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The green emission band of ZnO has been investigated by both experimental and theoretical means. Two sets
of equally separated fine structures with the same periodicity (close to the longitudinal optical (LO) phonon
energy of ZnO) are well resolved in the low-temperature broad green emission spectra. As the temperature
increases, the fine structures gradually fade out and the whole green emission band becomes smooth at room
temperature. An attempt to quantitatively reproduce the variable-temperature green emission spectra using
the underdamped multimode Brownian oscillator model taking into account the quantum dissipation effect of
the phonon bath is done. Results show that the two electronic transitions strongly coupled to lattice vibrations
of ZnO lead to the observed broad emission band with fine structures. Excellent agreement between theory
and experiment for the entire temperature range enables us to determine the dimensionless Huang-Rhys
factor characterizing the strength of electron-LO phonon coupling and the coupling coefficient of the LO
and bath modes.

Historically, zinc oxide (ZnO) is a technologically important
material thanks to its piezoelectric characteristics and other
unique properties such as its transparency up to the near
ultraviolet (UV). It is also known that ZnO is a semiconductor
with a wide band gap (∼3.37 eV) and an extremely large exciton
binding energy (as high as 60 meV).1 Recently, it has attracted
renewed research interest due to its newly-found application
potential in exciton-type short-wavelength optoelectronic devices
that are functional at room temperature or above.1-3 Despite a
long history of industrial applications, a clear understanding of
some fundamental properties of ZnO still remains elusive.1,2,4-7

For example, contention still surrounds the microstructural
origin.4,8 To date, very different defect origins, such as the
substitutional Cu2+ on the zinc site,9 oxygen vacancy (VO),10

zinc vacancy (VZn),11 and interstitial zinc (Zni),12 have been
suggested to be responsible for the green band of ZnO. Among
them, the substitutional Cu2+ model proposed first by Dingle9

has received much attention due to the distinct spectral features
of a sharp zero-phonon line (ZPL) and a broad longitudinal
optical (LO) phonon sideband at low temperature.13-15 Taking
into account only the coupling between one LO phonon mode
and one electronic transition, Kuhnert and Helbig13 employed
a Poission distribution,In ) Sne-S/n!, to fit the line shape of
the green emission band and then obtained a Huang-Rhys factor
of S) 6.5. It is well-known that the Poission distribution simply
gives only a backbone of the absorption or luminescence line
shape of the electron-LO phonon coupling system. Broadening
due to acoustic-phonon-bath dissipation and the temperature
effect cannot be accounted for in the model. Moreover, in
addition to the first set of structures, the second set of structures

with the same periodicity was also observed but its origin is
not yet understood.9,13Full exploitation of ZnO in optoelectronic
device applications certainly requires better knowledge of
various optical processes in ZnO. Motivated by such a require-
ment, the present work is devoted to an enhanced understanding
of the broad green luminescence band of ZnO. Employing a
high-quality ZnO bulk crystal as the experimental sample, we
measured its green emission band at various temperatures. Being
very similar to the results in the literature,9,13 two sets of equally
separated fine structures are found to superimpose the broad
green band. The energy separation between any two adjacent
fine lines in each set is approximately the characteristic energy
of the LO phonon in ZnO. To model the observed emission
spectra at different temperatures, we adopted the multimode
Brownian oscillator (MBO) model16,17taking into account both
the electron-LO phonon coupling and the dissipative effect of
the phonon-bath modes. Excellent agreement between theory
and experiment is achieved when only two adjustable parameters
were taken, namely, the dimensionless Huang-Rhys factor
characterizing the electron-LO phonon coupling strength and
the damping coefficient accounting for the bath dissipation.

