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Abstract

The coupling strength of the radiative transition of hexagonal ZnO nanowires to the
longitudinal optic (LO) phonon polarization field is deduced from temperature dependent
photoluminescence spectra.  An excitonic polaron formation is discussed to explain why the
interaction of free excitons with LO phonons in ZnO nanowires is much stronger than that of bound
excitons with LO phonons. The strong exciton—phonon coupling in ZnO nanowires affects not only
the Haung—Ray S factor but also the FXA-1LO phonon energy spacing, which can be explained by
the excitonic polaron formation.
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One-dimensional (1D) semiconductor nanostructures, such as nanowires, have became
important fundamental building blocks for nanophotonic devices and offer substantial promise for
integrated nanosystems [1,2]. ZnO nanowires are especialy interesting because they exhibit a
large exciton binging energy (60 meV), a wide band gap (3.37 €V), and a lower lasing threshold,
that are necessary critical elements of nanotechnologies. Recently, a number of investigations on
the synthesis of ZnO nanowires have been reported [3-7]. Lasing behavior at room temperature,
which is associated with well-oriented vertical selfassembled nanowires, has been demonstrated [8].
It is expected that the low lasing threshold is a result of highly efficient exciton emission due to the
carrier confinement in 1D nanowires and the cavities that are naturally formed between the end
faces of the aigned nanowires. It has also great potential applications for short wavelength
photonic devices. Despite such achievements, the understanding of the fundamental properties of
ZnO nanowiresisfar from complete.



For strongly polar semiconductors, such as ZnO, an intense exciton—LO phonon interaction is
expected according to Fro hlich polar intraband scattering and will induce phonon-assisted exciton
emission accompanied by the exciton recombination [9-11]. Although exciton-related stimulated
emission have been observed at room temperature, which is attributed to the exciton—exciton
scattering or the electron—hole plasma in the ZnO epitaxia films and ZnMgO multi-quantum wells
(MQWs) [12-14], few studies addressed the low temperature and temperature-dependent excitonic
luminescence of ZnO nanowires [15-17]. In this letter, we report the LO phonon-assisted
luminescence of the neutral donor-bound excitons and the free excitons in the ZnO nanowires at
various temperatures. We found that the energy separations between the phonon replica and their
zero-order spectra exhibit unusual temperature dependence. An excitonic polaron model is used to
explain these phenomena.

The growth of ZnO nanowires is based on the well-known vapor-iquid-solid (VLS)
mechanism which is similar with that reported in Ref. [3]. A (0001) sapphire or alumina coated
with a thin (around 10 nm) Au layer was put inside a quartz tube furnace. A powder mixture of
pure ZnO (99.99%) and graphite (99.999%) was used as the starting materials and placed in an
alumina boat. The boat was positioned in the center of the tube furnace and the substrate was
placed 5-10 cm downstream of the mixed powder. The tube was evacuated to a pressure below
5x102 Torr using a mechanical pump. The furnace temperature was increased to 900 °C at arate
of 50 "C/min and high-purity argon gas was then introduced into the quartz tube at a flow rate from
25 to 75 scem during 4-8 h of growth. We observed a gray—white colored product on the surface of
the Au-coated substrate and even on the wall of the tube close to the low temperature end of the
furnace.

The morphology and crystal structure of the nanowires were characterized by Scanning
Electron Microscopy (SEM) and X-ray diffraction (XRD). The photoluminescence measurement
was made using 325 nm laser line of a 20 mw He—Cd laser and a TRIAX-320 spectrometer with a
1200 line/mm grating, which is equipped with a UV -sensitive photomultiplier tube. A closed cycle
refrigerator was used to set the temperature anywhere between 6 and 300 K.

