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The coupling between exciton and longitudinal optical (LO) phonon was investigated in the use of
temperature-dependent photoluminescence from Mg,Zn,_,O powders prepared by a sol-gel method
in the range of 0=x=0.05. The exciton binding energy increases to 73 meV for 5 at. % Mg
incorporated powders. The strength of exciton—LO phonon coupling was deduced from the energy
shift of exciton emission with temperature variation. The increase of the exciton binding energy
results from a decrease of the exciton Bohr radius that is responsible for reducing the coupling
strength of exciton—-LO phonon as increasing Mg content. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2820100]

I. INTRODUCTION

Among wide-band-gap semiconductor materials, a pro-
nounced advantage for ZnO (3.37 eV) is its large exciton
binding energy (~60 meV),' so that it has been recognized
as a promising candidate to compete with GaN for the de-
velopment of short-wavelength photonic devices, such as ul-
traviolet (UV) detectors, light-emitting diodes, and laser di-
odes. To fully utilize ZnO-based technologies, band gap
engineering and p-type doping are still the remaining issues
in modern optoelectronics. Li et al? proposed that, using the
first-principles band-structure calculations, the p-type dop-
ability of ZnO can be improved by lowering the ionization
energy of acceptors in ZnO by codoping acceptors with do-
nor or isovalent atoms (e.g., Mg or Be). (Mg,Zn)O alloys
have been proved feasible to realize the band gap modulation
of ZnO. Additionally, MgZnO can be used as energy barrier
layers of ZnO light-emitting devices and ZnO/Mg,,Zn, sO
coaxial nanorod single quantum well structures for carrier
confinement.> They are also very promising materials for
use as active layers in double heterostructures, e.g., Shibata
et al’ reported Zn;_ Mg, O alloys are very brilliant light
emitters, even more brilliant than ZnO, particularly in the
high-temperature region. Therefore, it requires a full under-
standing of material characteristic in MgZnO systems.

A precise knowledge of the excitonic parameters for
Mg, Zn,_O alloys is important because excitons are a sensi-
tive indicator of material quality. Especially, the exciton—
phonon coupling has significant influence on the optical
properties of semiconductors, such as the energy relaxation
rate of excited carriers and phonon replicas of excitons in the
luminescence spectra. As is well known, polar semiconduc-
tors experience a strong Frohlich interaction that gives rise to
exciton—LO phonon interaction. However, there are few at-
tempts to study the exciton—LO phonon coupling by photo-
luminescence (PL) experiments in MgZnO materials. Re-
cently, Wang et al.® has extracted the exciton—LO phonon
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coupling parameter of laser ablation prepared ZnO nano-
wires by resonant Raman scattering. It was found that the
coupling strength of exciton—LO phonon (g, o) determined
by the ratio of the second- to the first-order Raman scattering
cross sections diminish with decreasing nanowire diameter.
A similar observation was also found in ZnO quantum dots.’
Sun et al.,® who grew ZnO/ZnMgO multiquantum wells by
laser-molecular-beam epitaxy, investigated Ag,;o by the
temperature dependence of the linewidth of the fundamental
excitonic peak from optical absorption spectra. The reduction
of Agy.10 With decreasing well width was observed, which is
consistent with the confinement-induced enhancement of the
exciton binding energy (Exg).

In this article, the near band-edge (NBE) luminescence
properties of Mg, Zn,_,O(0=x=0.05) powders prepared by
a sol-gel method were comparatively analyzed with those of
undoped ZnO powders by temperature-dependent PL. We
found that Eyp of Mg-doped ZnO powders raises with in-
creasing Mg substitution. We also investigated g, o deter-
mined by the exciton peak shift with temperature variation
on the basis of a Bose—FEinstein expression. A reducing
AEx1o Was ascribed to an increase of Exg in the Mg,Zn;_,O
powders as the compression of the exciton Bohr radius (agg).

Il. EXPERIMENTAL PROCEDURES

Mg, Zn;_,O powders were synthesized using the aqueous
sol prepared by stoichiometric zinc acetate dihydrate
[99.5% Zn(OAc),-2H,0, Riedel-deHaen] and magnesium
acetate tetrahydrate [99.5% Mg(OAc),-4H,0, Riedel-
deHaen] (Mg/Zn=0%, 3%, and 5% in molar ratio) dissolved
into methanol. The sol was dried in a furnace at 900 °C
under air atmosphere for 1 h, and then slowly cooled to room
temperature. Morphology of Mg,Zn;_ O powders was char-
acterized by field-emission scanning electron microscopy
(JEOL-2100F). The PL measurement was made using a 40
mW He-Cd laser at wavelength of 325 nm and the emission
light was dispersed by a TRIAX-320 spectrometer and de-

