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Influence of excitonic oscillator strengths on the optical properties of GaN and ZnO
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We report on an extensive study of the excitonic properties of GaN and ZnO bulk samples with an accurate
determination of excitonic parameters by linear and nonlinear spectroscopies. The in-depth comparative study is
carried out between these two competitive wide band gap semiconductors for a better understanding of damping
processes. In GaN, it is shown that due to microscopic disorder, such as lattice strain fluctuations, inhomogeneous
broadening prevails over homogeneous broadening at low temperature. The opposite situation occurs in ZnO,
where the homogeneous broadening dominates due to resonant Rayleigh scattering of exciton polaritons and their
interaction with acoustic phonons. This comparative study also allows us to highlight the influence of oscillator
strengths on spectrally resolved four-wave mixing and time-integrated four-wave mixing.
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I. INTRODUCTION

In the past three decades, wide band gap semiconductors,
such as gallium nitride (GaN) or zinc oxide (ZnO), have been
intensively investigated for their potential applications in new
optical devices emitting in the near UV region. The GaN
technologies are mature. The first GaN light-emitting diode
(LED) and laser diode (LD) were obtained, respectively, in
1994 [1] and 1996 [2]. Nowadays, these devices are produced
industrially: they are employed in reading Blu-ray digital
versatile discs or more recently in LED bulbs. Concerning
ZnO, the first realization of an LED is very recent (2008)
[3]. Due to the complexity of achieving p-doping in this
semiconductor, it is difficult to achieve industrial production
at the present time. Thus, the optoelectronics devices based
on GaN (LDs, LEDs, etc.) have an advantage over those
of ZnO. However, recent developments in polaritonics have
shown that the use of materials such as ZnO or GaN
with large oscillator strengths is interesting to obtain a low
threshold coherent light-emitter at room temperature, namely
the polariton laser [4–6]. The latter was observed first by
optical pumping in GaN microcavities [7,8] and, more recently,
in ZnO [9–12]. For this future device, ZnO presents some
advantages (higher oscillator strengths, weak strain sensitivity,
etc.), but it has one drawback—the difficulty of obtaining
the p-doping. Many studies, however, are being conducted
to achieve this doping, and some of them are very promising
[13]. Furthermore, an intracavity injection could exclude the
need for p-doping. For implementation of these new optical
devices based on the exciton polaritons, an in-depth knowledge
of the physical properties of both semiconductors is important.
Many of these properties have already been fully investigated,
such as crystalline structure [14,15], valence band ordering
[16,17], photoluminescence (PL) emission [18,19], but no
accurate comparative study between these two wide band gap
semiconductors is available for their excitonic parameters.

For all these reasons, the aim of this paper is to investigate
in detail the near-band-edge optical properties of GaN and
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ZnO in order to compare these excitonic properties. As in
a recent paper [20], accurate information on this subject
is deduced here from linear and nonlinear spectroscopies.
In addition to continuous wave reflectivity (CW-R), auto-
correlation reflectivity (AR), and time-integrated degenerate
four-wave mixing (Ti-FWM), already used previously, the
spectrally resolved degenerate four-wave mixing (Sr-FWM)
experiments are investigated. These nonlinear techniques help
us to determine the dephasing time T2 that reflects polariton
interactions with impurities, phonons, and other polaritons
[21]. However, Sr-FWM provides additional information [22],
namely, the spectral dependence of these interactions. The
knowledge of the latter is important to compare GaN and ZnO
excitonic behaviors. Finally, the results obtained from all these
spectroscopy studies lead to an accurate determination of the
excitonic parameters. It is then interesting to compare and
understand the different interaction processes involved in both
semiconductors.

After a short presentation of the experimental setups and
samples, physical models employed in the following are
detailed. GaN excitonic parameters are then determined at 5 K
from the combination of linear and nonlinear spectroscopies.
These results lead naturally to differences between the GaN
and ZnO optical properties. We first shall compare their
excitonic broadenings, then the beats observed in Ti-FWM
spectra will be investigated.

