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Accurate determination of homogeneous and inhomogeneous excitonic broadening in ZnO
by linear and nonlinear spectroscopies
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Excitonic parameters of ZnO have been determined from 5 to 300 K using the combination of time-integrated
four-wave mixing, continuous wave reflectivity, autocorrelation of reflectivity at the femtosecond scale, and
photoluminescence spectroscopy. These techniques allow an accurate determination of both inhomogeneous and
homogeneous linewidths, oscillator strength, and other parameters characteristic for excitonic resonances. It turns
out that, due to impurity-exciton scattering, the homogeneous damping of A and B excitons (0.55 and 1.35 meV,
respectively) predominates over inhomogeneous one in high-quality ZnO at low temperature. Our data also prove
that the strong exciton-phonon coupling enhances the excitonic broadening at room temperature up to 47 meV.
This approach, which combines various sophisticated spectroscopy experiments, can be employed for an accurate
determination of excitonic parameters in other semiconductor compounds and in any system where excitons are

confined.
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Zinc oxide is one of the most promising semiconductors
for devices emitting in the near UV.!=3 Moreover, from a
fundamental point of view, due to its large exciton binding
energies and oscillator strengths, it is considered as an
interesting material to observe quantum degeneracy at room
temperature (RT) in microcavity structures.* In this context, an
in-depth understanding of the ZnO exciton-polariton proper-
ties is essential for technological applications such as ultrafast
micro-optical amplifiers or polaritons light emitters,>® because
these intrinsic properties play a key role in the device operation.

For six decades, properties of bulk ZnO have been inten-
sively studied. They are connected to the photoluminescence
(PL) emission,”® the phonons,9 the excitonic parameters,g’m’11
and transition broadenings.'>!3 Some of them are precisely es-
tablished, while others, such as the valence bands ordering'+'6
and the role of the excitons in room-temperature lasing,'”-'8
have been discussed during long time. One of the controversial
issues is the estimation of the exciton-polariton damping pa-
rameters that control the performance of polaritons at different
temperatures. In ZnO, they have been studied at low®'""!3 and
elevated'” temperatures, being considered as a rule in terms
of homogeneous damping. However, it is necessary to make a
distinction between the homogeneous damping of an excitonic
resonance, I', and an effective damping parameter which, in
fact, has been reported in the most of these papers. The first
one characterizes the decay of the coherence for the localized
excitation or the dephasing relaxation for exciton-polaritons.'”
In a perfect sample, it depends mostly on the interaction of
the excitonic resonance with phonons. The physical meaning
of the effective damping parameter is not so distinct. It is
determined by many inhomogeneous factors, such as local
fluctuation of strain, electric fields, etc. This is a reason
to separate homogeneous and inhomogeneous parts of the
damping constant so as to consider their physical origin. The
knowledge of the exciton-phonon interaction is essential for
the design of devices such as microcavities working at RT.
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Several reasons explain the difficulties to determine the ex-
citonic characteristics from spectroscopic measurements. That
is why the combination of various spectroscopic tools and their
proper choice appear to be essential. From the literature, where
only one technique is generally employed, it clearly appears
that the ZnO excitonic parameters aren’t consistent in the
whole. In particular, the broadening process at low temperature
is still not well understood and the homogeneous linewidths
reported at RT depend on the spectroscopy techniques that
have been used.'>'*?° A poor quality of the sample may also
affect the determination of the excitonic parameters: ZnO of
high quality provides, indeed, accurate values. Furthermore,
time-integrated four-wave mixing (Ti-FWM) studies appear to
be a prominent way to investigate the broadening transition
processes?! and to lead to a reliable determination of the
exciton-phonon coupling values.

In this paper, we propose an extended experimental study
of the excitonic parameters using Ti-FWM studies, contin-
uous wave reflectivity (CW-R), autocorrelation reflectivity
at the femtosecond scale (AR), and PL spectroscopy. All
measurements were done in the back-scattering experimental
geometry. The complementary analysis of the results obtained
at 5 K by each of these methods allows homogeneous and
inhomogeneous broadenings, oscillator strengths and exci-
tonic energies to be deduced with accuracy. Exciton-phonon
interaction is then determined from the association of CW-R
and Ti-FWM results as a function of temperature.