Fig. 1(a) presents the general morphologies and structures of the product. The product
consists of nanowires with a hexagonal cross section, diameters of around 70-200 nm, and length of
several mm. The inset in Fig. 1(a) displays a transmission electron microscope image of an
individual ZnO nanowire, which reveals a straight and uniform nanowire along its entire length.
Selected area diffraction of the nanowire (not shown here) indicates the wire is single-crystalline
with c-axis oriented along its long axis. Fig. 1(b) presents a typica XRD pattern of the ZnO
nanowires. The diffraction peaks were indexed and showed a hexagonal wurtzite-structure with
lattice constants a ~0.324 and ¢ ~0.524 nm. Au (111) and (200) peaks have been detected in
several samples and no diffraction peaks of Zn or other impurities were found in the synthesized
products.



The inset in Fig. 2(a) shows a typical low temperature PL spectrum measured at 6 K. The
features of the PL spectrum can be divided into two classifications: the near band-edge emission
and the deep-level emission. The deep-level emission at around 2.5 €V is associated with either
excess Zn (or oxygen vacancy) or surface state emission. The near band edge spectrum of the ZnO
nanowires, including several individual emission peaks, as depicted in Fig. 2(a), differs from those
of GaN nanowires [18,19]. It is dominated by the bound exciton peak at 3.370 €V, due to
recombination of excitons bound to donors or acceptors. Since undoped ZnO is a native n-type
semiconductor, the bound exciton peak is most likely related to the excitons bound to neutral donors
(DOX), even though the origin of the donor level remains a pending issue [20-22]. At the high
energy shoulder of the DOX peak, the free exciton-A transition (FXA) is observed at 3.383 eV,
representing little contribution from the quantum confinement as presented in an earlier report in
which the diameters of the wires greatly exceed 20 nm [15]. A small hump at the higher energy
shoulder represents the free exciton-B transition or FXA (n=2). The binding energies of the
neutral—donor—exciton complexes are smaller than those of excitons bound to the neutral acceptors.
Thus, the AOX emission is associated with acceptor—exciton complexes [23]. On the lower energy
side of the exciton peaks, the phonon replicas of the FXA at 3.32 eV and the DOX at 3.298 eV are
distinguishable by their relative energy shift from the exciton peaks of the LO phonon energy of
ZnO, and thiswill be discussed later.

Fig. 2(b) displays the near band-edge PL spectra of ZnO nanowires at various temperatures. As
the temperature increases, the DOX peak is quenched more quickly than the FXA emission and the
emission peaks move toward lower energies. Observably, the FXA emission becomes the
strongest one when the temperature exceeds 75 K. The exciton linewidth is broadened due to
scattering of LO phonons and the excitons become thermally ionized on raising the measured
temperature. Some of the bound excitons are thermally dissociated into free excitons and its
L O-phonon replicas dominate the PL spectrum. The third-order and even fourth-order LO phonon
replicas are observed when the temperature exceeds 200 K, which implies strong coupling of
phonon and exciton in ZnO nanowires. Finaly, only free exciton emission and its first-order
phonon replicas were observed at room temperature.

In the Franck—Condon model, the coupling strength of the radiative transition to the
LO-phonon polarization field is characterized in the use of the Huang—Rhys factor S [24]. The
relative intensity of the nth phonon replica (I,,) is related to the zero-phonon peak (lp)by the S
factor as 1,.=1o(S"e/n!), where n is a natural number. From the measured spectra, the S factor
associated with DOX is estimated to be 0.01, but the S factor associated with FXA is around 0.39.
As expected, the much larger S value of FXA indicates that the coupling of FXA to the 1LO
phonon is stronger than that of DOX, and this is consistent with the ZnO/ZnMgO MQWSs system
[12]. On comparison of our previous report on ZnO nanorods and the epilayer [25], the S factor
correlated with FXA of the nanowires is two times larger than that of the epilayer (0.186) and
dightly larger than that of the nanorods (0.325). These results imply that the strength of the free
exciton—LO phonon coupling, which correlates with the crystallinity, is strong in the 1D
nanostructure.