II. EXPERIMENTAL DETAILS

All the experiments were performed on unintentionally
doped c plane ZnO and homoepitaxial GaN bulk samples.
The first one was supplied by Tokyo Denpa Co. and grown by
a hydrothermal method, and the second was grown by hydride
phase vapor epitaxy. The thickness of these two samples was
respectively 1 mm for ZnO and 110 μm for GaN and the
overall residual impurity concentration is close to 1018 cm−3.
The GaN sample (not optimized from the dislocation density
point of view) presents a dislocation density slightly inferior
to 108 cm−2 and a low residual strain. The optical experiments
were carried out at low temperature (5 K).
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Continuous wave reflectivity was performed under normal
incidence at 5 K using a xenon lamp for the excitation. Due to
the 4f optical detection setup, the excitation beam is parallel.
The studied area corresponds then to the surface limited by the
entrance slit of the spectrometer. The optical signal is analyzed
through a monochromator with a 2400 groove/mm grating and
detected with a multichannel charge-coupled device (CCD).
The spectral resolution obtained with this setup is 0.3 Å.

For the AR experiments at the femtosecond scale, the
second-harmonic beam of a femtosecond Ti:sapphire laser
with a 110 fs pulse duration and a 76 MHz repetition rate
was used. The light pulse is passed through a Michelson
interferometer providing two collinear pulses, which are then
focused onto the sample. These two pulses are delayed by the
time interval τ . The temporal accuracy achieved with the delay
line is about 1 fs, and the size spot is equal to 2 mm. The two
reflected signals, with an amplitude r , interfere to provide the
AR signal. A time-integrated signal is probed as a function
of τ by a Si photodiode. The intensity of the time-integrated
signal is then given by [23]

IAR(τ ) = 2I0 + 2Crr (τ ), (1)

where I0 is a constant and Crr (τ ) is the autocorrelation function
of reflection amplitude r(τ ).

The Ti-FWM and Sr-FWM setups used the same laser
source, detector, and a Michelson interferometer for the
time-delay line. The two femtosecond pulses are delayed by
the interval time τ but are also spatially translated in this case.
They are focused onto the sample using a lens of 0.15 m
focal length; hence, the two pulses arrive on the sample with
wave vectors k1 and k2, and the spot size is equal to 50 μm,
which leads to an exciton density close to 1016 cm−3. If the k1
pulse arrives before the k2 pulse, the delay time τ is positive.
The four-wave mixing signal obtained in the 2k2-k1 direction
corresponds to the self-diffraction of k2 by population grating
created by both k1 and k2 pulses. When the nonlinear signal
is detected by a silicon photodiode, with a slow response time
compared to the temporal width pulse, Ti-FWM is recorded;
when it is measured through a monochromator with a 2400
groove/mm grating by a fast multichannel CCD, Sr-FWM can
be obtained.

III. THEORETICAL CONSIDERATIONS

To analyze AR and CW-R results, knowledge of reflection
amplitudes is required. For this, the standard transfer matrix
formalism for a multilayered system with planar parallel
interfaces has been used. In our case, only three layers will
be considered: vacuum, a dead layer with an extension close
to the Bohr radius, where no exciton exists, and a semi-infinite
medium. The dielectric function is expressed as

ε(E) = εb +
∑

j=A,B,C

∫ +∞

0

fj

E2
j − E2 + iγjE

× exp

{
− (x − Ej )2

2σ 2
j

}
dx, (2)

with εb the background dielectric function derived from
ellipsometry measurements [24]. In the above equation, each
exciton is characterized by homogeneous broadening γj (full
width at half maximum), an inhomogeneous broadening σj

(standard deviation), an oscillator strength fj = 4πα0jE
2
j

(with polarizability 4πα0j ), and an energy Ej . The index j

denotes the exciton A, B, or C.
In the nonlocal model, where inhomogeneous broadening

is disregarded, the dielectric function is expressed via [25]

�
2c2k2

e2E2
= εb +

∑
j=A,B,C

fj

E2
j − E2 + βjk2 + iγjE

, (3)

where βj = �
2Ej

eMexc j
is related to the excitonic dispersion (Mexcj

is the excitonic mass).
The Ti-FWM and Sr-FWM spectra are analyzed using a

model derived from the optical Bloch equation related to the
three-level system [26–28], which comprises two excitons
(two excited levels and one ground state), denoted here as
j and k. Only signals for positive delays are analyzed, so
biexcitonic effects are not included. Coulombian interactions
are neglected; the longitudinal time T

j

1 of the j oscillator
is specified to be larger than the transversal one T

j

2 , and
rotating-wave approximation is assumed. In this framework,
the third-order polarization P (3)(τ,t) calculated for positive
delay in the 2k2-k1 direction for the homogeneous broadening,
is given in a short pulse limit (Dirac pulse) by [27]