As the ZnO bulk samples supplied by Tokyo Denpa
Co have been grown along ¢ axis, only A and B exciton
could be observed according to the selection rules.'> CW-R
was performed under normal incidence from 5 K to RT
using a xenon lamp for excitation. The degenerate Ti-FWM
experiments are performed in backscattering configuration.
The second-harmonic beam of a femtosecond Ti:sapphire laser
with an adjustable pulse duration in the range of 110 to 230 fs
and 76-MHz repetition rate is used to excite resonantly the
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A and B excitons. The nonlinear signal is detected from a
silicon photodiode with a slow response time. The AR setup
uses the same laser source, the detector, and a Michelson
interferometer.?? Two collinear femtosecond pulses delayed by
a time interval 7 are sent on the sample at the same frequency
nearly resonant with the A and B exciton transitions. Two
reflected signals, with an amplitude r,, interfere to provide the
AR signal. The intensity of the time-integrated signal is then
given by??

Ixr(7) = 21y + 2C,(7), (1)

where I is a constant and C,, () is the autocorrelation function
of the reflection amplitude r,(7).

To analyze CW-R spectra, standard transfer matrix formal-
ism for multilayered system with planar parallel interfaces has
been used. In our case, only three layers will be considered:
air, a ZnO dead layer (60 A), where no exciton exists, and
semi-infinite ZnO. The dielectric function of ZnO is expressed
as

N | fi
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where the background dielectric function ¢, is derived from
ellipsometry measurements.>* In Eq. (2), the following ex-
citonic parameters are considered: homogeneous broadening
I'; (FWHM), inhomogeneous broadening o; (standard de-
viation), oscillator strength f; = 4mway; E% (with 4mayg; the
polarisability), and exciton energy E; of j exciton (j = A, B).
The parameter x is the integration variable representing the
excitonic resonance of the Gaussian distribution.

In the case of a CW-R simulation, the number of variables
that have to be adjusted can affect the accuracy of the values
of the latter. To improve the precision, this method has been
combined with the AR and Ti-FWM techniques. When two
close oscillators are simultaneously excited during the AR
experiment, quantum beats are observed. The sharpness of
these oscillations depends on the values of oscillator strength.
This behavior entails that the combination of CW-R and AR
measurements allows then a precise estimation of the oscillator
strengths.

In order to investigate the broadening process, Ti-FWM
experiments have been carried out. Ti-FWM signal is evaluated
by solving the optical Bloch equation within the framework
of a two-level system where Coulombian interactions are
neglected. The lifetime of the excited state 77 is assumed to
be larger than the dephasing time 7. Contrary to Yajima,?!
we consider the case when neither homogeneous nor inhomo-
geneous damping dominates. For positive delay, decay is then
written as>*

wexp (2/To7) 4t
Iewn(t) = || 5 ——————exp| ——
2 o T,

P2} o
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where @ is the error function. In agreement with the previous
assumptions, there is no signal for negative delay. The
homogeneous broadening I can be deduced from the relation
' =2n/T,.

From Eq. (3), it is straightforward to find two extreme
situations where respectively homogeneous or inhomogeneous
broadening dominates, as it was done in Ref. 21. In the
first case, the relation between the dephasing time 7, and
the experimental decay time Ty iS T» = 2Ty, Whereas
in the second case, this relation becomes 7> = 4Ty... The
confrontation of the decay time value derived from Ti-FWM
measurements with the broadening parameters deduced from
the fitting of CW-R spectra leads to an estimation of both
homogeneous and inhomogeneous linewidths. Thus oscillator
strength values are determined from the best fit of the CW-R
and AR spectra; homogeneous and inhomogeneous damping
values are deduced from the combination of the CW-R and
Ti-FWM results.

