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An unusual response in the luminescence measurements of GaN thin film and ZnO bulk crystal is
observed at low temperatures. The authors demonstrate theoretically that such an unusual response
is due to the longitudinal optical phonon mediated Fano resonance involved in the recombination
process of the donor bound exciton. The line shapes obtained by the calculation in the present
mechanism are in excellent agreement with the experimental results. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2432286�

The quantum-mechanical interference between a discrete
state and a continuum of states is a fundamental problem in
physics that was first treated by Fano1 and Anderson2 inde-
pendently. The quantum interference manifests itself as a
resonance in the spectrum with a characteristic asymmetric
line shape. It has been observed in a large number of very
different physical systems, such as atomic, molecular,3 and
semiconducting4–9 systems. These studies on the Fano effect
are mainly concerned with the photon absorption type tran-
sitions such as the photoconductive process10 or light inelas-
tic scattering processes such as Raman scattering. On the
other hand, in another fundamental type of optical process,
i.e., photon emission, relevant studies on the Fano resonance
are relatively few.11 In particular, the experimental observa-
tion of the Fano resonance in the photon emission of exci-
tons in solids is very few. Very recently, we have observed
the Fano resonance line shape of the first-order longitudinal
optical �LO� phonon-assisted luminescence of the donor
bound excitons in high quality GaN epilayers and ZnO single
crystals.12,13 A firm identification of such an unusual line
shape in the exciton luminescence spectra certainly requires
a theoretical confirmation.

In this letter, we theoretically show that the unusual fea-
tures with asymmetric line shapes detected in the first-order
LO phonon sidebands of the neutral-donor-bound excitons of
the semiconductors originate from the Fano-type interference
caused by the coupling between the weakly dispersed LO
phonon state and a continuum of exciton-acoustic-phonon
coupling states14,15 in the materials, where the exciton
vacuum state serves as the common final state of Fano
resonance.

The high quality GaN sample used in the measurements
was a 2.88 �m GaN layer grown followed by a 40 nm GaN
nucleation layer. The ZnO sample was a high quality bulk
crystal. In the photoluminescence �PL� measurements, the
samples were mounted on the cold finger of a Janis closed-
cycle cryostat with varying temperature from 3.5 to 300 K

and excited by the 325 nm line of a Kimmon He–Cd cw
laser with an output power of 40 mW. The emission signal
was dispersed by a SPEX 750M monochromator and de-
tected with a Hamamatsu R928 photomultiplier.

It has been well established that excitonic radiative tran-
sition plays a fundamental role in the PL processes in high
quality GaN and ZnO. Besides the intense exciton resonance
luminescence lines, the LO-phonon-assisted luminescence
lines of excitons in GaN and ZnO are also observed at 3.5 K,
as shown in Fig. 1 by squares. The first-order LO phonon
replica �D0 ,X-1LO� of the D0 ,X line �neutral-donor-bound
exciton� dominates in the measured spectral range. An exci-
tonic transition �LX� may be from the radiative recombina-
tion of the excitons localized at extended defects in the GaN
film. This peak basically quenches when temperature is
above 50 K,12 indicating its small localization energy. The
first-order LO phonon replica �FXA-1LO� of free exciton
transition in GaN �Ref. 12� and the two electron satellite
�TES� in ZnO �Ref. 16� can also be seen in Figs. 1�a� and
1�b�, respectively. Our variable-temperature PL experiments
�not shown here� show that the TES first increases with in-
creasing temperature in the temperature range from
5 to 20 K, and then decreases until it becomes unresolvable.
In Fig. 1�b�, the peak denoted by ZPL2 is likely the zero
phonon line of a deeper bound exciton relative to the D0 ,X,
since its phonon replicas can be well interpreted by the
Huang-Rhys theory17 based on adiabatic approximation. It is
worth mentioning that nonadiabatic treatment of electron
�exciton�-phonon coupling has been recently addressed.18

While the ZPL1 �the zero phonon line of the neutral-donor-
bound exciton� has been well identified as D0 ,X, the physical
nature of the ZPL2 has not been verified to date. Here we
thus temporarily denote it as ZPL2.