The sample studied here is a high-quality ZnO bulk rod. Its
band-edge emission from bound excitons is very intense and
extremely narrow at low temperatures. Variable-temperature
photoluminescence (PL) measurements of the sample have been
performed in a high-resolution PL setup described elsewhere
previously.18 The excitation source is a 325 nm He-Cd laser.
A standard lock-in amplification technique is employed in the
PL measurements. Room-temperature Raman scattering mea-
surements of the sample have been carried out under a
backscattering geometry using a set of confocal micro-Raman
systems, a detailed description of which can be found in our
previous publication.19

Figure 1 shows the measured green emission band of the
sample at various temperatures. To show the fine structures
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clearly, an enlarged portion of the spectrum at the high-energy
side is plotted in the inset. Indeed, the two well-resolved series
of equally separated fine structures superimposing the broad
band can be observed at the high-energy side. The energy
spacing between the two series is∼30 meV, while the energy
separation between any two adjacent lines in the fine structure
of either series is found to be∼71 meV. The latter ap-
proximately equals the characteristic energy (574.1 cm-1 or 71.2
meV) of the A1-LO mode which is revealed by the Raman
scattering spectrum of ZnO in Figure 2. This energy value of
the A1-LO mode is also consistent with the value reported in
the literature.20 Obviously, the appearance of the LO phonon
structure indicates that the broad green emission band is
associated with strong electron-LO phonon coupling. Further-
more, observation of the two sets of fine structures with an
energy separation of 30 meV postulates that two electronic
transitions coupled with the lattice vibration exist. Examining
the temperature dependence of the green emission band is of
great importance to understanding its physical origin.

As shown in Figure 1, the green emission band exhibits
several spectral variations as the lattice temperature increases.
First, its total integrated intensity decreases gradually with

increasing temperature. This is the usual temperature behavior
of semiconductor luminescence due to several quenching
mechanisms such as thermal activation of some nonradiative
centers and thermal escaping of localized carriers involved in
the emission process.21 Second, the fine structures fade out
gradually and become no longer observable when the temper-
ature is above 140 K. As will be proved later, it is due to thermal
broadening of each vibronic transition. Third, the peak position
of the emission band remains unchanged when the temperature
is not higher than 200 K. For high temperatures, the peak
position tends to blue shift with increasing temperature. It can
be explained as being a result of populating the higher vibronic
states.21 For the purpose of calculating the green emission band
in ZnO, the luminescent system can be simplified by a physical
model in which composite quasi-particles formed by strong
electron-LO phonon coupling are dissipated by a phonon bath.
For such a model system, its optical response function can be
calculated using a MBO model with Markovian dissipa-
tion.16,17,22

On the basis of the classic work of Lax23 and Kubo,24 the
MBO model introduces dissipation mechanisms that are om-
nipresent in real solids into a harmonic oscillator system by
coupling the system oscillators linearly to bath modes with a
continuous spectrum. In such a model system, there is a two-
electronic-level system with some primary nuclear coordinates
coupled linearly to it and to the harmonic bath. The Hamiltonian
of the system is given by16,17

where

and

Here,pj (Pn), qj (Qn), mj (mn), andωj (ωn) are the momentum,
the coordinate, the mass, and the angular frequency of thejth
(nth) nuclear mode of the primary (bath) oscillators, respectively.
dj represents the displacement for thejth nuclear mode in the
excited electronic state.pωeg

0 is the energy separation of the
purely electronic levels.H′ describes the bath modes and their
coupling to the primary oscillators with a coupling strength of
cnj. The cross-terms inqjQn are responsible for damping.25 An
energy gap coordinate operator,U, is defined as

The linear absorption spectrum and the relaxed photolumi-
nescence spectrum can be computed by truncating the cumulant
expansion of the spectral response function at second order (see
ref 16, Appendix 8B). Before deriving the expression of the
absorption or photoluminescence line shape, we first define a

Figure 1. Measured green emission band at different temperatures.
The inset shows an enlarged portion of the 5 K spectrum at the high-
energy side. Two series of fine structures with a fixed energy separation
of ∼30 meV can be clearly resolved despite the fact that they
superimpose the broad band.

