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We studied the power-dependent photoluminescence of Zn1−xMgxO nanopowders grown by sol-gel
method, at temperature T=100 K. At moderate optical pumping intensity, a nonlinear emission
band due to the radiative recombination of free biexcitons was detected. We found that the free
biexciton binding energies of Zn1−xMgxO nanopowder �0.01�x�0.05� are nearly constant
�13.5�1.5 meV�. © 2010 American Institute of Physics. �doi:10.1063/1.3428780�

Excitonic optical properties of wide-gap semiconductors
have intensively been studied to date from the point of view
of both basic physics and device applications. It is expected
that the contribution of excitonic processes to optical transi-
tions in real device structures improves the performance of
semiconductor optoelectronic devices. Therefore, it is impor-
tant to study recombination dynamics of dense excitonic sys-
tems in wide-gap semiconductors from the point of view of
exciton engineering. It is well established that the interaction
between two excitons will lead to the formation of biexc-
tions. The excitonic molecules will cause the emergence of
nonlinear emission lines at the low-energy side of excitonic
emission spectra.1–5

Zn1−xMgxO ternary alloy semiconductors are used as
barrier layers for carrier confinement in highly efficient
ZnO-based visible to near-UV quantum-well light-emitting
devices.3,6–9 There is also a large potential for the
development of light-emitting devices operating in the UV-
to-deep-UV spectral range using Zn1−xMgxO ternary alloy
semiconductors as an active layer in quantum-well
structures.10–12 In ZnO quantum-well, the binding energy of
biexcitons enhance significantly. In particular, the biexciton
binding energy in ZnO quantum-well can be comparable to
thermal energy of room-temperature �RT�, indicating the
possibility of biexciton lasing even at RT.13–15 Therefore,
study of photoluminescence �PL� of highly excited
Zn1−xMgxO is important. In this letter, we report the lumi-
nescence from sol-gel Zn1−xMgxO nanopowders �0.01�x
�0.05�, taken at temperature T=100 K. At moderate optical
pumping intensity, a nonlinear emission band due to the ra-
diative recombination of free biexcitons was found. We esti-
mated the biexciton binding energies of the Zn1−xMgxO ter-
nary alloys by means of PL spectroscopy.

The Zn1−xMgxO nanopowders were grown from
aqueous solution prepared using zinc nitrate hexahydrate
�Zn�NO3�2 ·6H2O� and magnesium nitrate hexahydrate
�Mg�NO3�2 ·6H2O� as the starting materials, de-ionized wa-
ter as the solvent, and citric acid �C6H8O7� as the stabilizer.
The precursor solution was mixed thoroughly with a mag-
netic stirrer in 80 °C water bath until the formation of a sol.
The sol was preheated in a furnace at 120 °C for 12 h to
evaporate the solvent and remove the organic residuals. The

powders obtained from the dried sol were then annealed at
800 °C for 2 h at ambient air. We prepared three samples of
Zn1−xMgxO �x=0.01, 0.03, and 0.05�. The Mg concentration
x in the samples were determined by energy dispersive x-ray
spectroscopy with accuracy of 0.01. From the results of x-ray
diffraction measurement �x-ray beam Cu K�=0.154 nm�, no
signal of MgO phase was detected from the samples. The
crystalline size of the Zn1−xMgxO nanopowders was esti-
mated to be about 50 nm by Sherrer’s equation. Therefore,
quantum confinement effect of excitons is not expected in
the samples.

The PL spectra were measured by a 32-cm-long mono-
chromator and a charge-coupled device camera. The samples
were excited by 266 nm line of neodymium-doped yttrium
aluminum garnet �Nd:YAG� laser for the low-T PL spectra.
The pulsed laser has a pulse width of 10 ns and a repetition
rate of 20 Hz. The excitation-power �IEXC� dependence of the
PL spectra was measured by using the 355 nm line of
Nd:YAG laser and a variable neutral-density filter. A closed
cycle refrigerator was used to perform the T-dependent mea-
surement.