P
(3)
hom(τ,t,ωj ,ωk) = iNM2

j

{
2M2

j e−iωj (t−2τ )e
− t

T
j
2 + M2

k e−iωj (t−τ )e
− (t−τ )

T
j
2 eiωkτ e

− τ

T k
2
}
H (t − τ )

+ iNM2
k

{
2M2

k e−iωk (t−2τ )e
− t

T k
2 + M2

j e−iωk (t−τ )e
− (t−τ )

T k
2 eiωj τ e

− τ

T
j
2
}
H (t − τ ), (4)

where N is the density of a three-level system, Mj and Mk are transition dipole moments associated with the j and k excitons, ωj ,ωk

denote the respective resonance pulsation, and T
j

2 ,T k
2 correspond to the dephasing times of these excitons. The dephasing time

and homogeneous broadening are linked by the relation: γj = 2�

T
j

2

. The H function is the Heaviside function. For the calculation,

the density N is not considered because it is a constant term, while the moments Mj and Mk depend on the oscillator strengths.
The inhomogeneous broadening is now taken into account by integrating the third-order polarization given by Eq. (4) over a

two-dimensional Gaussian distribution as [28]

P
(3)
inh (τ,t) =

∫ +∞

0

∫ +∞

0
g(ωj ,ωk)P (3)

hom(τ,t,ωj ,ωk)dωjdωk. (5)
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(a) (b)

(d)(c)

FIG. 1. (Color online) Ti-FWM signal (black lines) recorded in a GaN bulk sample with a pulse central energy corresponding to (a) A

exciton and (b) B exciton resonances. The red lines present the calculation done using Eq. (7). (c) CW-R spectrum (black line) of the GaN bulk
sample recorded under normal incidence at 5 K. The red line displays the CW-R simulation using a Gaussian local model. (d) AR spectrum
(black line) measured with a pulse energy centered between A and B excitons. The red line shows the simulation. All measurements were
carried out at 5 K.

Here, g(ωj ,ωk) is the distribution function given by

g(ωj ,ωk) = 1

πσjσk

exp

{
−

[(
ωj − ωc

j

)2

2σ 2
j

+
(
ωk − ωc

k

)2

2σ 2
k

− λ

(
ωj − ωc

j

)(
ωk − ωc

k

)
σjσk

]}
, (6)

where σj and σk are inhomogeneous broadenings of j and k

excitons, λ is the correlation parameter, which is taken to be
equal to unity in our case, ωI and ωj are integration variables,
ωc

j and ωc
k corresponding to the central frequency of resonance

pulsations.
The Ti-FWM intensity is given by the following relation

obtained from Eq. (5)

ITi-FWM(τ ) =
∫ +∞

0

∣∣P (3)
inh (t,τ )

∣∣2
dt, (7)

where Sr-FWM signal is evaluated from the Fourier transform
of Eq. (5):

ISr-FWM(τ,ω) =
∣∣∣∣
∫ +∞

0
P

(3)
inh (t,τ )e−iωt dt

∣∣∣∣
2

. (8)

IV. RESULTS AND DISCUSSION

A. Gallium nitride excitonic parameters

In order to compare zinc oxide with gallium nitride,
an accurate knowledge of excitonic parameters is required.
Concerning ZnO, the determination of these parameters was
obtained previously from an original method combining linear
and nonlinear spectroscopies [20]. In the case of GaN, some
refinements of this method have been carried out. For Ti-FWM
experiments, two spectra are recorded: one with an energy
pulse centered on A exciton [Fig. 1(a)] and the other on B

exciton [Fig. 1(b)]. This can be achieved because, contrary to
the case of ZnO, the dephasing time of the B resonance is larger
than the temporal width of the pulse. Thus, the dephasing time
of A and B excitons can be determined separately, and not
only the average value, as in the case of ZnO.