© 2007 American Institute of Physics
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FIG. 1. SEM image of the 5% Mg sample. The inset shows the pure ZnO
powders.

tected by an UV-sensitive photomultiplier tube. A closed-
cycle refrigerator was used to set the temperature anywhere
between 15 and 300 K.

lll. RESULTS AND DISCUSSION

The average crystallite sizes of Mg,Zn,;_,O and ZnO
powders were estimated from the scanning electron micros-
copy images in Fig. 1 and its inset, respectively, to be
1+0.5 um that does not reveal quantum size effect [Bohr
radius of exciton in ZnO is ~2.34 nm (Refs. 9 and 10)].
Accordingly, the exciton behavior was affected mainly by
the incorporation of Mg. The NBE emissions of the ZnO and
Mg 9sZn( 950 samples measured at various temperatures are
shown in Figs. 2(a) and 2(b), respectively. First, we discuss
the PL spectra of the undoped sample in order to compara-
tively assign the PL peaks of the Mg ¢sZng ¢sO powders. At
T=15 K [Fig. 2(a)], the most intense PL emission line at
3.363 eV is attributed to the exciton bound to neutral donor
(denoted by D°X). On the high-energy side of the DX line,
the A-free exciton emission (denoted by FXT') is observed
at 3.373 eV. There are two weak humps positioned at 3.388
and 3.419 eV to the even higher energy. Based on the re-
ported energy separation of A- and B-free excitons (~9
-15 meV),"™ we assigned the emission centered at 3.388
eV to the B exciton transition, which is about 15 meV apart
from the A exciton; and the other one hump at 3.419 eV to
the first excited state FX'~> (~45 meV to the FX"~' state)."*
On the low-energy side of the DX line, the peak at 3.358 eV
is attributed to biexciton (labeled BX) based on previous
reports.lsf21 Besides the broad line at the lower energy shoul-
der around 3.308 eV labeled as “P,” we also found several
LO phonon replicas separated by a constant interval of
71-73 meV. The P line can be resolved into two-electron
satellite,22 donor-to-acceptor paxir,”’18 exciton-exciton
scattering,16 and one LO-phonon replica of FXZ:l and DX,
respectively. With increasing temperature, the relative inten-
sity of FX=! increases whereas that of D°X decreases and
becomes undetectable for 7>80 K. This is due to the ther-
mal dissociation of bound exciton into free exciton at higher
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FIG. 2. Temperature dependence of PL spectra in (a) ZnO and (b)
Mg 521, 95O powders. The dashed line indicates the predicted exciton peak
position.

temperature. As further increasing temperature, the A exci-
ton, B exciton, and P line finally merge into a broad peak. At
room temperature, the exciton peak position at ~3.309 eV.

The NBE emission of the Mg (sZn;¢sO sample was
shown in Fig. 2(b); it would evolve from that of the ZnO
sample. According to the opposite temperature (RT) depen-
dence of the relative emission intensity, the peaks at 3.422
and 3.407 are reasonably assigned to the FXX=1 and D°X
transitions. The higher energy shoulder at 3.457 eV is related
to the B exciton transition, which is 35 meV apart from the A
exciton based on the reported theoretical predictions in Mg-
ZnO systems.23 The NBE peak position at RT exhibits a
maximum blueshift of ~74 meV as 5 at. % Mg was intro-
duced into the ZnO powders. Based on the formula
EMg,Zn,_0)=E(ZnO)+1.64x(eV), the Mg content in the
Mg,Zn;_,O thin films has been determined for 0=x=0.2,
grown by pulsed laser deposition.24 Here, E(Mg,Zn,_,0) and
E(ZnO) are the NBE emission peak positions of Mg,Zn;_,O
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TABLE I. Summary of the results of the temperature-dependent PL charac-
terization.

Samples: Mg, Zn;_ O x=0 x=3% x=5%
Calculated Mg content (%) 0 2.9 4.5
Exciton binding energy (meV) 55+47  70+6.7  73+8.4

Exciton-LO phonon coupling strength 1 0.95 0.91
N(Mg,Zn;_,0)/\(zq0)

and ZnO, respectively. The calculated Mg contents of our
Mg, Zn,_,O alloys are shown in Table I, e.g., the molar ratio
of Mg/Zn=5% was estimated to be ~4.51%. Therefore, the
blueshift of the UV emission demonstrated that the Mg ions
had incorporated into the ZnO host lattice.

