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Structure and photoluminescence properties of ZnO microrods
Dongxu Zhao, Yichun Liu,a) Dezhen Shen, Youming Lu, Ligong Zhang, and Xiwu Fan
Key Laboratory of Excited State Processes, Changchun Institute of Optics, Fine Mechanics and Physics,
Chinese Academy of Sciences, 140-Ren Min Street, Changchun, 130022, People’s Republic of China

~Received 16 May 2003; accepted 13 August 2003!

ZnO microrods~whiskers! were fabricated by a simple thermal oxidation method. The morphologies
of the samples were detected by the scanning electron microscope, which showed the ZnO
microrods were about 30mm long with a diameter of 1–2mm. In the photoluminescence~PL!
spectra, only the exciton related emission bands in the ultraviolet region could be obtained at room
temperature. And, a new emission band due to the exciton–exciton collision process was observed
at the low energy side of the free exciton emission under the excitation intensity of 2.1 kW/cm2. This
emission band increased nonlinearly. When the excitation intensity was increased above 16 kW/cm2

some fine structures could also be seen clearly in the PL spectra. These fine structures originated
from the cavity modes of the Fabry–Pe´rot étalon. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1615703#
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I. INTRODUCTION

In recent years, wide-band-gap semiconductor co
pounds have attracted a great deal of attention because o
intense commercial interest in developing practical sh
wavelength semiconductor diode lasers for the huge ma
needs. In this regard, ZnO is a promising material. It ha
room temperature band gap of 3.37 eV, and the exciton b
ing energy of 60 meV should ensure excitonic survival w
above room temperature~RT!. Ultraviolet ~UV! stimulated
emission has been extensively studied in bulk ZnO crys
at cryogenic temperatures,1–4 but observation of lasing at RT
was mentioned only briefly in the works of Klingshirn4 and
in very recent reports.5–9

The current study in ZnO is mainly focused on the
traviolet lasing action in disordered particles10–12 and or-
dered arrays of hexagonal microcrystallite films.5–9 The
mechanism of laser emission of ZnO thin films is believed
be exciton–exciton scattering at intermediate intensity e
tation ~about 240 kW/cm2!, however, it may switch to
electron–hole plasma emission at high intensity excitat
~about 1 MW/cm2!.5–9 To obtain an optical pumping lase
with a low threshold, low-dimensional ZnO nanowire nan
lasers have been fabricated,13,14 in which quantum size ef-
fects yield a substantial density of states at the band ed
and enhance radiative recombination due to carrier confi
ment. The use of semiconductor quantum well structure
low-threshold optical gain media was also achieved in
ZnO/MgZnO system.15,16 But, there are few works con
cerned about the photoluminescence properties of ZnO w
kers.

ZnO microrods were fabricated by using a simple th
mal oxidation method. The morphologies of the ZnO ro
were detected by scanning electronic microscopy~SEM!,
which showed that the average size of the microrod was

a!Author to whom correspondence should be addressed; electronic
ycliu@nenu.edu.cn
5600021-8979/2003/94(9)/5605/4/$20.00
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mm long with a diameter of 10mm. The emission due to the
exciton–exciton interaction process was observed on Z
rods at room temperature under very low excitation intens
~from 2.1 to 28.3 kW/cm2!.

II. EXPERIMENT

The reaction to form ZnO microrods was carried out in
conventional tube furnace with a horizontal quartz gla
tube. First, the furnace was heated up to 800 °C. Then, m
zinc grains~6 N, 2 mm wide! with a quartz boat were loade
into the center of the quartz tube. The tube was heate
1000 °C at a rate of 5 °C/min. After that, the quartz tube w
kept constant at 1000 °C for 60 min under an O2 ~5 N! am-
bient with a flow of about 50 cm3/min. Finally, the quartz
boat was pulled out from the tube furnace when the temp
ture was cooled naturally to 700 °C. A white and fluffy pro
uct was obtained.

In photoluminescence, the excitation source was a c
tinuous wave He–Cd laser with a photon energy of 3.82
and a power of 50 mW. The luminescence signals were
tected using a JY 63 microlaser Raman spectrometer
backscattering geometry configuration, and a char
coupled-device camera with high resolution was used to
tect the emission spectra. The excitation laser beam is
cused by a lens~310 UV! to form a light spot with a 15mm
diam on the sample. The excitation intensity at the focus
28.3 kW/cm2.

III. RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffraction~XRD! pattern of
the sample. All the diffractive peaks belong to the typic
ZnO wurtzite structure, which indicates that the sample
polycrystalline. The morphologies of the samples were
served by SEM, which is shown in Fig. 2. It can be seen
Fig. 2~a! that straight microrods with diameters of about se
eral microns are grown on a porous surface. The length
the rods is more than 30mm. The longest one is about 3 mm
long with a 25mm diam. Figure 2~b! shows a magnified
il:
5 © 2003 American Institute of Physics
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5606 J. Appl. Phys., Vol. 94, No. 9, 1 November 2003 Zhao et al.
image of the microrods. No fine structures are found on
surface of rods by high-resolution field emission SEM~not
shown!.

The photoluminescence~PL! spectra of the ZnO mi-
crorods excited under different excitation intensities at ro
temperature are shown in Fig. 3. The excitation intens
increases from 700 W/cm2 to 28.3 kW/cm2. At low excitation
intensity there is only one emission peak~denoted byEex) in
the UV region in the spectra, which is considered to origin
from the radiative recombination of free excitons.6 When the
excitation intensity is increased to 2.1 kW/cm2, a new emis-

FIG. 1. XRD spectrum of the ZnO microrod.

FIG. 2. SEM images of the samples.
Downloaded 09 Sep 2012 to 159.226.165.151. Redistribution subject to AIP
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sion band~denoted byP2) at the shoulder of theEex band
appears at an energy that is about 70 meV below theEex

band. With further increasing the excitation intensity theP
band grows superlinearly and finally dominates the PL sp
tra when the excitation intensity exceeds 16 kW/cm2. And,
the difference between theEex andP bands is broadened t
about 100 meV.

The room temperature dependence of the integrated
tensity of theP andEex bands on the excitation intensity i
shown in Fig. 4~a!. A competition process of theP andEex

bands is clearly seen in Figs. 3 and Fig. 4~a! at low excitation
intensity. At first, the integrated intensity of theEex band
grows fast, then decreases gradually with increasing exc
tion energy. And, to theP band there is a threshold in th
spectra. Under this excitation energy the emission inten
remains almost constant. When exceeding this point thP
band emission intensity increases superlinearly. The slop
this rise section of theP band is 2.18, as given in Fig. 4~a!.
This means the intensity of theP band increases quadrat
cally with the excitation intensity, which is consistent wi
the fact that two excitons are involved in the radiative
combination process.

The peak positions ofP andEex bands as a function o
the excitation intensity are shown in Fig. 4~b!. Because of
the exciton-band filling effect theEex emission peak is blue
shifted with increasing the excitation intensity. And theP
band is also transferred to the higher energy position. T
energy difference between theP andEex bands is 70 meV at
an excitation intensity of 2.1 kW/cm2. Then, it almost re-
mains constant at about 100 meV with increasing excitat
intensity. The peak positions of theP2 and P bands are in
agreement with the radiative recombination energy, as
pected from the exciton–exciton scattering process, in wh
one of the two excitons takes energy from the other a
scatters into a higher exciton state with a quantum num
n.1, while the other recombines radiatively. The photo
emitted in this process have the energies ofEn given by

FIG. 3. PL spectra of ZnO microrods under different excitation intensitie
room temperature. Inset shows the fine structure of the PL spectrum ex
at 28.3 kW/cm2.
 license or copyright; see http://jap.aip.org/about/rights_and_permissions
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En5Eex2Eb
exS 12

1

n2D2
3

2
kT ~n52,3,4,...,̀ !, ~1!

where Eex is the free-exciton emission energy,Eb
ex

560 meV is the binding energy of the free exciton,n is the
quantum number of the envelope function, andkT is the
thermal energy.4 At RT, Eq. ~1! gives 83 and 98 meV for the
energy difference betweenEex and E2 , E` , respectively.
And, because more and more excitons scatter into hig
exciton states (n52,3,4,...), theP band becomes a mixing o
the radiative transition of excitons at different excited stat
The energy difference between excitons at different exc
states is very little, so the PL emission curve is continuo
And, the full width at half maximum of theP band grows
relatively broad.