The characteristic energy of the LO phonon can be determined from the energy spacing
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between the exciton resonant lines and their LO phonon replicas [25]. The LO phonon energy of
ZnO crystal is 72 meV at low temperature, depicted as the dotted line for reference in Fig. 3
together with the three physical quantities, FXA-1LO, (FXA-2L0)/2, and (FXA-3LO)/3, marked
with solid sguares, circles, and triangles, respectively, is shown as functions of temperature.
Notably, the energy softening associated with the FXA-1LO phonon approximately equals 9 meV
(phonon energy of 63 meV), the total amount of energy softening of FXA-2LO is only 2 meV,
while for FXA-3LO it is 6 meV. The energy softening of FXA-1LO has been observed in ZnO
crystals and other polar semiconductor crystals. Absorption spectra have shown a 10% softening
of 1LO phonon energy for ZnO crystals [27] and it is theoretically explained by the exciton—polaron
model [28]. Similar phonon softening have also appeared in the low temperature PL spectra of
ZnO epilayer films [11-14], which are marked by an open circle and an open square in Fig. 3 for
comparison.

Polaron formation was used to describe the dispersion relations of phonons and excitons,
which will be split into two new phonon-like and exciton-like dispersion curves under the strong
exciton—phonon coupling [23]. Because ZnO has a free exciton binding energy of 60 meV, which
is amost resonant with the LO phonon energy of 72 meV, the excitation is transferred to the
excitonic polaron. However, the bound exciton—phonon coupling of ZnO is far from resonance
because of the relatively small binding energy of the bound exciton (several meV). This explains
the fact that the S-factor of FXA-1LO is much larger than that of DOX-1LO.

We aso indicate in Fig. 3 that al the phonon energy of the phonon replica declines with the
temperature increasing over 75 K. The temperature-dependence of the phonon energy shift can be
explained by Permogorov’s theory [29], which states that (i) the shift of the spectral maximum from
its low-energy threshold increases linearly with temperature, A=(L+1/2)kgT, and hence aso the
energy spacing between the zero-phonon and its phonon replicas; (ii) the probability of one phonon
scattering is approximately proportional to the excitonic kinetic energy, i.e. (3/2)kgT or L=1; and
(iii) for two phonon scattering, the annihilation probability is independent of the excitonic kinetic
energy, that is L=0. The temperature dependence of the various phonon replicas of FXA of our
ZnO nanowires shows basically linear behavior beyond 75 K with the slope of the temperature
dependent curve of FXA-1LO replica approximately equal to (-3/2)kg, in accordance with the
Permogorov’s theory, but it becomes flattened below 75 K as indicated in Fig. 3. However, the
slopeis close to -kg for FXA-2LO and close to (-1/2)kg for FXA-3LO. The larger slope for the
FXA-2LO line might be attributed to combination of the second order exciton phonon scattering
and cascading phonon scattering. It is still an open issue. On the other hand, the strong exciton
and phonon interaction leads to the excitation of the excitonic polaron with large energy softening
of the FXA-1LO phonon, which causes a flattening of the curve at low temperatures in the energy
spacing versus temperature plot in Fig. 3. The phonon scattering processes become dominated at
temperatures higher than 75-100 K, which is roughly equal to an energy spacing between 6 and 9
meV. The flattening effect also appeared in GaN filmsin Fig. 3 of Ref. [26] at around 15K or 1
meV, which is the energy spacing of the exciton—phonon interaction of GaN.



The LO phonon-assisted luminescence of the donorbound excitons and free excitons in ZnO
nanowires were studied at various temperatures. The strong exciton—phonon coupling in ZnO
nanowires affects not only the S factor but the FXA-1LO phonon energy spacing, which can be
explained by the excitonic polaron formation. The S factor associated with FXA of the nanowires
is larger than that of the epilayer. The flattening of the energy spacing of FXA-1LO phonon
replicas is attributed to formation of the excitonic polaron and the exciton—phonon scattering
dominates when the temperature exceeds the binding energy of the excitonic polaron.
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Fig. 1. (@) SEM image of the ZnO nanowires (inset showing the
TEM image of single nanowire). (b) XRD pattern of the ZnO
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Fig. 2. (a) The near band edge emission of the ZnO nanowires
measured at 6 K. Theinset shows the wide-ranged PL spectrum. (b)
Temperature dependent PL spectra of the ZnO nanowires.
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Fig. 3. The 1LO phonon energy
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