Figure 3 shows the peak intensity of the F. ff] emission
as a function of reciprocal temperature for the undoped and
Mg-doped samples. The data can be described by25

I=1y[1+a, exp(— E,//kT) + a, exp(— E »/kT)], (1)

where E,(i=1,2) is the activation energy in the thermal
quenching process, a;, a, are constants, and k is the Boltz-
mann constant. The curve fitting gives rise to two activation
energies of approximately 55 and 11 meV for ZnO powders
[Fig. 3(a)] and approximately 73 and 10 meV for
Mg sZn 95O powders [Fig. 3(b)]. In regard to the E,, of
~10 meV, Krustok ez al.*> have reported that a low E, may
result from the temperature-dependent capture cross sections
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FIG. 3. Normalized integrated intensity of (a) ZnO and (b) Mg (sZng 95O
samples as a function of temperature.
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FIG. 4. Dependence of PL peak energy positions on temperature for the
Mg, Zn,_,0 alloys (x=5%, 3%, and 0).

of the carriers at the recombination centers, and not from a
genuine thermal activation energy. Further, E,; for ZnO is
comparable with Exg, 60 meV, for ZnO bulk, whereas that
for Mg ¢sZng9sO is larger than 60 meV. Table I clearly
shows that the binding energy of F. ff] increases markedly
in samples of higher x. Therefore, this suggests that the free
exciton in MgZnO alloys could survive at much higher tem-
peratures.

It is well known the increase of Expg may result from the
decrease of agg or effective reduced mass. Due to the elec-
tron is more delocalized than the hole in the bulk exciton, the
polar lattice experience a net negative charge in the outer
regions of the exciton, whereas it experiences a net positive
one in the inner regions. This charge inhomogeneity couples
to the polar lattice via the Frohlich mechanism that leads to
reduce app and to reduce the exciton—-LO phonon coupling.%
Thus, we further deduced the coupling strength of free exci-
ton A with LO phonon from temperature-dependent energy
shift of FXZ=1 as increasing Mg concentration according to

A . .27
the Bose—Einstein expression™':

E(T) = E(0) = Mexp(fioy o/kgT) — 11, (2)

where E(0) represents the emission energy of free exciton A
at T=0 K, iw; =72 meV is the LO phonon energy, and \
is a proportional coefficient which reflects a change in the
exciton—LO phonon interaction.

Figure 4 depicts the PL-peak energy shift as a function
of the temperature with different Mg concentrations. Notice
that we had set the PL-peak energy position to zero for
Mg 05Zn( 95O powders at 15 K. By fitting the experimental
data for all the Mg,Zn,_,O and ZnO powders from 7=15 to
260 K with Eq. (2), the exciton—LO phonon coupling of each
Mg,Zn;_,O sample are compared with ZnO powder by tak-
ing the average ratios, )\Mg'\_an_xo/)\Zno, which are listed in
Table I clearly show decreasing as more Mg incorporation.
Even though agg and A\ are not directly proportional, there is
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FIG. 5. Coupling strength of the exciton—-LO phonon given as the average

ratio )\mm,=)\ngz,,]_xo/)\z,,o. For comparison, the diminution of agg for ex-

periment and correction is also given as agp raio=AEB Mg,zn, 0/ 4EB ZnO-
S

a relation: If agg reduces N will also reduce. Assuming that
the Mg-doped ZnO powders have almost the same effective
electron and hole masses as the undoped ZnO powders due
to a small amount of Mg?* substitution for Zn>*, we calcu-
lated agg from Exg. The correlation between N and agg nor-
malized to ZnO powders are shown in Fig. 5 with open tri-
angles and squares, respectively. Besides, the solid dots are
obtained by the modified effective masses, which were cor-
rected from MgZnO electronic band structure using semi-
empirical tight-binding approach sp* model*** and virtual-
crystal approximation method.*® Therefore, a contraction of
agg Will make it less polar thereby reducing the coupling to
LO phonons. The results show that relaxation by means of
LO phonon becomes the less important as the more Mg in-
corporation. Consequently, we attribute this reducing cou-
pling effect to increase in Exg with raising Mg mole fraction
up to 5% of Mg,Zn,;_,O powders. The reduction of g0
has to take into account for the MgZnO-based excitonic de-
vice performance in which carrier relaxation to the exciton
ground state is a crucial parameter.

IV. CONCLUSIONS

The temperature-dependent NBE PL spectra of
Mg, Zn,_,O powders within the range 0 =x = 0.05 were mea-
sured from 15 K to RT. The RT excitonic transition energy
showed being tuned by ~74 meV toward the UV range
upon more Mg substitution. We deduced experimentally Exg

J. Appl. Phys. 102, 123504 (2007)

showing elevation in powders up to 5% Mg substitution. The
reduction of Ag, o may originate from a diminution in agg
making the exciton less polar, which could be explained by
the dopant-induced increase of Exg.
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