Figure 1�a� shows the low-T PL spectra of Zn1−xMgxO
nanopowders, excited at low-IEXC ��10 W /cm2�. As ex-
pected, the increase in Mg concentration x induces the blue-
shift of excitonic PL bands.10,11,16 Figure 1�b� shows the
T-dependent PL peak energies for the Zn1−xMgxO nanopow-

a�Author to whom the correspondence should be addressed. Electronic mail:
chchia@nuk.edu.tw.
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FIG. 1. �a� Low-T PL spectra of Zn1−xMgxO nanopowders taken at
T=12 K. LX: localized exciton and DoX: donor-bound exciton �b�
T-dependent PL peak energies in Zn1−xMgxO nanopowders. The dashed line
shows the T where the recombination of free excitons starts to dominate the
luminescence.
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ders. At x=0.03 and 0.05, S-shaped dependence of PL peak
energies were found, which is a unique feature originated
from the thermal effect on radiative recombination of local-
ized exciton �LX�, due to alloy-fluctuation.16 However, in the
sample with x=0.01, this peculiar shift in PL peak energies is
not observed, whereas a new emission line attributable to
free exciton �FX� appears as T increases. Therefore, we as-
sign the low-T PL band to the radiative recombination of
donor-bound exciton �DoX� �Ref. 17� for Zn1−xMgxO with
x=0.01 and to the radiative recombination of LX for
Zn1−xMgxO with x=0.03 and 0.05. From Fig. 1�b�, notably,
we can observe monotonic redshifts in the PL peak energies,
indicating the FX recombination dominates the PL spectra
after T=100 K.

We measured the IEXC-dependence of PL spectra at
T=100 K. The highly excited PL of the Zn1−xMgxO nanopo-
wders with x=0.01, 0.03, and 0.05, were shown in Figs.
2�a�–2�c�, respectively. All of the spectra were normalized
with the peak intensities of the corresponding FX emission
lines. The IEXC’s for each spectrum are shown beside the

spectra �in units of W /cm2�. In Figs. 2�a�–2�c�, except the
two main emission lines �denoted as FX and BX�, there
are two emission bands �denoted as FX-LO and FX-2LO�
at the low-energy range of the spectra. In Fig. 2�a�, we
fitted the FX-LO emission line of the Zn0.09Mg0.01O alloy
�IEXC=40 W /cm2�, by the expression ILO� ���−EFX

−ELO�1.5exp�−���−EFX−ELO� /kBTe�, which describes the
PL line shape of longitudinal phonon �LO�-assisted recom-
bination of excitons.4,18 The fitting curve �dotted line�
matches well the emission band, with parameters; free
exciton energy EFX �3.385 eV�, LO-phonon energy ELO
�73 meV�19 and lattice temperature Te �119 K�. Therefore, it
is reasonable to assign the PL band to LO-phonon sideband
of FX. Also, a small hump located at low-energy side of the
FX-LO emission line is the 2LO-phonon sideband of FX
because the spectral separation between them is 73 meV.

In Fig. 2�a�, the emission band with peak energy 3.385
eV is due to radiative recombination of FX. The PL band
�denoted as BX� is attributable to the radiative recombination
of free biexciton �BX�, based on the following reasons. �i� As
IEXC increases, the BX line grows superlinearly against the
FX line, and its peak intensity exceeds that of the FX line at
high-IEXC. �ii� It is well known that the spectral shape of BX
emission could be expressed by an inverse Boltzmann distri-
bution function,4 which exhibits an asymmetric emission
band with significant low-energy tail. As IEXC increases, we
note that the BX-emission line shape is more asymmetric at
low-energy. �iii� Furthermore, an annihilation of biexciton
with kinetic energy �2k2 /4MEX, leaving a photon �k�0� and
an exciton with kinetic energy �2k2 /2MEX, yields the biexci-
tonic transition energy EBX=EFX−EBX

b −�2k2 /4MEX,20,21 with
EBX

b and MEX being the free biexciton binding energy and the
exciton effective mass. Neglecting the kinetic energy term
�2k2 /4MEX, the EBX can be obtained from the difference be-
tween EFX and EBX

b . We can expect a comparable EBX
b of

ZnMgO alloy to that of ZnO because the binding potential of
electron-hole pairs in ZnMgO is close to that in ZnO.22,23