The measurement of Ti-FWM decay time τdec for A and B

excitons leads to the homogeneous broadening, respectively,
γA = 0.6 meV and γB = 1.1 meV, when only homogeneous
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TABLE I. Excitonic parameters of GaN and ZnO deduced at 5 K from the combination of linear and nonlinear spectroscopies. The values
obtained in GaN by Stȩpniewski et al. [31] are also reported.

Oscillator γ σ Energy
strength (meV2) Polarizability (meV) (meV) (meV)

GaN
This work XA 40 000 3.3*10−3 ± 0.2*10−3 0.4 0.8 3478.1

XB 39 000 3.2*10−3 ± 0.2*10−3 0.65 0.8 3483.5

Stȩpniewski XA — 2.7*10−3 ± 0.3*10−3 0.7 — 3476.7
et al. [31] XB — 3.1*10−3 ± 0.3*10−3 1.5 — 3481.5
ZnO XA 155 000 1.4*10−2 ± 0.1*10−2 0.55 0.20 3375.2

XB 250 000 2.2*10−2 ± 0.1*10−2 1.35 0.25 3380.7

damping is assumed (γ = �/τdec). However, these parameters
do not allow us to fit the CW-R spectrum. When the
broadening is assumed to be mainly inhomogeneous (σ�γ .),
the decay time derived from the Ti-FWM signal leads to the
following homogeneous linewidths γA = 0.3 meV and γB =
0.55 meV and much larger values for inhomogeneous ones
(γ = �/2τdec). These two sets of values limit the range of
available values for σ and γ . By considering the intermediate
case, where the broadening mechanism is neither purely
homogeneous nor mainly inhomogeneous, through Eqs. (2)
and (7), the excitonic parameters are adjusted to fit both
Ti-FWM [Figs. 1(a) and 1(b)] and CW-R [Fig. 1(c)] spectra.
The best fitting parameters are listed in Table I. As the
oscillations are not well accounted by the calculations, we
have chosen to not include the quantum beats (QBs) in
the simulation. The dead layer of 20 Å is used for the

simulation of the CW-R spectra. In order to refine the
oscillator strength value determination, AR is employed,
because the contrast of AR beatings strongly depends on the
oscillator strength value. The good agreement between the
experimental and calculated data [Fig. 1(d)] is a strong support
for the validity of the oscillator strength values that have
been determined.

In this previous analysis, the local model [Eq. (2)] has been
exclusively used to account for the experimental observations.
It was done because, to the best of our knowledge, a rigorous
theoretical treatment of the excitonic inhomogeneous broad-
ening within the nonlocal model has not been yet published.

In our previous publication related to ZnO, the measure-
ment of the longitudinal-transverse (LT) splitting of A exciton
in PL spectra (�A

LT = 1.5 meV) has also been used to confirm
the oscillator strength values. In the case of the GaN sample,

FIG. 2. (Color online) ZnO (a) and GaN (b) Sr-FWM recorded at 5 K. The pulse energy is centered between A and B exciton energies. For
a better understanding of the peak position, the polariton dispersion curves of ZnO and GaN are plotted on (c) and (d), respectively (see text
for details).
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the PL signal at the excitonic energy is too weak, and it was
not possible to measure any LT splitting value [29] (�A

LT =
0.8 meV) [30]. However, the comparison with literature [31]
(Table I) allows us to confirm the order of magnitude of
the oscillator strengths. In fact, we note minor differences
between the GaN values reported by Stȩpniewski et al. [31]
and our data. Concerning the broadening, the model used
by Stȩpniewski et al. [31] is purely homogeneous and does
not consider inhomogeneous broadening. Nevertheless, the
dissymmetry between A and B excitonic broadening values
is still preserved.

The excitonic parameters determined for ZnO and GaN are
compared in Table I. It appears that GaN oscillator strengths
are smaller than those of ZnO and that no dissymmetry is
observed between the oscillator strengths of A and B excitons.
However, a dissymmetry between the linewidths of A and B

transitions has been found in both ZnO and GaN, being much
weaker in the latter than in the former. This dissymmetry will
be discussed in the following section dedicated to the interplay
between the oscillator strengths and the broadening.