The rate of spontaneous emission of theP band is given
by

ve,spont5ANl ,KNl ,K8~Nn,K1K811!'ANl ,KNl ,K8 ~2!

where Nn,K is the density of excitons in their respectiv
states,A5A(n,K,K8) is a factor containing the optical ma
trix element and the last expression is valid forNn,K1K8
!1.17 Equation~2! shows the quadratic dependence of t
spontaneous emission on the exciton density, which is

FIG. 4. ~a! Room temperature dependence of the integrated intensity o
P band on the excitation intensity.~b! Peak position ofP ~filled circle! and
Eex ~open square! bands as a function of excitation intensity.
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agreement with the experiment, as shown in Fig. 4~a!. With
increasing the excitation intensity, the exciton density gro
proportionately. As a result, the emission intensity of the f
exciton increases simultaneously. When the exciton den
reaches a certain value, an exciton–exciton collision occ
It is an inelastic scattering process between two free excit
in their ground state (n51). One exciton is scattered into
photon-like state giving a luminescence photon while
other is scattered into higher excited states,n52,3,...,̀ . This
process leads to a decrease of free excitons at the gro
state (n51) radiative recombination. Because the scatter
process between two free excitons becomes very strong
emission intensity of theEex band is reduced. Ultimately, th
Eex band disappears and theP band is dominant in the spec
tra. Comparing with other references,5,6,8 we obtained theP
band emission with low excitation energy intensity. This
mainly because for ZnO thin films the exciton distribution
mainly in a two-dimensions region. But, for ZnO microrod
the exciton is of a three-dimensions distribution. So,
probability of an exciton–exciton collision in the ZnO rod
larger than in the thin films, which induced the excitatio
energy density to occur in theP band emission of ZnO,
which is lower in the microrods than in the thin films.

Some fine structures were also observed in the emis
spectra of theP line, as shown in the inset of Fig. 3, whic
look very much like the cavity modes of the Fabry–Pe´rot
étalon. Because the PL spectra show the emission action
many ZnO microrods with different sizes, the sharp lines
the spectra are not regularly spaced.

Figure 5 shows the emission spectra of a single ZnO
with a 25mm diam under different excitation densities. It
just the same as in Fig. 3. At low excitation density the fr
exciton emission is strong in the spectra. A new emiss
band is presented at the shoulder of theEex band, which is
also considered to be theP band. When the rod is excite
with a high excitation density, theP band is dominant in the
spectra. And, the regularly spaced sharp lines can be
clearly in the spectra. The line spacing is 14 meV. An eq
tion DE5(pch/L)(n1Edn/dE)21 is used to calculated fo

e

FIG. 5. PL spectra of a ZnO single rod with a 25mm diam excited under
different excitation densities. A model of the natural Fabry–Pe´rot microcav-
ity is schematically drawn in the inset.
 license or copyright; see http://jap.aip.org/about/rights_and_permissions
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the Fabry–Pe´rot cavity lengthL, where theEdn/dE is the
variation of the refractive indexn with photon energyE.8

The data of the refractive indexn(E) are obtained from Ref
18. The 14 meV mode spacing corresponds to a cavity len
of around 21mm calculated by the above equation, whi
agrees well with the diameter of the ZnO rod. And, when
rod was turned to another angle along thec axis, the fine
structures could not be found in the spectra under the s
excitation intensity.~Because we did not have some adjust
on hand to finely measure the angle, we did not know
accurate angle to which we turned.!

Based on the above experiment, it is proposed that
optical cavity is formed by the~1100! facets of the ZnO rod,
as schematically shown in the inset of the Fig. 5. Within
excitation region, the high density of excitons is created
the ZnO rod by the photoexcitation and leads to a decreas
the refractive index because of the exciton phase space fi
effect. Because the density of excitons is so high,
exciton–exciton collision process occurs, which leads to
emission photoenergy redshift. Due to the mode selec
rule of the Fabry–Pe´rot cavity, regularly spaced sharp line
could be obtained in the spectra.

IV. CONCLUSION

In conclusion, ZnO microrods were fabricated by
simple method. And, theP emission band due to th
exciton–exciton scattering process is observed under low
citation intensity at room temperature. The regularly spa
fine structure could also be seen clearly on a single micro
in the PL spectra, which is due to the Fabry–Pe´rot cavity
modes.
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