In the photoluminescence spectra of GaN and ZnO, the
phonon-assisted transition features were revealed. In particu-
lar, an abnormal feature with a distinct dip-peak structure
around the D0 ,X-1LO lines is observed. This asymmetric
feature occurs at the energy of 3.397 eV for GaN and
3.289 eV for ZnO, which is almost one LO phonon energya�Electronic mail: kjjin@aphy.iphy.ac.cn
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�0.091 eV for GaN and 0.071 eV for ZnO� lower than the
energy �3.4896 eV for GaN and 3.3600 eV for ZnO� of the
D0 ,X principal line. Just for simplicity and convenience in
comparison with the theoretical results �solid lines�, we take
the energy zero point at the D0 ,X line �3.4896 eV for GaN
and 3.3600 eV for ZnO� in Fig. 1. Both different material
systems exhibit a similar distinct dip-peak structure around
the first-order LO phonon replicas of their neutral-donor-
bound-exciton lines, which certainly indicate that someone
quantum-mechanical interference takes place in the relevant
optical transitions. To understand these interesting spectral
features, we suggest a reasonable mechanism involving Fano
resonance. In general, a Fano resonance occurs when transi-
tions, whatever the excitation mechanism is,1 couple the dis-
crete state and continuum to a common ground state and
when the discrete state quantum-mechanically interacts with
the continuum. It is well known that the line shape with Fano
effect features a small energy shift, linewidth broadening, as
well as a pronounced intensity minimum near one side of the
peak depending on the sign of the Fano asymmetry param-
eter. From Fig. 1, one can clearly see the asymmetry, the
broadening, and the small energy shift towards the lower
energy side �i.e., a little bit of departure from the standard
LO phonon energies of GaN and ZnO�, in particular, a clear
dip at the higher energy side in the line shapes of D0,
X-1LO with respect to those of the corresponding D0 ,X. All
these spectral features are exactly consistent with the spectral
characteristics of Fano resonance, which makes us to believe
that the Fano resonance is observed in the phonon-assisted
PL spectra of the bound excitons in polar semiconductors for
the first time. As theoretically described below, the phonon-

mediated Fano resonance can be attributed to such a physical
configuration in which the direct transition from a continuum
of exciton-acoustic-phonon coupling states to the excitonic
ground state interferes with the indirect transition from an
exciton-LO-phonon coupled state to the same ground state of
the excitons.

For the systems under study, the excitonic ground state
serves as the common final state in the Fano resonance. As
the energy of the discrete exciton-LO-phonon coupled state
falls within the continuum of exciton-acoustic-phonon
coupled states, interaction between the discrete state and the
continuum takes place. This leads to a Fano-type interference
in the photon emission, which results in the appearance of
the PL response with the asymmetric dip-peak line shape.
Figure 2 schematically shows the states and the transitions in
the systems. Suppose that Te= �N ,�0�Hel���l���e ,N� is the
direct transition matrix element of the electron from exciton-
acoustic-phonon coupled states �e�= ��e ,N� with the energy
Ee to the ground state �g�= ��0 ,N� with the energy E0=0 and
the phonon number N. Tp=�e�N ,�0�Hel���l���e ,N�
��N ,�e�Hep��x ,N−1� / �Ex−��p−Ee� is the matrix element
of the indirect transition from exciton state �ex�= ��x ,N−1�
with the energy Ex to the phonon emitted ground state. V
= �N ,�p�Hep�N−1,�x� is the matrix element of electron-LO-
phonon interaction, where ��p ,N� denotes one state among
the continuum ��e ,N� with the energy of Ep=Ex−��p. Here
�p is the frequency of LO phonon. Hel and Hep represent the
electron-photon and electron-phonon interaction Hamilto-
nians, respectively. Here ��l is the photon energy. This
electron-LO-phonon coupling produces a mutual repulsion
of the levels Ee and Ep to positions E±, which are the roots of
the secular equation �Ep−E��Ee−E�−V2=0. As frequently
done to approximate the transition process in other
systems,6,7,10 we assume here for simplicity that both Te and
V are both constants for each level �e� in the continuum. The
line shape of the PL spectrum at LO phonon energy is pro-
portional to I�E���a=±��g�H�a��2��Ea−E�− ��g�H�p��2��Ep