B. Influence of oscillator strength on the excitonic broadening

Examination of Table I shows that at low temperature,
the inhomogeneous broadening dominates for GaN, whereas
the homogeneous one is predominant in ZnO. The GaN
inhomogeneous damping was attributed to the inhomogeneous
distribution of the lattice strain [32,33], while ZnO homoge-
neous broadening was assigned to exciton interactions with
impurities or phonons [20]. In order to clarify this difference,
Sr-FWM was employed. In Figs. 2(a) and 2(b), Sr-FWM
spectra recorded at 5 K at a delay time of 0.1 ps are presented,
respectively, for ZnO and GaN. The energy of the pulse was
chosen to excite simultaneously the A and B excitons. The
corresponding polariton dispersion curves for each material
are plotted [Figs. 2(c) and 2(d)]. Note that the plots of the
dispersion are only qualitative; no damping was considered
within the nonlocal model [25] given by Eq. (3). The Sr-FWM

(a)

(b)

FIG. 3. (Color online) Sr-FWM spectra of ZnO recorded at 5 K
with a pulse energy centered on B and A resonance [Figs. 2(a) and
2(b), respectively]. The dephasing time is larger for the A transition.
The temporal resolution is 0.06 ps.

FIG. 4. (Color online) Sr-FWM spectra of GaN recorded at 5 K
with a pulse energy centered between the A and B excitonic
resonances.

peak positions are determined by two competitive factors
[34]: (i)the strong light-matter coupling achieved near the
light line in the dispersion and (ii) the high density of states
obtained at the excitonlike dispersion. In the case of ZnO,
three peaks are present, whereas only two peaks are detected
for GaN. Concerning ZnO, it seems that the lower energy
peak corresponds to a mixing between the lower polariton
branch (LPB) and the middle polariton branch (MPB), when
the latter is near the A exciton energy (A-MPB). The second
peak corresponds to the MPB when it tends to B exciton energy
(B-MPB), and the last one is related to the upper polariton
branch (UPB). In the case of GaN, the lower energy peak is
the mixing between LPB and A-MPB, while the second peak is
the mixing between B-MPB and UPB. The existence of three
peaks for ZnO and only two peaks for GaN can be explained
by the difference of the oscillator strength values. In GaN, due
to the lower oscillator strength (compared to ZnO), the energy
difference between LPB and A-MPB is small, and only one
peak is observed. This remark also concerns B-MPB and UPB,
which provide only one peak. In ZnO, the higher oscillator
strength values combined with the closeness in energy of A

and B resonances lead to a dissymmetry between the LPB
and A-MPB splitting and B-MPB and UPB, as shown in Fig.
2(c). Small LPB and A-MPB splitting induces one peak in
Sr-FWM spectra as in GaN, while the large B-MPB and UPB
splitting leads to the observation of two peaks in Sr-FWM
spectra (the ZnO case). Thus, these facts confirm that with
lower oscillator strength values or with small splitting only
one peak is observed, whereas two peaks are detected for high
oscillator strengths. Note that a similar situation has already
been reported for InxGa1−xAs/InyAl1−yAs multiple quantum
wells [35].

TABLE II. Parameters used for the estimation of the broadening
due to the potential deformation interaction. vLA and Dc-Dv denote,
respectively, the sound velocity for longitudinal waves and the
difference between the deformation potential of the conduction band
and the valence band [41–45].

Density vLA Dc-Dv

(kg.m−3) (m.s−1) (eV)

GaN 6150 7.96*103 −6.9
ZnO 5676 6.07*103 −3.5
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FIG. 5. (Color online) Estimation of the evolution of the homo-
geneous broadening due to the exciton-acoustic phonon interaction
through the deformation potentials in ZnO and GaN.

