to
29 meV, which corresponds to an averaged value over all
possible donor-impurity binding energies.47 In Fig. 7, the
least-squares fit with Eq. �6� of sample S7 data is reported
using �imp=10±2 meV, �ac and �LO having been deduced
from the analysis of samples S1 to S6.

IV. CONCLUSION

Continuous-wave and femtosecond time-resolved auto-
correlation reflectivity measurements have been performed
on high quality GaN epilayers. Quantum beats between the A
and B excitons were observed and it was shown that the
quantum beat period depends on the residual strain through
the A-B splitting energy. The combined analysis of cw and
time-resolved reflectivity spectra leads to an accurate deter-
mination of the excitonic parameters through the fit of the
experimental spectra by using a model allowing a separate
estimation of the inhomogeneous and homogeneous broad-
enings. The evolution of energies and oscillator strengths of
the A, B, and C excitons has been studied as a function of the
biaxial strain and relevant parameters related to the valence
band structure are derived. Finally, the exciton-phonon inter-
action was studied using temperature-dependent measure-
ments. The phonon-exciton interaction parameters were de-
duced from the exciton linewidths of cw spectra and from
the evolution of the dephasing rate in time-resolved spectra.
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