The Ti-FWM spectrum recorded at 5 K is shown in
Fig. 1 by a solid black line. The quantum beats observed
in the spectrum are induced by the simultaneous excitation
of A and B excitons. The measured period corresponds to
a splitting AE between A and B of 5.5 meV, which is
well consistent with previous observation.” If one assumes
that inhomogeneous broadening is dominant (o > I'), the
measured decay time would be associated to an homogeneous
linewidth I of 0.5 meV and o much larger. These parameters
do not allow to fit the CW-R spectrum. On the contrary, if
the broadening is assumed to be homogeneous (I' > o), the
Ti-FWM decay time corresponds to I ~ 1 meV. In this case, a
full agreement is found between calculated and experimental
CW-R spectra. An inhomogeneous broadening (¢ ~ 0.2 meV)
is added in order to obtain the best agreement between the
calculated CW-R spectrum and the experimental one (see
Fig. 2). Ti-FWM spectrum is simulated using Eq. (3), where a
phenomenological sinusoidal factor is considered in order to
account for the beatings. The red line corresponds to the fit (see
Fig. 1), and the parameters used for this simulation are listed
in Table I (last line). Due to the simultaneous excitation of
A and B excitons, an average value of excitonic broadenings
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FIG. 1. (Color online) Ti-FWM signal of ZnO bulk sample
recorded at 5 K. The pulse energy is 3380 meV, its linewidth is
14 meV, the excitation density per pulse is 0.2 nJ cm™2.
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FIG. 2. (Color online) CW-R spectrum of a ZnO bulk sample
recorded under normal incidence at 5 K. Solid black line corresponds
to the experimental result and red dashed one is the CW-R simulation
using a Gaussian local model. The arrows locate the different
excitonic transitions.

is determined. We assume to be in the range of validity of
Eq. (3), and this is well confirmed by the short dephasing
time (7, = 1.35 ps) and the long excitonic lifetime in this
kind of high-quality sample (77 > 100 ps). The dominance
of the homogeneous damping in high-quality ZnO contrasts
with many bulk semiconductors, e.g., GaAs® and GaN,*
where inhomogeneous broadening prevails at low temperature
(T < 80 K). It means that the dominant mechanism of exciton
scattering in ZnO is the interaction with impurities rather than
structural inhomogeneities (dislocations, residual strains, etc.).

Table I contains the parameters used to fit the CW-R
spectrum measured at 5 K and those corresponding to the
Ti-FWM data. One can see that they are well consistent.
To check oscillator strength values, AR data are considered
[see Fig. 3(a)], right side in black line]. Their comparison
with simulation (left side in red line) is done for the derived
excitonic energies and oscillator strength values. The whole
set of parameters are validated by the good agreement
between experiment data and calculations. Another proof of
the reliability of values used for the oscillator strength is
given by the splitting between excitonic lines of A excitonic
series in a PL spectrum. Two distinct peaks are observed for
A exciton; the first one corresponds to the transversal mode
and the second to the longitudinal mode.?® The gap between
these peaks should be close to the longitudinal-transverse (LT)
splitting (A'T) value of A exciton. Indeed, the calculation
using the complex dielectric function given by Eq. (2) gives

TABLE I. Excitonic parameters of ZnO obtained at 5 K after a
whole analysis including the modelings of Ti-FWM, CW-R, AR, and
PL measurements.

Oscillator r o Energy

strength (meV?) 4may (meV) (meV) (meV)

XA (CW-R) 155000 £ 5000 0.0136 0.55 0.20 3375.2

XB (CW-R) 250000 £ 5000 0.0219 1.35 0.25 3380.7
Xap (Ti-FWM) 095 020 AE=5.5
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FIG. 3. (Color online) On the left appears the AR spectrum.
Results obtained at 5 K with a pulse energy of 3377 meV (black)
and calculated (red). Top of right figure, the dielectric function (real
and imaginary parts) is plotted to determine the LT splitting of A
exciton. At the bottom, the PL spectrum recorded at 5 K. The vertical
dashed lines identify transverse and longitudinal modes.

AL = 1.5 meV that is equal to the experimentally observed
energy gap. In Fig. 3(b), the maximum of the imaginary part
(&7) of the calculated dielectric function gives the transverse
mode energy and the longitudinal one is identified by the zero
crossing point toward positive values of the real part £;.2” The
fact that the LT splitting of A exciton is larger than the linewidth
is a proof of the strong exciton-photon coupling; this remark
holds also for B exciton. For this reason, optical properties are
mainly governed by exciton-polaritons at low temperatures.

Our data evidence a difference between A and B excitonic
parameters. Concerning the oscillator strengths, this difference
was explained by Wrzesinski®® owing to symmetry consid-
eration by using twelve-dimensional exciton Hamiltonian.
To our knowledge, concerning the homogeneous broadening
difference, no explanation has been proposed in the literature.
This difference is also observed through Ti-FWM experiments:
the deduced dephasing time decreases when the impulsion
energy is shifted from A resonance energy to the B one.