Concerning the influence of the broadening on the Sr-FWM
spectrum of ZnO [Fig. 2(a)], it appears that the broadening
increases with the peak energy. This result is consistent with
the excitonic parameters deduced from the fit of the Ti-FWM
and CW-R spectra (Table I), namely, the broadening of the B

exciton is larger than that of the A exciton. The same evolution
can be observed for GaN [Fig. 2(b)]. Sr-FWM spectra of
ZnO are displayed as a function of the delay in Fig. 3 for
two excitation pulse energies. Figure 3(a) corresponds to the
Sr-FWM results obtained with a pulse tuned at the B polariton
energy, whereas Fig. 3(b) corresponds to those recorded with
a pulse centered on the lower polariton mode. In the case of
Fig. 3(b), the decay of the four-wave mixing signal is observed
only for the A polariton mode. Concerning Fig. 3(a), both
polaritons are visible, but the A polariton is only slightly
excited. Due to the weak excitation of the A resonance, the
intensity of a Sr-FWM signal is also weak and quickly masked
by the background signal. However, it can be observed that the
dephasing time corresponding to the upper polariton mode is
shorter than the dephasing time related to the A polariton. This
observation has to be associated with the larger broadening of
the upper polariton mode compared to that of the A polariton.
For GaN [Fig. 2(b)], an increase of the damping at the peak
energy is also observed. Sr-FWM images for different delays
were also recorded, and these results are presented in Fig. 4.
The A and B polaritons are almost equally excited, and the
decay of the B-related signal appears to be a little faster
confirming the results obtained in Sec. IV A.

In order to explain the linewidth dissymmetry at low
temperature, various scattering mechanisms have been pre-
viously proposed. Among these mechanisms, exciton-exciton

FIG. 6. (Color online) Polariton dispersion curves (LPB and UPB) of ZnO (left side) and GaN (right side) are shown at the top of the
figure. In the middle, Sr-FWM spectra of ZnO (left) and GaN (right) are displayed. At the bottom, the polariton group velocity deduced from
dispersion is reported. For each semiconductor, the Sr-FWM peaks at lower energy are associated with a slow group velocity. For clarity, the
MPBs are not shown in these figures.
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scattering [36] can be omitted in our study due to our experi-
mental conditions characterized by weak excitation densities.
Indeed, no decrease of the linewidth was observed, when ex-
citation density was decreased. Another mechanism concerns
the polariton-acoustic phonon scattering that contributes to the
linewidth [37,38], which allowed us to interpret the energy
dependence of the damping of exciton-polaritons in CdS
crystals [39]. Using the model of Pantke and Broser [39; see
Eqs. (4) and (5) of this reference], we performed calculations
to estimate the homogeneous part of the broadening due
to polariton scattering by acoustic phonons at 0 K. Only
the deformation-potential interaction was taken into account,
because the contribution of the piezoelectric effect is small
[40], below the longitudinal frequency. Parameters used for
these calculations were found in the literature [41–45] and
summarized in Table II. The damping evolution as a function
of energy is plotted in Fig. 5 (red solid line for ZnO and
black dashed line for GaN). The influence of the excitonic
polariton-acoustic phonon scattering on the damping is weak
at low energy (typically at the A exciton resonance energy).
On the high energy side (near the B exciton resonance),
the damping is, however, more important. So, a certain
dissymmetry between both polaritons can be induced by this
interaction. At the same time, this effect as a function of energy
should be similar in both ZnO and GaN. Thus, it cannot explain
the difference in the homogeneous broadenings of these two
semiconductors as a function of energy alone.

Another possible damping process in these compounds is
the exciton-impurity scattering that has already been reported
[46–49]. For GaN samples, Wang et al. [48] have investigated
the influence of the impurity concentration on damping. The
conclusion of their study is that the contribution of exciton-
impurity scattering to the broadening is non-negligible. In the

immediate vicinity of an excitonic resonance, the damping due
to the exciton polariton-impurity interactions can be described
by the following expression [49]

�exc-imp ≡ Nimpσeffvg. (9)

Here, Nimp is the impurity density, and σeff is the scattering
cross section and the polariton group velocity vg(E) =
�

−1dE/dk. For a given material, the broadening versus energy
evolution can be affected by the group velocity modification.
The latter is calculated for the upper and LPBs using a nonlocal
model and neglecting damping, as a function of energy for each
material (Fig. 6). In the case of ZnO, the variation of group
velocity is substantial, and the group velocity corresponding
to the LPB peak energy differs largely from that related to
the UPB peak. The same holds true for GaN; however, this
difference appears to be weaker. The origin of this dissimilarity
in the velocity variation is obviously associated with the
different oscillator strengths. Higher oscillator strengths in
ZnO contribute to an increase of the group velocity, which
has to be correlated with an increase of the exciton-impurity
scattering in accordance with Eq. (9). Thus, the scattering with
impurities can explain the increase of linewidth with energy
through the polaritonic dispersion.