Figure 2. Measured Raman scattering spectrum of ZnO at room
temperature. The A1-LO peak at 574.1 cm-1 is clearly seen.
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correlation function:

whereU(t) is the operatorU in the interaction representation
andFg is the equilibrium ground-state vibrational density matrix:

with â ) 1/kBT. The Fourier transform of the correlation
function, Cj(t), has an imaginary part known as the spectral
density:

Here, 2λj is the jth mode contribution to the Stokes shift

Γj (ω) is the real part of the self-energy. One can alternatively
write λj ) Sjpωj, whereSj is the well-known dimensionless
Huang-Rhys factor characterizing the strength of electron-
LO phonon interactions.26,27 γj(ω) is the spectral distribution
function describing the coupling between the primary oscillator
and the secondary bath oscillators. In the present study, we adopt
a simple form of the MBO model in which only a single primary
oscillator (i.e., LO phonon) is considered and its coupling
strength with the bath modes is assumed to be a constant (i.e.,
γj(ω) ) constant, called Markovian or Ohmic limit) to compute
PL spectra. For this simple case, the spectral density function
reads17

where the real part of the self-energy,Γj(ω), is set to zero.
The spectral response function,g(t), can be expressed in terms

of the frequency-domain correlation function,C′′(ω),

The PL line shape can be then obtained from the spectral
response function,g(t):

Using eq 12, we calculated the green emission band of ZnO
at different temperatures. The parameters used in the calculations
areS1 ) 6.4,γ1 ) 65 cm-1, pωe1g

0 ) 2.825 eV,S2 ) 6.4,γ2 )
60 cm-1, andpωe2g

0 ) 2.855 eV for temperatures below 200 K.
It should be noted that the Huang-Rhys factor for lower
temperatures determined in the present study is almost identical
to the valueS ) 6.5 obtained by Kuhnert and Helbig using a
simple Poission distribution fit.13 The energetic positions of the
two ZPL lines are also consistent with those in the literature.9,13

For temperatures above 200 K, bothS1 andS2 were adjusted to
7 while pωe1g

0 andpωe2g
0 were changed to 2.841 and 2.871 eV,

respectively. For the entire temperature range,pωLO (∼574

cm-1), γ1 and γ2 remain unchanged for the two electronic
transitions (i.e.,pωe1g

0 andpωe2g
0 ). The weight coefficients used

in the calculations of overall emission spectra are 1 and 1.5 for
pωe1g

0 and pωe2g
0 , respectively. The calculated spectra (solid

lines) are plotted in Figure 3 where the measured spectra (open
circles) are also given for a direct comparison. It can be seen
that excellent agreement between theory and experiment is
achieved, which indicates that the linear coupling approximation
of electron-LO phonon interactions and the Markovian as-
sumption of the dissipative bath give a satisfactory explanation
of the green emission band of ZnO. From the large values of
the Huang-Rhys factor obtained from the calculations, we
understand that very strong electron-LO phonon coupling is
responsible for the observed broad green emission band in ZnO.
Furthermore, the transition energies of purely electronic transi-
tions (often called zero-phonon lines in the literature) are far
below the fundamental band gap (∼3.37 eV) of ZnO, implying
that electrons responsible for the green emission band are
localized around certain deep centers such as the substitutional
Cu2+ on the zinc site proposed by Dingle.9 Determination of
the Huang-Rhys factor for the green emission band of ZnO
by rigorous theoretical means from the experimental spectra also
enables us to conclude that large lattice relaxation takes place
accompanying the radiative decaying of localized electrons in
ZnO.

In conclusion, the green emission band of ZnO bulk crystal
has been investigated in detail. Two sets of equally separated
fine structures superimposing the broad band have been
observed, and excellent agreement between theory and experi-
ment has been obtained using the multimode Brownian oscillator
model. It is suggested that the two electronic transitions strongly
coupled to the lattice vibrations of ZnO are responsible for the
broad green emission band.
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Figure 3. Measured and calculated emission spectra of the samples
for several temperatures. The open circles represent the measured
spectra, while the solid lines are the calculated spectra using the MBO
model.
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