Exciton-polariton properties have been extracted at low
temperature from the combination of linear (CW-R, AR, PL)
and nonlinear (Ti-FWM) spectroscopies. The investigation of
the exciton-phonon interaction can be then carried out as a
function of temperature (from 5 K to RT), by performing
the same previous measurements. Ti-FWM measurements are
performed only up to 100 K [see Fig. 4(a)] because the decay
time becomes too short with respect to the temporal width of
the femtosecond pulse. Broadenings are, however, determined
from CW-R spectra [see Fig 4(b)] up to 300 K.

The whole results deduced from CW-R and Ti-FWM
experiments are summarized in Fig. 5. The evolution of
damgging as a function of temperature is modeled by a Segall’s
law:

r
Pioi(T) = To + TaeT + —— = “)
exp (ﬁ) —1
Here, the constant part (I'g), which corresponds to the
broadening at 0 K, is mainly due to impurity-exciton scattering.
The second term comes from the exciton scattering by
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FIG. 4. (Color online) (a) Experimental Ti-FWM (solid line) and
the results of calculations using Eq. (3) (dashed line). (b) Temperature

dependence of CW-R, in solid black line the experiment and in red
dashed line the calculation with a Gaussian local model.

acoustic phonons via both the deformation potential and the
piezoelectric interaction. The last term arises from exciton
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FIG. 5. (Color online) Evolution of homogeneous broadening vs
temperature. The average homogeneous broadenings between A and
B obtained by Ti-FWM are represented by red lozenges and those
achieved from CW-R are reported through green circles. The dashed
line is the linewidth evolution following Segall’s law.
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TABLE II. Set of Segall parameters for different samples.

F0 Fac Iﬁop ELO
(meV) (ueV/K) (meV) (meV)

ZnO This work 0.8 22 620 72
Hauschild'? 0.6 16% 472 33
Hazu®? 0.25 8.4 14 13
Makino? (XB) ~8 26.5 783.3 72

GaN Aoudé? 0.1 10 420 91.8

Korona®® 1.3 15.3 208 92.3
GaAs  Gopal® 0.32 13 30.4 36

2Half full width at half maximum reported by the authors.

interactions with longitudinal optical (LO) phonons via the
Frolich interaction. I',c and I'o, are the exciton-phonon
coupling strengths for each type of phonon.

According to literature,’ the LO phonon energy was
fixed to 72 meV; other parameters are deduced from
the adjustment to the experimental data. It is found that
the exciton-LO phonon interaction in ZnO, characterized
by the effective parameter I', = 620 meV is stronger than,
e.g., in GaN (T'g, = 400 meV??). This is related to the high
polarity of ZnO. The weak exciton-acoustic phonon interaction
(Fae = 22 peV/K) is consistent with the moderate damping
increase at low temperature.

The comparison of these values with the published data (see
Table II) needs to take into account also the following points:
(i) Hauschild et al.'> employ a LO phonon energy different
from 72 meV; (ii) the study of Hazu et al.'*> was stopped at
70 K, while the exciton-LO phonon coupling is pronounced
at high temperature. Only Makino et al.?® report a study up to
RT taking a LO phonon energy of 72 meV, but the investigated
sample is a thin film and the method employed to deduce
the broadening from the width of the absorption features was
questionable.!” Concerning the temperature independent term
(Tp), its values, 0.4 meV for exciton A and 1.2 meV for exciton
B, are comparable to those reported for other high-quality
semiconductors, such as GaN?20 or GaAs.% We can interpret
this term through the exciton-impurity scattering only. With the
high binding energy of the exciton (E;, = 61 meV), the free
carrier density is weak even at RT and consequently exciton-
free carrier scattering can be neglected. The exciton-exciton
scattering is also weak, which was confirmed by the fact that
no P band?! was observed on PL spectrum in the investigated
range of excitation densities.

In conclusion, exciton-polariton properties have been inves-
tigated in high-quality bulk ZnO crystal from an original ap-
proach, which combines linear and nonlinear spectroscopies.
In addition to an accurate oscillator strength determination,
this analysis allows the separated determination of homoge-
neous and inhomogeneous broadenings; this determination is
extremely tricky with classical methods. This approach is not
restricted to ZnO and can be applied to all semiconductors
for which accurate knowledge of optical properties is essential
to design new optical devices. In our paper, it turns out that,
contrary to numerous semiconductors, the broadening in ZnO
at low temperature is mainly homogeneous. Temperature-
dependent measurements have been also carried out in order
to study the exciton-phonon coupling. The analysis of these
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data leads to the conclusion that LO phonons interact strongly
with excitons and causes significant excitonic broadening
at RT.
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