Thanks to Sr-FWM experiments, the origin of excitonic
homogeneous broadening at low temperature can be clarified
for both semiconductors. It turns out to be that the exciton
polariton-acoustic phonon interaction and, more significantly,
the exciton-polariton-impurity scattering contribute to the
homogenous broadening; the latter contributes to an increase
of the homogeneous broadening versus peak energy and also
induces the larger homogeneous linewidth dissymmetry in
ZnO with respect to GaN. We note that the consideration
presented here is only phenomenological, but it is sufficient

(a) (b)

FIG. 7. (Color online) (a) Low temperature (5 K) Ti-FWM signal of ZnO (red line) and GaN (black line). (b) The solid blue line and
dashed pink line correspond to the calculation of the Ti-FWM with the A oscillator strength equal to the B one. The blue line corresponds to
oscillator strengths ten times smaller than the pink one. In order to compare beat contrast, the two spectra are normalized. The red dotted line
corresponds to the calculation where the oscillator strength of B is 1.5 larger than the A one.
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to explain the increase of the homogeneous broadening versus
energy for a given material. To compare these two materials,
a more elaborate model should be developed.

In the following section, the influence of the oscillator
strength on the QBs observed in Ti-FWM will be analyzed.
These beats arise from the coherent superposition of two
excitonic levels simultaneously excited by the femtosecond
pulse, whose spectral width is larger than the splitting energy
between two excitonic transitions.

C. Influence of oscillator strengths on Ti-FWM and AR QBs

In Fig. 7(a), Ti-FWM spectra recorded for a pulse energy
centered between the A and B polaritons are plotted for both
ZnO (red line) and GaN (black line). For the sake of clarity,
the spectra have been normalized. Obviously, QBs are more
pronounced in the case of GaN than for ZnO. This behavior
could again be explained by examining the oscillator strengths.
Basically, two reasons can be assumed:

(i) The important discrepancy between the oscillator
strength values of ZnO and GaN that is almost one order of
magnitude between these two semiconductors.

(ii) The dissymmetry between A and B oscillator strengths
that is distinctly pronounced in ZnO.

Each of these assumptions is tested by changing the oscilla-
tor strengths values in the numerical simulations [Eq. (7)]. All
the results are displayed in Fig. 7(b). As previously mentioned,
the calculated spectra have been normalized with respect to
the zero delay value for comparison. It is clearly shown that
only the oscillator strength discrepancy between the A and B

excitons affects the contrast of beats. In the case of the lower
discrepancy as in GaN, when almost equal resonances are
interacted, the QBs have higher amplitude and are prolonged.
The lower QB contrast in ZnO, in comparison to GaN, is
then ascribed to the higher asymmetry in the interacting
resonances.

V. CONCLUSION

Through an investigation of excitonic parameters using
linear and nonlinear spectrocopies, the main differences
between GaN and ZnO have been highlighted. Two bulk
samples of high quality have been thoroughly investigated.
A factor of 4 to 7 between ZnO and GaN oscillator strength
values is observed; it depends on the exciton that is considered.
In contrast to ZnO, no significant discrepancy between the
A and B excitonic oscillator strengths in GaN is reported
within the experimental error bars. A difference concerning
the broadening nature at low temperature between these
two wide band gap semiconductors is also emphasized. In
GaN, inhomogeneous damping appears to be the dominant
process due to lattice strain fluctuations, while homogeneous
broadening predominates in ZnO.

Furthermore, a linewidth increase versus excitonic peak
energy is demonstrated by Sr-FWM measurements, which
corroborate the results derived from the analysis of the CW-R
and Ti-FWM spectra. This more pronounced increase for ZnO
is enhanced by the dissymmetry between the A and B excitonic
oscillator strengths. Finally, the comparison of the Ti-FWM
spectra recorded for both semiconductors shows the influence
of oscillator strength on the QBs.
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