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Abstract

In this paper, highly oriented and vertically arranged ZnO nanotubes are prepared on Al,O3; (000 1) substrate
without employing any metal catalysts by plasma-assisted molecular beam epitaxy. The photoluminescence (PL)
spectra at room temperature are studied under high excitation densities. Under lower excitation density (<60 kW/cm?),
PL spectrum shows that one strong free exciton emission (FE) locates at 3.306eV. As the excitation density increases up
to 200 kW/cm?, a new emission peak (P,) located at low-energy side of FE is attributed to the spontaneous emission due
to an exciton—exciton (E,—E,) scattering process from two ground state excitons, where one exciton is recombined by
emitting a photon and the other is scattered into the excited states of n = 2,3,4...00. Under excitation density of
300kW/cm?, the stimulated emission originating from E,—E, scattering is obtained. When the excitation density is
above 580 kW/cm?, the emission from electron—hole plasma is observed in low-energy side of the P band and indicates a
typical superradiation recombination processes with increasing excitation density.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction energy of 59 meV [1], which in principle allows the
exciton governed luminescence at short wave-

ZnO has a band gap of 3.37¢V at room temper- lengths to be dominant at RT. In particular, the
ature (RT) and extremely large exciton binding corresponding enhancement of exciton gain in

low-dimension structure makes it possible to apply
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of optical gain has attracted much attention [2—4].
RT-stimulated emission and optically pumped
laser action from ZnO thin films and its quantum
well structure have been reported [5,6]. These
reported stimulated emissions were originated
from an exciton—exciton (Ex—Ey) scattering or an
electron—hole plasma (EHP) under different ex-
citation conditions [7].

One-dimensional semiconductors have become
the important fundamental building blocks be-
cause of their fundamental physical properties and
their potential applications for nanoelectronic and
nanophotonic devices [8,9]. Recent progress in
stimulated emission has been achieved from a
variety of low-dimensional ZnO structures such as
nanowires [10-12], nanorods [13,14] and nanor-
ibbons [15]. To understand which of EHP pro-
cesses and exciton recombination is more efficient
radiative process in such nanostructure, the
investigation of excitonic properties is essential
under different excitation conditions.

In this letter, we report excitonic properties of
vertically arranged ZnO nanotubes under different
excitation densities. A stimulated emission due to
E,—E, scattering in medium excitation density was
observed at RT. Under higher excitation density, a
superradiation emission caused by EHP process
was obtained.

2. Experiment

A V80 H molecular-beam epitaxy (MBE) system
was employed for growing the ZnO nanotubes,
where Knudsen effusion cells were used to
evaporate elemental zinc with 99.9999% purity.
Atomic oxygen was generated from ultra-pure O,
gas (99.999%) activated by an Rf atomic source
with an electrostatic ion trap operating at 500 V
during growth. Al,O; substrates with a well-
polished (000 1) face were pretreated at 800 °C in
ultrahigh vacuum (<1 x 10"¥mbar) for 30 min to
remove the surface contaminants. Prior to growth,
the chemical-treated substrate was exposed in O-
plasma at 550 °C for 40 min. Firstly, a very thin
ZnO layer (about 3nm) was grown and then
treated by O-plasma for 30 min. Sequentially, ZnO
was deposited on this buffer for 2h in same

condition. In the growth process, Zn steam and O,
partial pressure in the growth chamber were fixed
at 4 x 107* and 6 x 107> Pa, respectively.

After growth, the sample morphology was
confirmed by filed emission scanning electron
microscope (FE-SEM) and high-resolution trans-
mission electron microscope (TEM). Photolumi-
nescence (PL) spectra were measured at RT. A
He—Cd laser with the 325 nm (50 mw) line was used
as the excitation source and a JY63 Raman
spectrometer was employed to detect the lumines-
cence signals. Optical pumping experiments were
performed using the 320 nm lines of a mode-locked
Ti:sapphire laser. The laser output was generated
by an optical parametric amplifier (OPA) provid-
ing pulses with duration of 200 fs at a frequency of
1kHz. The excitation light was focused on the
sample surface using a cylindrical lens. Emission
from the sample edge was collected into a spectro-
meter and was detected by an electrically cooled
charge-coupled device (CCD).

3. Results and discussion

The FE-SEM images of the surface morphology
of the samples are shown in Fig. 1(a). The
nanotubes with surface density of 7 x 10®cm™
have a regular alignment which is perpendicular
to the c-plane of Al,Oj substrate. The inset of

Fig. 1. ZnO nanotubes grown on Al,O; substrates. (a)
FE-SEM image tilted 45° view, the inset gives a top view of
one nanotube. (b) High-resolution TEM image of one nanotube
side view.
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Fig. 2. The PL spectra of ZnO nanotubes at 83K and RT
(inset) excited by the 325nm line of a He—Cd laser.

Fig. 1(a) shows the top view SEM image of one
nanotube. It can be seen clearly that much regular
hexagonal ZnO nanotube with wurtzite structure
was formed. A high-resolution TEM image
indicates that the nanotube has a uniform dia-
meter of 120nm, a height of 500 nm and a wall
thickness about 25 nm, as shown in Fig. 1(b).
Fig. 2 shows PL spectra at 83K and RT excited
by a He—Cd laser with 325 nm line. At RT, as seen
in the inset of Fig. 2, one UV peak with a narrow
width of 41.5meV is located at 3.303eV. It should
be noted that this energy value is higher than of
free exciton in bulk ZnO [16]. In order to study the
origin of UV emission, a PL measurement at
various temperatures was performed. Fig. 2 shows
the PL spectra measured at 83 K. Four evident
emission peaks labeled FE, DX, FE-LO and FE-
2L.O can be observed, respectively. As reported in
Ref. [18], the FE and DX peaks located at 3.377
and 3.359eV were attributed to the emission of
free exciton and the recombination of excitons
bound to neutral donors, respectively. For FE,
FE-LO and FE-2LO bands, we note that these
peaks have equal energy spacing of about 70 meV,
which is in good agreement with the energy of the
LO phonons of ZnO [16]. This implies that FE-LLO
and FE-2LO bands are the corresponding first and
second LO phonon peaks of the FE, respectively.