−E� / ��g�H�e��2. The first term in the numerator of the right-
hand fraction of Eq. �1� gives the rate of a direct optical
transition, say the transition from a coupled state �Ea� to the
ground state. The second term is the rate of indirect transi-
tion, in which an electron at an exciton state firstly transits to

FIG. 1. �Color online� Experimental LO-phonon-assisted PL spectra �solid
squares� and corresponding theoretical results �solid lines� based on the
Fano resonance process of GaN �a� and ZnO �b�.

FIG. 2. Schematic illustration of the states and transitions in the system
involved in a Fano resonance from the coupling between a LO phonon state
and a continuum.
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a level with energy of Ep=Ex−��p within the unperturbed
continuum by emitting a LO phonon, and then radiatively
decays to the ground state via emitting a photon with the
energy of Ep. Due to the existence of coupled states, an in-
terference between the two kinds of optical transitions oc-
curs. As mentioned earlier, for the direct transition �e�→ �g�,
its amplitude is Te. For the indirect transition �e�→ �p�→ �g�,
its amplitude can be derived as VTP�E−Ep�−1. By employing
a similar derivation method used by Fano1 and Klein,6 Eq.
�1� can be further written as I�E��D�E��q+��2 / �1+�2�,
where D�E� is the density of the continuum states, the re-
duced energy � can be calculated by �= �E−Ep

−V2R�Ep�� /	V2D�Ep�, and the Fano asymmetry parameter
can be deduced as q= �P	D�E��Ep−E�−1dE+ i	
e��Ee

−Ep�+R�Ep�� /	D�Ep�. Besides the dip-peak structure
caused by the Fano resonance, the continuum states in the
semiconductors can produce a continuous PL background
which is proportional to the density of states D�E�. For sim-
plicity but not losing generality, we take D�E� by an analyti-
cal Lorentz shape D�E�=A�1/ �E2+B2��, where E denotes the
energy in Fig. 1, and A and B are constant parameters for the
semiconductors. The Lorentzian parameters are used to fit
the tail of D0 ,X, which serves as the background for other
PL features. The asymmetry parameter we obtained is 1.12
+ i for GaN and 1.8+ i for ZnO. Note that the theoretical
asymmetry parameter for ZnO is consistent with the value
obtained from the fitting to the experimental spectra using
the standard Fano line shape function.13 The numerical re-
sults are shown in Fig. 1 by solid lines, which are in good
agreement with the experimental data, indicating that the
phonon-mediated Fano resonance is the physical origin of
the observed dip-peak features of the first-order LO phonon
replicas.

In summary, the unusual photoluminescence spectra of
the bound excitons coupled to LO phonons in GaN and ZnO
have been observed at low temperatures. It is shown that
Fano resonance due to the coupling between LO phonon and
exciton-acoustic-phonon coupling states results not only in
the constructive enhancement of the electronic transitions
from the exciton-acoustic-phonon coupling states to the
ground state but also in the destructive reduction of the elec-
tronic transitions, thus leading to the unusual luminescence
features with asymmetric dip-peak line shapes around LO
phonon energies of the polar semiconductors. The theoretical

results obtained in the present mechanism are quantitatively
in excellent agreement with the experimental data, which
demonstrates that the Fano effect accounts for, in a clear and
intuitive way, the nature of the observed dip-peak structure in
the LO-phonon-assisted photoluminescence in these polar
semiconductor systems.
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