The peak energy of the BX line from the Zn1−xMgxO nan-
opowders �x=0.01� is 3.370 eV, as shown in Fig. 2�a�. This
yields an energetic difference of 15 meV with the peak en-
ergy of the FX line. This value is close to the EBX

b of ZnO.4

On the basis of the abovementioned findings, we believe that
the BX emission band could be attributed to the radiative
recombination of free biexcitons.

In the case of the Zn1−xMgxO nanopowders �x=0.03 and
0.05�, the IEXC-dependent PL spectra are shown in Figs. 2�b�
and 2�c�, respectively. The BX emission bands also emerge
as IEXC increases and have the following characteristics: �i�
superlinear growth of emission intensity against the FX
emission line, �ii� asymmetric line shape at low-energy side,
and �iii� comparable EBX

b with ZnO. In Fig. 2�c�, an anomaly
in the PL line shape at about 3.47 eV is not intrinsic but due
to the cutting edge of the long-wave pass filter �eliminating
the 3.493 eV-laser line�, used in the measurement. The peak
positions of the BX emission bands are 3.407 and 3.437 eV
for the Zn1−xMgxO nanopowders with x=0.03 and 0.05, re-
spectively. Also, the peak positions of the FX emission bands
are 3.421 and 3.452 eV for the Zn1−xMgxO nanopowders
with x=0.03 and 0.05, respectively. Therefore, we can obtain
the EBX

b ’s are about 15 meV for both samples.
Figure 3 shows the T-dependent PL of Zn0.97Mg0.03O

nanopowder �IEXC=375 W /cm2�. As T increases, all of the
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FIG. 2. �a� Evolution of PL spectra as a function of IEXC for Zn1−xMgxO
nanopowders �x=0.01�, taken at 100 K. The dotted line represents the fitting
curve to FX-LO emission band, excited at IEXC=40 W /cm2. The dashed
lines represent both the peak positions of free excitonic �FX� and free biex-
citonic �BX� PL bands. �b� Evolution of PL spectra as a function of IEXC for
Zn1−xMgxO nanopowders �x=0.03�, taken at 100 K. �c� Evolution of PL
spectra as a function of IEXC for Zn1−xMgxO nanopowders �x=0.05�, taken at
100 K. The corresponding IEXC for each spectrum are listed beside the
spectra.
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emission band redshift. We can observe the intensity of the
BX transition gradually decreases, and finally diminishes be-
tween T=130 and 140 K, of which the thermal energy is
equal to 12 meV. The complete disappearances of BX emis-
sion line between T=130 and 140 K were also found in the
Zn1−xMgxO nanopowders with x=0.01 and 0.05. The value
12 meV is slightly smaller than the EBX

b determined above.
Indeed, the EBX

b determined from the difference between EBX
and EFX should be the upper bound value for EBX

b because of
the thermal distribution of FX and BX at T=100 K. There-
fore, it is believed that a more realistic EBX

b of the
Zn1−xMgxO nanopowder �0.01�x�0.05� should lie between
12 and 15 meV �or 13.5 meV�1.5 meV�.

In conclusion, we observed the emissions from biexci-
tonic transitions in the Zn1−xMgxO nanopowder with 0.01
�x�0.05, grown by sol-gel method. The free biexciton
binding energies of the ZnMgO alloys were determined by
PL spectroscopy. It was found that the free biexciton binding
energies are nearly constant at 13.5�1.5 meV, as the Mg
concentration x increases from 0.01 to 0.05.

This research was supported by National Science Coun-
cil of Taiwan under Grant No. NSC-97-2112-M-390-001-
MY3.
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