By measuring PL spectra at different temperatures
(not shown here), we found that the emission of
bound-exciton rapidly decreases with increasing
temperatures so that the emission of free exciton
dominantly contributes to the PL spectrum at RT,
as shown in the inset of Fig. 2.

At RT optical pumping experiment of the nano-
tubes are studied under high excitation density
using a pulsed Ti:sapphire laser. Figs. 3(a) and (b)
exhibit the measured PL spectra under different
excitation densities. When excitation density is less
than 60kW/cm?, one UV emission located at
3.302eV is observed. As a comparison, the PL
spectrum excited using the 325 nm line of a He-Cd
laser is also shown in the bottom trace of Fig. 3
(a). It is clearly seen that this UV peak of 3.302eV
is originating from the free exciton emission (FE).
As the excitation density increases to 200 kW/cm?,
a new emission peak (P,) is observed in 82 meV
below the FE band. We considered that P, band is
from the spontancous emission due to an E.—E,
scattering process, where one exciton recombine
by emitting a photon and the other one is scat-
tered into the excited state of n=2. This is
consistent with the reported result in ZnO
thin films by Bagnall et al. [2]. For the process of
E,.—E, scattering, the photon energies were given
by [17]

E,=Ee — (1 —1/n*)EB —3kT )2
n=2,3,4,..), (1)

where E,, is the emitted photon energy, E., is the
exciton emission energy, EZ is the binding energy
of the free exciton, n is the quantum number, and
kT is the thermal energy. At RT, 3kT/2 is about
38.7meV.P, band energy of 3.220eV is given by
the PL spectrum. The calculated value of EZ using
formula (1) is 58 meV, which is very close to the
value of the exciton-binding energy in ZnO bulk
crystal (59 meV) [1]. This means that P, band is
due to the recombination process of E.—E,
scattering in which one of the excitons is scattered
into n =2 state. With increasing the excitation
density up to 260kW/cm?, another new peak (P
band) appears at the low-energy shoulder of the P,
band. The full-width at half-maximum (FWHM)
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Fig. 3. RT PL spectra under various excitation densities. (a) The upper curves show spontaneous and stimulated emission spectra with
increasing the excitation intensity from 60 to 400 kW/cm? provided by using a mode-locked Ti:sapphire laser. The lower curve shows
PL spectrum excited by the 325 nm line of a HeCd laser. (b) PL spectra under higher excitation intensities varying from 400 kW /cm? to

1 MW/cm? provided by using a mode-locked Ti:sapphire laser.

of this P band is narrower than that of P, band.
We attributed P band to be from the radiative
recombination due to E,—E, scattering process
with one exciton scattered into the higher exciton
state near continuum states. Note that the PL
integrated intensity of P band increases super-
linearly and FWHM becomes rather narrow when
the excitation density is up to 300kW/cm®. The
superlinear increase of the emission intensity and
the sharpening of the emission peak with increas-
ing excitation density above a threshold indicate
the typical nature of a stimulated emission. When
the excitation density exceeds 580 kW/cm?, a new
band (M) appears in low-energy side of P band.
The position of this peak shifts to low energy and
the line width broadens with increasing the
excitation density. In this case, the increase of P
band intensity is restrained and there is no peak
shift (e) with increasing excitation density, as
shown in Fig. 3(b). Under high excitation density,
the redshift and broadening of emission peak is a

sign of emergence of EHP, in which high-density
carriers result in the effects of the exciton screening
and the band-gap renormalization.

The integrated emission intensity (/) versus
excitation density (I.,) is plotted in Fig. 4. From
Fig. 4, we found that the intensity of the FE band
grows linearly with I, while the intensity of P,
band increase in proportion to the square of I,
which is consistent with the fact that they are the
free excitonic emission and a spontaneous emis-
sion due to E,—E, scattering, respectively. At I..
above a threshold, the intensity of P band rapidly
increases following the relation of k., clearly
demonstrating the stimulated emission caused by
optical gain due to E,—E scattering. Further
increasing I.,, the intensity of EHP band gives
also superlinear growth, [Iocl?, indicating a
typical property of the superradiation recombina-
tion. This fact supports further that the EHP
process has the larger optical gain and may cause
stimulated emission.
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Fig. 4. The integrated intensities (/) of PL emission bands as a
function of the excitation densities (/o).

4. Conclusions

In summary, we have performed a detailed
study about RT excitonic properties of ZnO
nanotubes under high excitation density. At the
excitation density below 60 kW/cm? PL spectrum
shows a FE located at 3.377¢eV. As the excitation
density increase up to 200 kW/cm?, P band due to
E,—E, scattering is observed in low-energy side of
the FE and the intensity grows superlinearly with
increasing excitation density. When the excitation
density is above 200kW/cm? the stimulated
emission originating from E,—E, scattering is
obtained. Further increasing excitation density,
the emission from EHP appears in low-energy side
of the P band, and indicates a typical super-
radiation recombination processes with increasing
excitation density.
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